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ABSTRACT

Plasmodium falciparum origin recognition complex
1 (ORC1) protein has been implicated in DNA
replication and silencing var gene family. However,
the mechanism and the domain structure of
ORC1 related to the regulation of var gene family
are unknown. Here we show that the unique
N-terminus of PfORC1 (PfORC1N;_»3g) is targeted
to the nuclear periphery in vivo and this region
binds to the telomeric DNA in vitro due to the
presence of a leucine heptad repeats. Like
PfORC1N;_»3g, endogenous full length ORC1, was
found to be associated with sub telomeric repeat
regions and promoters of various var genes.
Additionally, binding and propagation of ORC1 to
telomeric and subtelomeric regions was severely
compromised in PfSir2 deficient parasites suggest-
ing the dependence of endogenous ORC1 on Sir2
for var gene regulation. This feature is not previously
described for Plasmodium ORC1 and contrary to
yeast Saccharomyces cerevisiae where ORC
function as a landing pad for Sir proteins.
Interestingly, the overexpression of ORC1N;_s3s
compromises the binding of Sir2 at the subtelomeric
loci and var gene promoters consistent with
de-repression of some var genes. These results
establish role of the N-terminus of PfORC1 in
heterochromatin formation and regulation of var
gene expression in co-ordination with Sir2 in
P. falciparum.

INTRODUCTION

Origin recognition complex (ORC), a six-protein complex
is essential for DNA replication initiation from yeast to
mammals. ORC, a member of the pre-replicative complex
(pre-RC) serves as a landing pad for the subsequent
loading of other members of pre-RC like Cdc6 and
minichromosome maintenance protein family (1). Apart
from DNA replication, ORC, as a complex or its individ-
ual subunits has been implicated in various ranges of
cellular functions (2,3). Transcriptional silencing in the
yeast Saccharomyces cerevisiae HM mating type loci is
dependent on the binding of ORC protein to the HM
silencer region containing autonomously replicating
sequence (4,5). Both ORC1 and ORC2 have been shown
to interact directly with heterochromatin protein HP1 that
is important for heterochromatin organization and tran-
scriptional regulation of heterochromatin genes in eukary-
otes ranging from Drosophila to Xenopus and mammals
(6-8). ORC6, another member coordinates chromosomal
DNA replication with segregation suggesting a possible
role during cytokinesis (9). These observations suggest
that although ORC is implicated mainly in DNA replica-
tion, it takes part in various other cellular functions.

The largest subunit of ORC, ORCI1 has a regulatory
role in DNA replication and other functions since it
comes on and off the chromatin during the cell cycle. It
contains a conserved C-terminal domain and an
N-terminal domain that exhibits poor homology among
species. The C-terminal region contains an AAA+ motif
that binds and hydrolyses ATP, a hallmark of origin
function (10-13). The extreme C-terminus contains a
helix-turn-helix motif that may be responsible for origin
binding (14). The N-terminal region of ORCI shows a
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diverse function. In yeast, this region interacts with Sirl
which might be essential for the recruitment of other SIR
proteins (Sir3 and Sir4) leading to the establishment of the
silenced HM mating type loci (4,5). The N-terminal region
of human ORCI1 contains a BAH (bromo adjacent
homology domain, also present in other ORCI1) domain
that may facilitate association of ORC with chromatin
(15,16). Although, domain mapping of ORCI responsible
for interaction with HP1 leading to the regulation of het-
erochromatin gene transcription is not reported, it is
highly possible that this interaction is mediated through
the N-terminus of ORCI since the exclusive function of
the C-terminus is related to DNA replication.

During its replication in erythrocytes, the human
malaria parasite  Plasmodium  falciparum  proceeds
through several developmental stages that can be classified
as ring stage (preparatory stage before DNA replication),
trophozoite stage (DNA replication) and the schizont
stage (chromosomal segregation and nuclear division).
Unlike other eukaryotic cells, multiple rounds of DNA
replication takes place in the parasites before cytokinesis
at the end of schizogony. Plasmodium falciparum contains
homologs for ORCI1, ORCS5 and a putative homolog for
ORC2. Interestingly, no clear homologs for other ORC
subunits can be identified by BLAST analysis or are
annotated in the Plasmodium Database (PlasmoDB).
Therefore, Plasmodium ORC may have limited subunits
or there are functional homologs of these subunits that are
yet to be identified.

Both PfORC1 and PfORCS5 form replication foci
co-localizing with proliferating cell nuclear antigen
(PCNA) during replicating trophozoite stage. This might
occur through a direct interaction between PFORCI1 and
PCNA mediated through the presence of a PCNA-
interacting protein (PIP) motif in ORCI1 at the
C-terminus (17,18). This region also contains the
conserved AAA™ motif and the helix-turn-helix domain
and might therefore mediate DNA replication in the
parasite (17).

PfORCI contains a unique N-terminal extension that
shows no homology with any other ORCI proteins.
Except a leucine heptad repeat region (present in
PfORCI and other related Plasmodium species) and two
putative CDK phosphorylation sites (present at the
extreme N-terminus), no other putative functional motif
can be detected. Therefore, the question arises regarding
the function of this extension.

Chromosome ends of Plasmodium contain distinct
structural domains that include the telomere and the
polymorphic subtelomeric region. The telomeres are
composed of degenerate G-rich heptamer repeats 5'-
GGGTT(T/C)A-3’. The telomere and subtelomeric
regions form 20—40 kb non-coding regions with lower
A+T content (~70%) compared to the internal
chromosome regions (~82%) (19). The subtelomeric
repeat sequences or telomere associated repetitive
elements (TAREs) vary among different species of
Plasmodium.

In P. falciparum, the subtelomeric region is composed
of six different TAREs (TAREI1-6), their length may
vary among different strains. TARE-1 (~0.9-1.9kb) is

present nearest to the telomere with complex tandem
repeats (20). The length of TARE-2 is 1.6kb. It contains
a 135bp degenerate sequence that is repeated 12 times.
These repeat sequences are interspersed by two distinct
21 bp sequences. TARE-3 contains three to four con-
secutive 0.7kb elements (21,22). The length of TARE-4
ranges from 0.7 to 2kb. It contains highly degenerate
and short repeats which are interspersed by non-repetitive
230bp sequences. TARE-5 (1.4 to 2kb) contains
moderately degenerate tandem repeats with 12bp
(5’ACTAACA(T/A)(C/G)A(T/C)(T/C)). TARE-6 is also
known as Rep20 elements. The length of TAREG6 varies
from 8.4 to 21 kb with 21 bp degenerate sequence (23).

PfEMPI1 (P. falciparum erythrocyte membrane protein
1), a major parasite virulence factor is encoded by sixty-
member var gene family. The majority of these var genes is
located adjacent to the subtelomeric region. The var genes
are classified by promoter sequence in to five different
types (upsA, upsB, upsC, upsD and upsE) based on their
chromosomal locations and orientation of transcription.
upsC var genes are found in central chromosomal regions.
However, all but one upsB var genes are located in sub-
telomeric regions. The orientation of transcription of
subtelomeric upsA, upsD and upsE var genes is opposite
to upsB var genes (24,25). 1t is believed that telomeres and
TARESs play a major role in switching the expression of
var gene family leading to the immune evasion and
severity of the disease (24-29).

Recently, PFORCI has been shown to bind to telomeric
and subtelomeric repeat regions along with PfSir2, a
histone deacetylase involved in the silencing of some viru-
lence genes present at the chromosome end loci (30). There
is an increase in the protein level of ORC1 and Sir2 as the
parasites differentiate from ring to trophozoite and
schizont stage. Both ORCI1 and Sir2 are localized to the
nuclear periphery containing telomeric clusters during the
ring or early trophozoite stage. However, both proteins
reorganize themselves at the onset of DNA replication
and coincide with the partial dissociation of the telomeric
clusters from the nuclear periphery leading to the
spreading of the proteins in the nucleus and cytoplasm
(30). These results suggest the possible role of PfORCI
in var gene silencing in P. falciparum along with PfSir2.
Nevertheless, the domain structure of PFORCI1 with the
possible involvement in the regulation of var gene expres-
sion is still elusive.

Other than PfSir2, PfHPI is also involved in the regu-
lation of var gene expression by binding to the H3K9me3
(trimethylated H3K9) marks at the silenced loci (31,32).
HP1 may favor the formation of heterochromatin at the
perinuclear chromosome end clusters. Another Sir2
paralog (Sir2B) shows silencing of var gene repertoire
that are different and mutually exclusive from the genes
controlled by the PfSir2 as described earlier (33). In fact,
Sir2B is involved in the regulation of var genes controlled
by the upsB promoter whereas PfSir2 controls var genes
under upsA/E promoter (33,34).

There are numbers of proteins involved in mutually ex-
clusive transcription of var gene family. However, it is not
known how these proteins are recruited at the telomeres,
subtelomeric repeat regions and the ups promoters.
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Is there any pattern of sequential loading and dependence
of loading of one protein with the others? Investigation of
these processes will provide additional insights into the
underlying molecular mechanisms of var gene regulation
and pathogenicity of the malaria parasite.

In order to find out whether the N-terminus of ORCI
has a unique role in targeting this protein to the nuclear
periphery containing telomeric clusters and its possible
involvement in var gene regulation, we generated several
transgenic parasites expressing GFP-fusion proteins
containing wild-type and deletion mutants of the
N-terminus of PfORCI1. We find that the N-terminus
alone (PfORCIN; ,33) can target this protein to the
nuclear periphery and occupies the identical positions in
the telomeric, subtelomeric regions and within var gene
promoters as shown by the full length endogenous
ORCI1. PfORCIN; »35 binds directly to the telomeric
DNA in vitro, an activity that is dependent on its
oligomeric property due to the presence of unique
leucine heptad repeats. Further, we have used the Sir2
knock out parasite line to investigate the sequential
loading of the telomeric and subtelomeric region
associated proteins involved in var gene silencing. We
find that the binding of ORCI but not HPI to the
subtelomeric repeat regions in vivo is dependent on
loading of Sir2 on these regions. Moreover, the
overexpression of ORCIN; 33 compromises the binding
of Sir2 at the telomeric loci and var gene promoters con-
sistent with de-repression of some var genes. These results
establish the importance of the unique N-terminal region
of PfORCI1 in var gene regulation and show a unique
pattern of loading the telomeric and subtelomeric repeat
region-associated proteins that may be central to the var
gene regulation important for pathogenicity.

MATERIALS AND METHODS
Parasite culture

Plasmodium  falciparum 3D7 strain was cultured as
described earlier (35). Synchronization of the culture
was achieved by using 5% sorbitol treatment of the para-
sites (18).

Bacterial strain

Escherichia coli strain DHI10B was used for cloning
purposes. BL21 Codon plus (RIG) (17) cells were used
for the expression of the recombinant proteins.

DNA manipulation

Cloning for the expression in bacteria. Different do-
mains of N-terminal region of ORCI (ORCIN; 533,
ORCIN| jg5, ORCINjs533, ORCIN, s3; Figure 1A),
C-terminus of ORC1 (ORCIC; residues 689-1022 of full
length ORC1) and coding regions of PfHPI, PfSir2 and
PfPCNA were amplified by PCR using P. falciparum 3D7
genomic DNA as template and cloned into pET28a or
PMALc2X vector. The details of restriction sites, primer
sequences and site directed mutagenesis primers (for
making point mutation in the leucine heptad repeats of
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ORC1N17238; ORCINLI 17238) are listed in Supplementary
Table SI.

Generation of GFP constructs. The DNA fragments cor-
responding to PfORC1N1,238 (1—7]4bp), PfoRClNZS,z_gg
(73*714bp), PfORClNl,lgz (1*546bp), PfORC1N1,53
(1-159 bp), PFORCIL1; 533 (with a substituted leucine
137 residue to alanine) and PCNA were amplified by
PCR and cloned into pARL-GFP vector using the Kpnl
and Avrll restriction sites (36). Fusion gene expression is
driven by crt (P. falciparum chloroquine resistance trans-
porter) gene promoter. The resulting recombinant clones
were sequenced to exclude unwanted mutations. The
primer sequences are listed in Supplementary Table S1.

Transfection

Transfection of the 3D7 parasites using the pARL fusion
constructs were performed using the protocol described
elsewhere (37). The transfected parasites were selected
using the drug WR99210 (Jacobus Pharmaceuticals).
Expression was verified by western-blot analysis using
transfected parasite lysate in the presence of anti-GFP
antibodies and fluorescence microscopy.

Purification of recombinant proteins

Protein purification was performed using the protocol as
described elsewhere (38) and in Supplementary Materials
and Methods.

Polyclonal antibody production

Raising polyclonal antibodies against PfORCIC
(C-terminal 689-1189 residues), PFORCS5, PfPCNA and
PfSir2 have described elsewhere (18,39). Polyclonal
antibodies against PfHP1 and PfORCIN| ,35 were
raised in mice using purified Hise-PfHP1 and Hise-
PfORCIN/_»33, respectively, as antigen essentially follow-
ing the protocol as previously described (18).

Electrophoretic mobility shift assay

As previously described (17) DNA binding activity of
PfORCIN; 33 and other proteins were investigated
using 20 ul reaction mixture containing DNA binding
buffer [10mM Tris—Cl (pH 7.5), 100mM KCI, SmM
Mgcl,, 2mM dithiothreitol, 6% glycerol, 50 pg/ml
bovine serum albumin]. The respective proteins were
incubated in DNA binding buffer containing the appro-
priate [y-*P] ATP labeled DNA fragment. Telomere
DNA (175bp) was amplified from a plasmid DNA
kindly provided by Dr Rosaura Harnandez-Rivas
(19,30) using the primers (Telomere F and R) as listed in
Supplementary Table S1. These primer sequences corres-
pond to the vector DNA sequences flanking the cloned
telomeric DNA. AT-rich DNA (150 bp) was obtained by
PCR amplification of a DNA fragment containing
PfGyrA sequence. GC-rich DNA (242 bp) was obtained
by PCR amplification of a part of zer” gene from
plasmid pBR322. The corresponding primers are listed
in Supplementary Table S1. Both telomere DNA and
AT-rich DNA was used as probe following radiolabeling
in the presence of [y->’P] ATP. Approximately 2ng
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Figure 1. Expression of the N-terminus of PFORCI1 as GFP-fusion protein. (A) Schematic diagram of full length PFORCI1. The putative regulatory
domain (1-783 residues) and the catalytic domain (784-1189) containing the ATP binding and hydrolysis domain are shown. The black blocks
indicate the low complexity regions with asparagine and lysine repeat rich regions. (B) The upper panel shows the schematic diagram of different
forms of PFORCIN as GFP-fusion protein. The bottom panel shows the western-blot analysis of parasite lysate obtained from different parasite lines
as indicated above using anti-GFP antibodies. Asterisk and double asterisk indicate likely degradation products. (C) Comparison of expression
pattern of endogenous ORCI and ORCIN,; ;;5-GFP transgene in ORCIN, ,33-GFP expressing parasites at the transcript level by real time PCR
analysis. gapdh was used as control. ORCIN,; ;;5-GFP shows several fold higher expression than endogenous ORC/ (D) Comparison of expression
of endogenous PfORCI and PfORCIN, ,35-GFP at the protein level. Equal amount of lysate (~100pg) obtained from 3D7 wild-type or
PFORCIN, ,35-GFP expressing trophozoite stage parasites were resolved in SDS-PAGE followed by western-blot analysis by polyclonal antibodies
against N-terminus of PfORCI1. Top panel shows the expression of the respective proteins under the same experimental conditions. The control
western blot using PfActin antibodies shows equal loading of proteins in each lane (bottom panel). (E) The intensity of the bands corresponding to
endogenous ORC1 and PFORCIN, ,35-GFP were quantified densitometrically and plotted accordingly. (F) Approximately 100 pug lysate obtained
from PfPCNA-GFP expressing parasites were resolved in SDS-PAGE followed by western-blot analysis using polyclonal antibodies against
PfPCNA. The results indicate that PCNA1-GFP is over-expressed compared to endogenous PCNA.
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radiolabeled DNA probe was used per reaction. Cold
DNA was used as competitors in electrophoretic
mobility shift assay (EMSA) experiments.

Chromatin immunoprecipitation assay

The chromatin immunoprecipitation (ChIP) assay was
performed as recommended by Upstate Biotechnology
ChIP Assay Kit (26225) with some modifications (30)
using ring/early trophozoite stage parasites. Briefly, chro-
matin was cross-linked using 1% formaldehyde for 10 min
at 37°C and the parasites were collected after two washes
with 1x PBS followed by saponin lysis. Parasites were
resuspended in SDS lysis buffer (1% SDS, 10mM
EDTA, 50 mM Tris—HCI, pH 8.1) containing protease in-
hibitor cocktail and incubated on ice for 10 min. Parasites
were then sonicated 10 times for 10s at maximum setting
with 1-min interval on ice between each pulse in order to
obtain DNA fragments in the range of ~200 to ~1000 bp.
After 15min of centrifugation at 10000g, 15ul of the
supernatant was used as input and the remainder was
diluted 10-fold in ChIP Dilution Buffer. This diluted
fraction was subjected first for pre-clearing with 60 ul
of Protein A Agarose beads (SIGMA) followed by
immunoprecipitation by incubating overnight using
respective antibodies (2ul rabbit anti-ORCIC, 2ul
rabbit anti-GFP, 5pl mouse anti-Sir2, 4pul mouse
anti-HP1, 2 pul mouse anti-PCNAI1, 2 pul mouse anti-SSB
immune sera). The immunoprecipitated DNA was
analyzed for semi-quantitative PCR amplification of
TAREs and var gene promoters using primers listed in
Supplementary Table S1. PCR primers were designed
carefully and PCR conditions were optimized so that
~500-600 bp products are obtained for all the TARE
regions except TARE-6 (~1.2kb). PCR amplifications
were performed for 20-22 cycles to avoid saturation of
the products as shown in the results section. The band
intensities were quantified using the Image J software.

Immunofluorescence

Localization of various endogenous proteins like ORCI,
HP1, Sir2 was performed using immunofluorescence
assay with the help of respective antibodies as described
in Supplementary Materials and Methods and
elsewhere (18).

Combined IFA/FISH

Combined IFA/FISH was performed as described previ-
ously (32). Parasites were fixed with 4% formaldehyde and
permeabilized with 0.1% Triton X. Parasites were
incubated with anti-GFP antibody (Abcam) (1:200)
followed by fluorescein-tagged appropriate secondary
antibodies (1:200). FISH was carried out using a
TARE-6 (rep20) probe as described previously (32).

Glutaraldehyde cross-linking assay

To stabilize the dimer/oligomer forms of ORCIN| ,3g that
can be distinguished from the monomer form following
SDS—polyacrylamide  gel electrophoresis (PAGE)
analysis, cross-linking experiments were performed as
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previously published (38). The reaction was carried out
in a buffer containing 10 mM Tris—HCI pH 8.0, 100 mM
KCl, 4mM DTT, 4mM MgCl, using two different con-
centrations (0.0004 and 0.0006%) of glutaraldehyde
at 25°C for 2h. The reaction was terminated by the
addition of 2x SDS sample buffer and boiling at 95°C
for 3min. The samples were loaded onto a 10% SDS—
PAGE gel and subsequently western-blot analysis was per-
formed by using anti-Hisg antibodies.

Real-time polymerase chain reaction

Real Time PCR analysis was performed essentially using
the protocol as described elsewhere (40). To achieve this,
tightly synchronized 8- to 12-h ring stage parasites (3D7
wild-type, PfSir2 KO and ORCIN;_,33—GFP expressing
parasites) were subjected to saponin lysis and pellets
were recovered subsequently. Parasite pellets were resus-
pended in TRIzol (Invitrogen) and RNA was extracted
using manufacture’s protocol (Invitrogen) including
digestion with RNase free DNase I (Fermentas) and prep-
aration of cDNA using SuperScript III Reverse transcript-
ase (Invitrogen). RT-PCR reactions were performed using
cDNA and specific primers (Supplementary Table S1).
For the comparative analysis of endogenous ORC/ and
ORCIN;_»35-GFP transcript levels, same forward primer
(PfORCIF589) was used along with reverse primer
PfORCIR765 or GFPR51 for the endogenous or trans-
gene, respectively (Supplementary Table S1). The amount
of cDNA obtained from different parasite lines was first
normalized against the gapdh control. Real-time RT-PCR
was performed using an Applied Biosystem equipment
and absolute SYBR Green Mix (Applied Biosystem). All
samples and controls were performed in triplicate using
the following cycle conditions: 95°C, 15min followed by
40 cycles of 94°C, 30s; 60°C, 40s and 68°C, 50s.

RESULTS

The N-terminal region of PFORCI1 is targeted to the
nuclear periphery

The N terminal region of P. falciparum ORC1 is unusually
long with several low complexity regions containing as-
paragine and lysine rich repeats as shown in Figure 1A.
However, the role of the N-terminus is not known yet.

In order to investigate the putative function of the
N-terminus of PfORCI1 for its subcellular localization,
we generated transgenic parasites expressing GFP-fusion
proteins containing wild-type and deletion mutants of the
N-terminus of PFORCI1 (PfORCIN). The presence of low
complexity regions within the N-terminus limited the
maximum length to 714bp (1-238 amino acid residues,
ORCIN/ _»35—GFP, Figure 1A) for the expression of this
region as GFP-fusion protein and resulted in three
deletion mutants ORCIN,5 ,33—GFP (deletion of 24
amino acid residues from the N-terminus), ORCIN;_;g>—
GFP (1-182 residues) and ORCIN; s3—GFP (1-53
residues) (Figure 1A). Expression of the fusion proteins
were verified with western-blot analysis using antibodies
against GFP (Figure 1B).
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We investigated the expression level of the transgene
under the control of the ¢rt promoter and compared it
with the endogenous ORCI both at the transcript level
and protein level (Figure 1C and D). First we analyzed
the relative abundance of the endogenous ORCI and
ORCIN; »35-GFP transcript level in ORCIN;_,33-GFP
expressing parasites by quantitative real time PCR
analysis. qPCR shows approximately seven to eight
times more transcript level for the transgene relative to
the endogenous ORCI (Figure 1C). Second, western-blot
analysis of equal amount of lysate obtained from 3D7
wild-type or ORCIN; ,33-GFP expressing parasites
using polyclonal antibodies against N-terminus of ORCI
shows ~5- to 6-fold increased expression of the GFP
fusion protein compared to endogenous ORCI
(Figure 1D and E). This was further confirmed by an add-
itional transgenic cell line using the same transfection
vector but expressing the nuclear antigen PCNA as a
GFP fusion protein. PCNA-GFP expressing parasites
show distinct nuclear replication foci similar to endogen-
ous PCNA as described earlier (Supplementary Figure
S1A) (17,18). Once again, western-blot analysis indicates
that the expression level of PCNA—GFP is higher than the
endogenous PCNA (Figure 1F).

We investigated the subcellular localization of
ORCIN{_»33—GFP (1-238) and other deletion mutants
by fluorescence microscopy (Figure 2A and B). We find
that ORCI1N;_,33—GFP shows distinct punctate staining at
the nuclear periphery during the ring stage of the parasites
(panel 1, Figure 2B) and persists in later stages (panel 2,
Figure 2B).

In contrast, ORCIN,_;s,—GFP (1-182), the mutant
comprising only the 182 N-terminal amino acids, shows
diffused signal enriched within the nucleus but without
the punctate pattern suggesting the role of downstream
sequences (183-238) for tethering to the nuclear periphery
(panel 3, Figure 2B).

Interestingly, the deletion of the first 24 amino acid
residues (ORCIN»,5.,33—GFP) also yields diffused
staining where majority of the signal is seen in the cyto-
plasm suggesting a putative role of the extreme
N-terminus residues for nuclear targeting (panel 4,
Figure 2B). Subsequently, expression of only the first
53 N-terminal amino acids (ORCIN;_s-—GFP) appears
to be sufficient to direct some protein to the nucleus as
shown by diffused staining pattern with enhancement of
the fluorescence signal in the nucleus (panel 5, Figure 2B).

The 3D dissection using confocal microscopy further
confirms the distinct punctuate staining of PFORCIN/_»3g
in the nuclear periphery and nuclear diffused staining
pattern of ORCIN, g, (Supplementary Figure S1B).

The N-terminal region of PFORC1 binds to DNA directly
with a preference to the telomeric DNA

One possibility for the restricted distribution of
PfORCIN; 5353 in the periphery of the parasite nucleus
could be its direct binding to telomeric repeat regions.
This hypothesis is supported by earlier reports that have
shown that: (i) chromosomal ends containing telomeric
and subtelomeric regions are tethered to the nuclear

periphery in P. falciparum (41,42) and (ii) ChIP reveals
the loading of endogenous PfORCI at the telomeric and
subtelomeric repeat regions (TAREs) (30).

In order to test the hypothesis, we purified both
ORCIN;_»35 and ORCIN;_js» as Hisg fusion proteins
(Figure 3A and B). The recombinant proteins were used
for EMSA using telomeric DNA as a radiolabeled probe.
We find that ORCIN/_»33 binds to DNA directly while
ORCIN, j3, fails to do so. Moreover, we detected
multiple bands following EMSA experiment that may rep-
resent different oligomeric forms of ORCIN; 535
(Figure 3C). These results indicate that the intrinsic
DNA binding property of ORCIN; 33 may help it
tethering to the nuclear periphery. ORCIN;_;5, has lost
the DNA-binding property as well as tethering to the
nuclear periphery (Figure 2B).

Does ORCIN| 35 show specificity to telomeric DNA?
To address this issue, we have performed competitive
EMSA with radiolabeled telomeric probe and different
types of cold competitor DNA. We find that binding of
ORCIN,_»3g to radiolabeled telomeric DNA can be effi-
ciently competed using cold telomeric DNA as competitor
in a concentration dependent manner. Neither AT-rich
nor GC-rich cold DNA can compete efficiently for the
telomeric DNA binding activity of ORCIN_,353 suggest-
ing the preferential binding of ORCIN; »33 to telomeric
DNA over AT/GC rich DNA (Figure 3D).

ORCI1N;_,33 forms dimers in solution and a putative
leucine heptad repeat at the N-terminus is essential for
DNA binding

Leucine heptad repeats often form coil-coil domains that
may be responsible for protein—protein and protein—-DNA
interaction and oligomerization. PFORCIN/_»33 contains
a perfect leucine heptad repeat (Figure 4A). We were inter-
ested to know whether the leucine heptad repeat would be
essential for oligomerization and ORCIN;_»;3 DNA-
binding. For this purpose, we changed the first leucine of
the leucine heptad repeat into alanine (ORCINLI;_53g)
(Figure 4A). His-tagged wild-type and the mutant
proteins were purified under the same experimental con-
ditions (Figure 4B).

In order to investigate the oligomeric properties of
ORCIN; 533, we performed cross-linking experiments
using recombinant His¢-ORCIN; 5,33 and  Hise-
ORCINLI1 | 533 in the presence of glutaraldehyde.
Cross-linking of proteins followed by western-blot
analysis using anti-His antibodies indicates that
ORCINj 533 forms a dimer in the presence of the
cross-linking agent (Figure 4C). The uncross-linked
protein shows a band around ~30kDa whereas the
cross-linked product shows a band ~60 kDA suggesting
the oligomeric property of ORCIN; ,33. However,
ORCINLI 353 failed to show robust oligomerization
property under the similar experimental conditions sug-
gesting that leucine heptad repeats indeed are involved
in oligomerization of the protein. The oligomerization
property of ORCIN; ,35 may also explain the higher mo-
lecular mass containing shifted bands in the EMSA experi-
ment as shown before (Figure 3C).
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1 PFORC1N1-238-GFP

1 PFORC1N25-238 -GFP

DAPI

PfORC1N1-182-GFP
PfORC1N1-53 -GFP

DIC

PfORC1N1-238-GFP

PfORC1N1-182-GFP

PfORC1N25-238 -GFP

PfORC1N1-53 -GFP

Figure 2. Fluorescence microscopy of different N-terminal domains as GFP-fusion proteins. (A) Schematic diagrams of different N-terminal
domains fused with GFP as indicated in the figure. The numbers on the top indicate the positions of the amino acid residues. (B) Live cell
imaging of different parasite lines as indicated on the right. ORCIN; ,33-GFP predominantly shows punctate staining at the nuclear periphery
either at the ring stage (first row) or at the later stage (second row). None of the other constructs show nuclear punctate staining pattern. ORCIN,s_
235~ GFP shows diffused staining pattern all over the parasite while both ORCIN,_;5,~GFP and ORCIN, _s5;—GFP shows enrichment of GFP signal

in the nucleus.

Further, we performed EMSA experiments using the
above proteins in the presence of radiolabeled telomere
probe (Figure 4D). The authenticity of the EMSA
results was confirmed using immune and pre-immune
sera against ORCI1. We find that wild-type ORCIN/_»3g
binds to DNA and increasing the concentration of
immune sera against ORCI results in a supershift of the
protein—-DNA complex whereas pre-immune sera do not
yield any supershift band confirming the specificity of
EMSA results (Figure 4D, lanes 3-6). Subsequently,
EMSA was performed wusing ORCIN; »3 and
ORCINLI; 535 proteins. ORCIN;_»33 shows band shifts

whereas ORCINLI1, »3g fails to do so under the same ex-
perimental conditions. These results clearly indicate that
the leucine heptad repeat present in ORCIN;_»35 is essen-
tial for DNA binding activity.

Endogenous ORC1 binds to TARES and var gene
promoters like ORCIN_,3g

The binding of recombinant ORCI to telomeric DNA and
its peripheral nuclear localization leads to two important
questions. Firstly, whether ORCIN;_,35 is loaded at the
telomeric region and TAREs in vivo and secondly, whether
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Figure 3. PFORCIN, ,33 binds specifically to telomeric DNA. (A) Schematic diagram of PfORCIN,; 33 and PfORCIN, ig,. (B) SDS-PAGE
analysis of recombinant purified Hisg-tagged PFORCIN; 533 or PFORCIN, g, proteins (1 pg each). (C) PFORCIN| 535 but not PFORCIN; g,
binds directly to telomeric DNA as shown by gel retardation assay (asterisk). The position of free probe is indicated. The higher order DNA—
protein complexes are shown by ‘double asterisk’. (D) EMSA was performed using radioactive labeled telomeric DNA and purified PFORCIN, ;3g.
Competition was performed using cold telomeric, AT-rich or GC-rich DNA of relatively similar length and varying concentration (1x, 5x and 10x,
respectively). The reaction mixtures were separated in PAGE and the gel was dried and autoradiographed subsequently. Telomeric DNA competed
most efficiently compared to AT-rich DNA and GC-rich DNA under the similar experimental conditions.

ORCIN_»35 shares the similar sites at the telomeric loci/
TAREs as the endogenous ORCI.

For this purpose, we performed ChIP experiments using
immunoprecipitated chromatin from the ring/early
trophozoite stage parasites with the help of polyclonal
antisera against ORCI1. This also enabled us to map the
binding sites of endogenous ORCI. We included PCR
primers for TARE regions and also from the promoters
of different var gene family (Figure 5A). Since TARE
regions are repetitive, there is a possibility that PCR
will yield multiple bands. However, our primers for the
PCR reactions (see Supplementary Tables S1 and S2;
Figure 2A) resulted only in major PCR products ranging
from ~500-600 bp for majority of the TARE regions (1, 2,
2-3, 3). TARE-6 was the exception, where we have been

able to design PCR primers resulting in a product of
~1.2kb. The location of the primers for TAREs and var
gene promoters and their expected sizes are indicated in
Supplementary Table S2. Semi-quantitative PCR reac-
tions were performed for ~20-22 cycles to avoid satur-
ation (Supplementary Figure S2B).

Following standardization of the PCR conditions
(Supplementary Figure S2A and S2B), we performed
PCR reactions using immunoprecipitated chromatin
DNA as template. ChIP-PCR reactions indicate that
ORC binds to all TARE regions as well as at least two
var gene promoters (upsE and upsC) with a variable effi-
ciency (Figure 5B). Primer targeting the genomic HRP
region was used as a control for the specificity of the
ChIP reactions.
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Figure 4. The leucine heptad repeat in PFORCIN, ,35 is essential for oligomerization and DNA binding. (A) The putative leucine heptad repeats of
PfORCIN| 535. The leucine at every seventh position is marked. L1 shows the mutation at the first leucine residue. (B) Purification of Hisg-tagged
PfORCIN| ,35 wild-type and PFORCINLI1, 533 mutant. (C) Cross-linking of His-PfORCIN; 535 and Hise-PfORCINLI1, 535 using glutaraldehyde
followed by western-blot analysis using anti-His antibodies shows strong dimerization of the wild-type protein (asterisk) but not for the mutant
protein. (D) Specificity of ORCIN for DNA binding. EMSA was performed using purified PFORCIN, ,35 and radiolabeled telomere DNA probe
followed by supershift using different amount of antibodies against PFORCIN (I) (lanes 3-5; 0.5, 1.0 and 1.5 pl, respectively) or pre-immune sera (PI)
(lane 6, 1.5 pl). The straight line shows the positions of different supershifted bands. EMSA using PFORCIN, ,35 wild-type and mutant form shows
that the wild-type but not the mutant form binds to telomeric DNA (lanes 7-11). Two different concentrations of each protein (100 and 200 ng) were

used.

It has been shown earlier that endogenous ORCI binds
to TAREs along with Sir2 (30). However, the promoters
of the var genes have not been tested for the recruitment of
the ORCI1 and Sir2 proteins in the earlier study.
Interestingly, majority of the TAREs and var gene pro-
moters were unoccupied by either ORCS5 (another member
of Plasmodium ORC) or PCNA as shown by ChIP experi-
ments using corresponding antibodies suggesting the ex-
clusive presence of ORCI at the telomeric region and var
promoters (Figure 5B). It is important to note that both

ORCS and PCNA polyclonal antibodies are capable of
immunoprecipitating the endogenous proteins (18).
Pre-immune sera immunoprecipitated DNA failed to
show any signal following PCR reactions in all the cases
suggesting the specificity of the antibodies used. All the
PCR primers can amplify the specific regions from the
genomic DNA as shown in the control lanes for each
case (Figure 5B).

After establishing that endogenous ORCI binds to
TAREs and var gene promoters, we investigated the
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Figure 5. Endogenous ORCI and GFP-ORCIN, 535 binds to subtelomeric repeat regions and var gene promoters. (A) Schematic diagram of
P. falciparum chromosomal ends containing telomere (T), TARE regions (1-6) and subtelomeric as well as internal var genes (upsB, upsA/E and
upsC, respectively). (B) Chromatin immunoprecipitation (ChIP) reactions were performed by immunoprecipitation of chromatin fraction using
different antibodies as indicated in the figure followed by PCR amplification using different primer sets as shown on the left. The results indicate
that both endogenous ORC1 and PFORCIN;_,33 bind to most of these regions whereas ORCS and PCNA bind to only few of them. HRP was used
as control. (C) Control ChIP experiments using anti-GFP antibodies from GFP-PCNA1 parasites and 3D7 parasites followed by PCR does not show
any product specific to TARE-2 and -3 regions. ‘PI’ and ‘I’ indicate pre-immune and immune sera, respectively, and ‘+ve’ indicates the PCR

amplification using genomic DNA as control.

status of ORCINj 533 for their occupancy in those
regions. Chromatin was immunoprecipitated using
anti-GFP antibodies from the ORCIN;_,33-GFP express-
ing parasite line followed by PCR reaction as used above.
We find that like endogenous ORCI, ORCIN/ 533
occupies majority of the TARE regions as well as the
var gene promoters (Figure 5B). These striking similarities
between these proteins for their occupancy at the TAREs
and var gene promoters are in good agreement with the
previous localization studies (Figure 2B).

As a control, we performed ChIP experiments from
PCNA-GFP expressing parasites and 3D7 parasites
using anti-GFP antibodies for immunoprecipitation.
PCNA-GFP expressing parasites showed punctate
nuclear replication foci (Supplementary Figure S1A)
similar to the endogenous PCNA as reported earlier
(18). ChIP reactions using anti-GFP antibodies from
PCNA-GFP and 3D7 parasites followed by PCR experi-
ments using primer sets positive for endogenous ORCI1
and ORCIN;_»33—GFP immunoprecipitated DNA failed
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to amplify any of these regions suggesting the specificity of
the ChIP reactions. Representative ChIP-PCR reactions
for TARE-2 and -3 regions are shown in Figure 5C.

After establishing the ChIP experiment successfully, the
effect of L1 mutation was investigated in vivo. We find that
wild-type ORCIN/_»35 shows punctate foci pattern at the
nuclear periphery as shown earlier whereas ORCINLI_
>3 shows diffused staining pattern (supplementary Figure
S3A). The loading of these proteins at the TAREs was
tested by ChIP PCR experiments. We observe that
TARE regions are occupied by ORCIN;_»35 but not by
ORCINLI 535 (Supplementary Figure S3B). These ex-
periments together indicate that the mutation in the
leucine heptad region indeed affect the oligomerization
of the protein leading to the loss of DNA binding
activity both in vitro and in vivo.

To further prove that ORCIN|_»35 is indeed recruited
to the TARE regions, we performed fluorescence in situ
hybridization coupled immunofluorescence assay (FISH—
IFA) using ORCIN, ,33-GFP expressing parasites.
TARE-6 region was used as FISH probe (19,30,32) and
antibodies against GFP were used to detect ORCIN_»35—
GFP expression. Previously FISH-IFA was used for the
localization of PfHPI1 protein at the TARE regions (32).
Both FISH and IFA showed distinct signals for the
presence of TARE-6 and  ORCIN; ,33-GFP
(Figure 6A). Analysis of the FISH-IFA results indicate
that TARE-6 and ORCIN;_,33-GFP signals are either
co-localized or they are positioned very close to each
other in a large number of parasites (~65%) (Figure 6A
and B). These results demonstrate that ORCIN;_»33—GFP
is indeed localized to the nuclear periphery occupied by
chromosomal ends containing telomeric sequences and
TARE regions.

ORC1 is localized to the telomeric region in a Sir2
dependent manner

Plasmodium falciparum Sir2 has been implicated in the
regulation of var gene expression by its inherent
property of propagation through telomeric and TARE
regions into the var gene promoters in vivo. We find
ORC also binds to these regions as well as var gene pro-
moters in vivo. ORCI and Sir2 co-localize with each other
during ring/early trophozoite stage parasites suggesting
ORCl1’s possible role in var gene silencing (30). We were
interested to find out whether Sir2 has any role in directing
ORC to the telomeric and subtelomeric region. For this
purpose, we used the Sir2 knock out parasite line where
the genomic copy of Sir2 has been deleted (34). We have
previously shown stage specific expression of PfSir2 in dif-
ferent erythrocytic stages at the transcript and protein
level (39).

Immunofluorescence analysis using specific antibodies
against PfSir2 shows distinct perinuclear spots at the
nuclear periphery in 3D7 parasites whereas no signal can
be found in Sir2 KO parasites (Supplementary Figure
S4A). Comparison of ChIP PCR results for the occupancy
of Sir2 and ORC1 in the TAREs and var gene promoters
between 3D7 wild-type and Sir2 knock out lines show
striking results (Figure 7A and B). As expected, Sir2
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binding could not be detected at TAREs and var gene
promoters in the Sir2 KO parasite line as Sir2 is not ex-
pressed in this parasite line. However, the binding of
ORCI1 to TAREs and var gene promoters was severely
compromised in the Sir2 knock out parasite line. The
compromised binding affinity of ORC1 to TAREs and
var promoters was not due to any defect of the chromatin
isolation from the mutant line. ChIP PCR experiments
showed the presence of Plasmodium single strand DNA
binding protein at the apicoplast (a plastid-like DNA con-
taining essential organelle) ori region with similar effi-
ciency for both the wild-type as well as mutant parasite
line (Figure 7C). These results suggest the importance of
Sir2 for the localization of ORCI at the telomeric and
subtelomeric region as well at the var gene promoters
in vivo.

To expand our study on other proteins involved in var
gene regulation we investigated the occupancy of HP1 at
TAREs and var gene promoters in the wild-type as well as
Sir2 KO lines (Figure 7D). We find that the occupancy of
HP1 is not affected at the above regions in the Sir2 KO
line indicating that the binding of HPI in telomeric/
subtelomeric region is independent of Sir2.

The recruitment of both ORCIN,_,35—GFP and Sir2 at
the TAREs in ORCIN; »33-GFP expressing parasites
raises the question whether these two proteins interact
with each other. Immunofluorscence assays using
antibodies against GFP and Sir2 indicate co-localization
of ORCIN/_»35—GFP and Sir2 signals in the parasites ex-
pressing ORCIN, ,35-GFP (Figure 8A) reflecting the
wild-type situation (Supplementary Figure S4B). These
results are consistent with previously published results
showing co-localization of endogenous ORCI1 and Sir2
at the nuclear periphery during the early stages of devel-
opment (30). These results clearly indicate that ORC1 and
Sir2 may be closely associated with each other. However,
our efforts to co-immunoprecipitate these two proteins
from Plasmodium lysate have failed. It is possible that
these two proteins may not interact directly with each
other or the interaction is not stable enough to allow
their co-purification.

To further support the close association of ORCI1 and
Sir2 at the nuclear periphery, we performed immunofluor-
escence assays using parasites obtained from 3D7
wild-type or Sir2 KO parasite line [Figure 8B(i-ii)]. We
find that ORC1 localization differs in Sir2 KO parasite
line [first two panels, Figure 8B(i—ii)] suggesting that the
presence of Sir2 is required for punctate staining pattern
of PFORCI. Punctate staining pattern at nuclear periphery
of ORCI was not visible during schizont stages due to the
redistribution of this protein at later stages (last panel,
Figure 8Bi). This is consistent with earlier observations
where both ORCI and Sir2 have been shown to be
redistributed during the late trophozoite and schizont
stages (30). As a control, we performed immunofluores-
cence experiments in 3D7 versus Sir2 KO parasite line
using antisera against HP1. We find that HPI shows
punctate staining pattern at nuclear periphery in
wild-type parasites as well as in the Sir2 KO parasite
line as previously described {(31,32) [Figure 8B(i—ii)]}.
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The presence of Sir2 helps the formation of higher order
DNA-protein complex of ORCIN;_,3g

The diminished presence of ORCI1 at the TAREs and var
gene promoters in the Sir2 KO parasite line reflects the
dependence of ORC1 on Sir2 for in vivo occupancy at the
above regions. Either the presence of Sir2 creates a favor-
able conformation for binding of ORC1 at the TAREs or
ORCI1 may need close association with Sir2 leading to the
binding at the TAREs.

To investigate if Sir2 mediates the DNA binding activity
of ORCIN/ 535, we analyzed the DNA binding property
of ORCIN; »33 in the absence and presence of purified
Sir2 in a concentration dependent manner (Figure 9).
The purification profile of Hise-Sir2 is shown in
Supplementary Figure S5A. We find that increasing
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Figure 6. Fluorescence in situ hybridization coupled immunofluorescence assay (FISH-IFA). (A) FISH-IFA was performed using fluorescence
analog labeled TARE-6 DNA probe and antibodies against GFP in ORCIN, ,33—GFP expressing parasites as described in the ‘Materials and
Methods’ section. The results indicate that majority of the TARE-6 and ORCIN;_,33—GFP signals are overlapping or closely associated with each
other. Top panel corresponds to ring stage parasite and bottom two panels correspond to trophozoite stage parasites. (B) More than 60 images of
FISH-IFA were taken with clear signal for ORCIN, »35-GFP and TARE-6. The percentage (%) of overlapping/closely associated (merge) ORCIN;
235~ GFP and TARE-6 signals and non-overlapping (apart) were represented graphically. The scale bar is shown inset.

Apart

concentration of ORCIN; »35 in the absence of Sir2
does not apparently supershift the DNA-protein
complex band (Figure 9, lanes 2-4 and Supplementary
Figure S4B, lanes 2-5). Sir2 by itself shows very poor
DNA binding activity at the concentrations where
ORCIN/_»353 shows strong DNA binding activity. Next,
purified Sir2 was incubated with radiolabeled telomeric
DNA. The protein—-DNA mixture was further incubated
with purified ORCIN;_»33 protein with increasing con-
centration. We find that protein—-DNA complex is
shifted more efficiently with increasing concentration
of ORCIN| 535 in the presence of Sir2 (lanes 7-11,
Figure 9). As a control, we performed the supershift ex-
periment of ORCIN| ,35 in the presence of recombinant
MBP-ORCIC (C-terminal region of ORCI; residues 689—
1022 of full length ORCI1, Supplementary Figure S5A).
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Figure 7. Binding of ORCI but not HP1 is dependent on Sir2 at the TAREs. (A) Chromatin immunoprecipitation using antisera against PfSir2 from
wild-type and Sir2 knock out parasite line shows that Sir2 binds to TAREs and var gene promoters in wild-type but not in the Sir2 knock out
parasite line. (B) ChIP experiments using antisera against PFORCI as described above shows that PFORCI1 binds to TAREs and var gene promoters
in the wild-type 3D7 parasites but the binding is severely affected in Sir2 knock out parasites. (C) ChIP experiments using antisera against apicoplast

targeted PfSSB followed by PCR amplification using primer sets from

apicoplast IRA (internal repeat A) shows the binding of SSB to the IRA

region in both 3D7 and Sir2 knock out line suggesting that the ChIP experiments are equally efficient in both the cases. (D) ChIP experiments using
antisera against PfHP1 as described in (A) and (B) above shows that PfHP1 binds to TAREs and var gene promoters in the wild-type 3D7 parasites

as well as in Sir2 knock out parasites.

Unlike Sir2, MBP-ORCIC failed to supershift of DNA—
protein complex of ORCIN| 33 under the same experi-
mental condition (Supplementary Figure S5B, lanes 8—11).
These results indicate that the presence of Sir2 may facili-
tate the formation of a higher molecular mass containing

DNA-protein complex mediated by ORCIN; ,35. This
phenomenon may be pre-requisite for the formation of
higher order nucleoprotein complex essential for hetero-
chromatin establishment and silencing var gene pro-
moters. It is possible that the presence of Sir2 may help
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Figure 8. Co-localization of ORCIN; »33-GFP and Sir2 and immunolocalization of ORCI and HP1 in 3D7 and Sir2 KO parasite lines. Glass slides
containing the parasite smears from ORCIN; »35-GFP expressing parasites or 3D7 wild-type or Sir2 KO parasite lines were treated for
immunolocalization using respective antibodies as indicated in the panels (A) and (B). (A) Co-localization of GFP and Sir2 in ORCIN; ,33-GFP
parasites during early stages of development as indicated on the left. ‘R’ indicates ring stage and ‘ET’ indicates early trophozoite stage parasites.
DAPI shows the nuclei. [B(i)] Both ORC1 and HP1 show nuclear punctate staining in 3D7 wild-type parasites during the early stages of develop-
ment. [B(ii)] ORC1 shows more diffused and distributed pattern while HP1 shows punctate staining in the Sir2 KO parasites. ‘R’ indicates ring stage

and ‘S’ indicates schizont stage parasites.

propagating ORCI1 in vivo. Interestingly, ORCIN;_»35—
DNA complex cannot be supershifted in the presence of
increasing concentration of Sir2 (data not shown). These
results may indicate that the presence of Sir2 makes it
conducive for ORCI binding and propagation at the telo-
meric/TARE regions. This may also explain why the
absence of Sir2 also affects the loading/propagation of
ORCI1 at the TAREs and var gene promoters.

Expression of ORCIN;_»33 compromises Sir2 loading and
derepresses some selected var genes

We have shown that the expression level of ORCIN/_»35—
GFP is higher than the endogenous ORCI1 (Figure 1C).
Moreover, ORCINj 533 binds to DNA with higher
affinity than Sir2 in vitro under the same experimental
conditions (Figure 9). We were interested to see whether
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Figure 9. The presence of Sir2 helps forming higher order DNA-—protein complex of PFORCIN; 35. EMSA was performed by incubating
radio-labeled telomeric probe with PfSir2 followed by addition of increasing amount of PfFORCIN, ,35 with subsequent separation of DNA-
protein complex in PAGE. Sir2 shows weak DNA binding (asterisk) (lanes 5 and 6) compared to ORCIN, ,35 (lanes 2-4). Interestingly, supershift
of ORCI-DNA band was observed in the presence of Sir2 (lanes 9-11). ‘Double asterisk’ indicates the supershifted bands relative to the black

straight line.

the expression of ORCIN; ,33 would lead to modulation
of Sir2 loading at the TAREs and var gene promoters
leading to the change in var gene expression. We first
tested the effect of ORCINj 35 expression on Sir2
loading and function. ChIP results from different inde-
pendent experiments indicate that the loading of Sir2
was indeed compromised in majority of the TAREs and
var gene promoters in ORCIN| »35-GFP expressing
parasite lines compared to the 3D7 control parasite
lines. As a control, the loading of SSB at the apicoplast
DNA was not affected in ORCIN; ,33-GFP expressing
parasites compared to the wild-type 3D7 parasites
(Figure 10A). As Sir2 is a HDAC that represses some of
the var gene families, compromised loading of Sir2 may
lead to the de-repression of var gene expression. We find a
substantial decrease in Sir2 protein loading in wupsE
promoter in ORCIN;_,33—GFP parasite line.

In order to find out whether the higher level of expres-
sion of ORCIN;_,33—GFP over endogenous ORC1 would
indeed modulate the var gene expression, we compared the
expression level of various var genes in 3D7 wild-type with
ORCIN/_»35 expressing parasites and Sir2 KO parasites
by quantitative real time PCR analysis. These var genes
include PFL0030c and PFAO0015c under upsA/E
promoter, PFL1960w under upsC promoter and
PF11_0521 under upsA promoter. The first two genes
are regulated in a Sir2 dependent manner as reported pre-
viously (34). We have selected PFL1960w since we have
seen that both the endogenous ORC1 as well as ORCIN,_
235~ GFP occupy the promoter of this gene (Figure 5B).
The real time PCR results indicate similar levels of

stimulation of expression of different var genes both in
the Sir2 KO parasite line as well as in ORCINj 35—
GFP expressing parasites compared to 3D7 wild-type
parasites normalized against gapdh gene expression
(Figure 10B). We observe an overall 30-40% increase of
various var genes in the above two parasite lines compared
to the 3D7 wild-type parasites. No such stimulation of var
gene expression was observed in ORCIN,_;3,—GFP para-
sites (data not shown). These results suggest that the
defect in loading Sir2 in the TAREs and var gene pro-
moters in the ORCIN| 535 expressing parasites indeed
modulate the expression of some of the var genes and in-
dicates an intricate balance between ORC1 and Sir2 to
regulate the var gene expression in P. falciparum.

DISCUSSION

PfORCI contains a leucine heptad repeat region at the
N-terminus with the possibility of formation a coiled
coil domain. However, the functional significance of this
domain is not yet established. Classical leucine heptad
repeats containing proteins are bZIP type of transcription
factors like jun and fos which form oligomeric structures,
essential for binding to DNA (43,44). Geminin, an inhibi-
tor of DNA replication also contains leucine heptad
repeats that form coiled-coil domain, essential for
binding to CDT]1, a replication-licensing factor (45). The
oligomerization property and the DNA binding activity of
PfORCIN; 533 and the lack of these activities in the
mutant PFORCINLI1; 535 reflect the functional signifi-
cance of the repeat region in ORCI. This is the first
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Figure 10. Overexpression of ORCIN; 533 causes diminished loading
of Sir2 at the TAREs and var gene promoter leading to the
de-repression of some var genes. (A) ChIP using anti-Sir2 antibodies
followed by semi-quantitative PCR using primer sets from TAREs and
var gene promoters suggest compromised loading of Sir2 at the TAREs
and var gene promoters of ORCIN, ,35 over-expressed parasite line
compared to the 3D7 control parasites. ChIP experiments were
repeated at least three times and results are represented graphically.
The loading of SSB at the apicoplast IRA region is also shown.
(B) Comparison of expression pattern of some selected var genes as
indicated at the bottom between 3D7 wild-type, Sir2 KO and
ORCIN, ,35-GFP expressing parasites by real time PCR analysis.
gapdh was used as control. All the var genes tested showed increased
expression at the mRNA level for both Sir2 KO parasites and
ORCIN, ,35—GFP parasites compared to the wild-type 3D7 parasites.

demonstration of a functional leucine heptad repeat con-
taining protein in Plasmodium. The leucine heptad repeat
is also found in the ORCI proteins from related species
P. yoelii (PY01316; ORCI1) and P. vivax (PVX084195;
ORC1) suggesting a conserved function.

We find that ORCIN;_,3g3 binds to DNA and forms
nuclear periphery punctate foci whereas ORCIN|_jg,
fails to do so suggesting that residues between 182 and
238 are involved in DNA binding. A detailed mutational
analysis will be required to identify the key residues for
DNA binding. The lack of DNA binding activity in
PfORCINL1;_»35 suggests that the loss of oligomerization
may also affect DNA binding. Therefore, both the leucine
heptad repeats and residues between 182 and 238 may
contribute to DNA binding. This may be similar to the
bZIP type of transcription factors where the presence of
basic residues and leucine zipper regions are involved in

DNA binding (46). The oligomerization property of
ORCI1 may also favor the aggregation of nucleosome
leading to the formation of heterochomatin, a prerequisite
for var gene silencing.

In yeast, ORC binds to mating type locus as a complex.
The absence of PfORCS5 at the majority of TAREs
suggests that PFORC1 may have its exclusive function at
the telomeric/TARE regions for the control of var gene
expression. It is possible that there are different
sub-complexes of ORC present in Plasmodium responsible
for DNA replication and the control of var gene expres-
sion, respectively. The poor presence of PCNA at the
TARE regions indeed indicates that the presence of
ORCI in these regions may not be due to the replication
function. It is possible that telomeric regions in
Plasmodium are replicated through the progression of
forks into this region originated outside this region.

We have shown that PfORCIN; 533 and PfSir2
co-localizes with each other in vivo during the ring/early
trophozoite stage of the parasite development. These
results are similar to the earlier published results (30).
We also find that the loading of ORCI1 at the TAREs
and var gene promoters is dependent on the presence of
Sir2 in vivo and the presence of Sir2 favors the higher
order DNA-protein complex of ORCI1 in vitro.
Together, these results indicate that ORCI1 and Sir2 may
associate with each other. Although we have not been able
to show direct interaction between these proteins, it is
possible that the interaction may be mediated through
some unknown protein or DNA. The interaction
between yeast ORCI and Sirl protein is mediated
through the BAH domain present at the N-terminus of
the ORC1 (15,16). BAH domain is conserved in
majority of the ORCI reported so far including human,
Drosophila, and Xenopus (15), although no BAH domain
is predicted at the N-terminus of the Plasmodium ORCI.
However, only detailed mutational analysis will reveal the
essential regions in the N-terminus of PfORCI1 that are
responsible for Sir2 interaction and therefore might repre-
sent a functional homologue to the BAH domain.

The functional analysis of PFORCI reported in this
work has a striking similarity with a recently published
work performed in the yeast species Kluyveromyces lactis
(47). In S. cerevisiae, the formation of heterochromatin
silencing region at the yeast mating type locus is initiated
by ORC followed by recruitment of Sir proteins (Sir 1-4)
and subsequent spreading of Sir2—4 proteins facilitating
the maintenance of the silenced zone. However, in
K. lactis, the spreading of ORCI at the silenced locus is
dependent on Sir2 and the N-terminal BAH domain of
K. lactis ORCI1. Moreover, KIORCI1 appears to act inde-
pendently in the absence of KIORC4 and 5 subunits for
the silencing function (4,5). Similarly in P. falciparum, the
N-terminal region of ORCI is involved in telomeric/
TARE localization of ORCI1 in a Sir2 dependent
manner that may lead to the silencing of var genes.
Interestingly, we find that the presence of PfORCS is
very limited compared to the PFORCI loading at the
TAREs suggesting PfORC1’s exclusive role in var gene
regulation independent of other ORC subunits.
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Co-incidentally, both K. lactis and P. falciparum does
not contain a Sir3 homolog. Sir3 is a gene duplication
product of ORCI in S. cerevisiae (47,48). It spreads
along with Sir4 protein over the silenced chromatin by
virtue of its affinity towards deacetylated nucleosome (as
created by Sir2 deacetylase). In K. lactis that diverged
before gene duplication, ORCI retains the spreading
function of Sir3 along the heterochromatin to maintain
the silenced zone. Similarly, we find that PfORCI is
spread through the TAREs that may be crucial for
Plasmodium var gene silencing.

It will be interesting to investigate whether there is a
link between the status of nucleosome (acetylated or
non-acetylated) and the recruitment of PfORCI and
PfORCIN/_»35 at the telomeres/TAREs and var gene pro-
moters. In vitro binding of ORC1 and Sir2 to chromatin
templates rather than naked DNA will be useful in this
purpose.

The data points towards a more complex mechanism of
var gene silencing as it has been described previously. It is
still not clear how a particular var gene in a family will
bypass this process of silencing and it is expressed in an
allele specific manner. A local chromatin remodeling
around the promoter of the silenced gene may induce
gene expression while keeping the other cascade of genes
in the silent form. Whether this needs translocation of a
particular set of var gene from a transcriptionally silenced
zone to an active zone remains to be elucidated.

Our data establish the regulatory role of the N-terminus
of ORCI1 in dimer formation, association with the telo-
meric DNA/TARE regions and directing ORCI1 to the
nuclear periphery region in association with Sir2 leading
to the silencing of the var genes. These findings are
summarized in a preliminary model illustrated in
Supplementary Figure S6. Further studies have to estab-
lish whether this function is independent of the replication
function of ORCI1 that possibly lies within the C-terminus
of the protein as it contains ATP binding and hydrolysis
domains and PIP motif.

ChIP analysis suggests the presence of Sir2 at the upsE
promoter (transcribed towards telomere) but not at the upsB
(transcribed away from telomeres) and upsC (internal var
genes) promoters. This is consistent with earlier observa-
tions showing that PfSir2 controls the expression of var
genes transcribed towards the telomeric region (upsA/E)
(34). In the contrary, we find that ORCI is present both at
the upsE and upsC regions. Interestingly, in the Sir2 KO line,
although the presence of ORC1 was severely affected in the
TARESs, it could still be detected at the upsE and upsC
regions. It is possible that Sir2 may not influence the
binding of ORC1 away from the telomeric region that effi-
ciently. Alternatively, the presence of ORC1 in these regions
may be linked with the replication function of ORCI.

It has been demonstrated that ORCI is reliant on Sir2
for the recruitment at the telomere/TARE regions.
However, overexpression of ORCIN;_»33 diminishes the
loading of Sir2 at the telomeres/TAREs followed by
de-repression of var genes. ORCIN; >33 may do this job
either by virtue of its stronger binding affinity towards
DNA compared to Sir2 (Figure 9, lanes 2 and 3 versus 5
and 6) or by competing with endogenous ORC1 that may

Nucleic Acids Research, 2012, Vol. 40, No. 12 5329

affect the co-ordination between Sir2 and ORC1 essential
for spreading of heterochromatin region required for var
gene silencing. Alternatively, the over-expression of
ORCIN/_»33 may show dominant negative effect by dis-
rupting the complexes of heterochromatin proteins that
are necessary for heterochromatin assembly.

Overall, the findings of this article strongly suggest that
both ORCI1 and Sir2 co-ordinate with each other and
keeps an intricate balance for spreading heterochromatin
like silencing zone leading to the repression of var gene
family. This balance can be disturbed either by removing
Sir2 or by over-expression of ORCIN| »35 leading to the
de-repression of some var gene family members.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Materials and Methods, Supplementary
Figures 1-6, Supplementary Tables 1 and 2 and
Supplementary References [30,49].
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