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ABSTRACT

Plasmodium falciparum is a protozoan parasite of the phylum Apicomplexa that is responsible
for causing malaria in humans in many parts of the world. Antimalarials are very effective at
curing the disease; however resistance to current antimalarials has emerged among Plasmodium
strains as the parasite continually evolves (1). This has generated the need to develop new drugs
to control this global public health problem. This project investigates a putative vital component
of the apicoplast specific ubiquitination system in the parasite as a potential target for therapeutic
intervention. The apicoplast is a plastid organelle in the parasite and is necessary for parasite
survival (2). The apicoplast ubiquitination pathway is proposed to be involved in regulation of
apicoplast specific protein levels via the covalent modification of misfolded or improperly
assembled proteins; it does this through ubiquitination (2). The ubiquitin monomer levels in this
pathway are maintained by the deubiquitinating proteases (DUBs), which catalyze the hydrolysis
of the protein-ubiquitin bond prior to the protein being catabolized. Removal of ubiquitin from a
misfolded protein helps to regenerate and maintain proper ubiquitin monomer levels. Thus the
DUBs play an important role in perpetuating this pathway and regulating the recycling of
ubiquitin in the cell.
Using bioinformatics based homology searching the OTU-like cysteine protease PF10_0308
was identified to be a putative apicoplast localized DUB protease that appears to be conserved
across Apicomplexan genomes (3). We hypothesize that in P. falciparum this DUB functions
specifically in a ubiquitination pathway within the apicoplast. It possibly serves to recycle
ubiquitin via its removal from the misfolded proteins prior to their entry into the proteasome for
degradation. If this DUB activity is inhibited, then ubiquitin monomer recycling would cease and

render this pathway non-functional. Due to lack of an available pool of ubiquitin monomers,
misfolded proteins would no longer be targeted for catabolism. This could lead to protein
aggregates which in turn might make the apicoplast inactive, leading to parasite death.
In order to deduce the essentiality of putative apicoplast localized DUB, (here on, Api-DUB) in
the parasite we applied genetic engineering techniques of molecular cloning and transformations
to alter the structure and characteristics of the gene. We have generated a transgenic line of
parasites with a variant form of the apicoplast DUB (Api-DUB) gene that encodes a fusion ApiDUB protein. This gene contains a construct which allows regulation of Api-DUB protein at the
post-translational level. By inhibiting protein expression via post-translational attenuation, ApiDUB activity is reduced in the parasite. Observing differences in growth phenotype or viability
in comparison to the parasites with a functionally active Api-DUB will help to determine
whether it is essential for parasite viability.
The integration of the construct has been confirmed, via western blotting. Preliminary efforts
have observed a decreased growth rate and eventual death phenotype in parasites lacking a stable
and active DUB protease. However, the DUB essentiality to the parasite needs to be confirmed
by use of multiple clonal cell lines in order to validate the studies. The next immediate effort
includes determination of the site of integration and orientation of the gene construct in parasite
genome. If Api-DUB is confirmed as an essential component of the parasite then further
structural studies to aid in discovery of selective inhibitors would be pursued. It is likely that this
pathway is localized to the apicoplast, a plastid organelle essential for parasite survival. Thus, we
hypothesize that this apicoplast associated ubiquitination pathway constitutes highly significant
and vital component of these medically relevant parasites (2). Furthermore, the prokaryotic

origins of the metabolic pathways in the apicoplast make it a promising target for drug
development.
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INTRODUCTION
Plasmodium falciparum is a protozoan parasite, belonging to the phylum Apicomplexa,
responsible for causing human malaria. Malaria today constitutes a global health concern and is
attributed as the fifth leading cause of death from an infectious disease worldwide (4). According
to the World malaria report 2011, there were 216 million cases of malaria and an estimated
655,000 deaths in 2010 (4).

FIGURE 1: Areas of the World Affected by Malaria (4).

P. falciparum is a eukaryotic pathogen which is transmitted into the host (humans) by the female
Anopheles mosquito. Malaria caused by P. falciparum is the most deadly form of human malaria,
with the highest rates of complications and mortality (5). The parasite has a complicated lifecycle, requiring both a human and a mosquito host.

Before the transmission, the parasite resides in the salivary gland of the female Anopheles
mosquito in its sporozoite stage of development. During the mosquito’s blood meal on a human
host, these sporozoites circulate in the bloodstream and migrate to and infect the liver
hepatocytes (Fig. 2).

FIGURE 2: Life cycle of Plasmodium falciparum (1). The sporogonic cycle consists of stages in the
mosquito. The exo-erythrocytic cycle consists of the liver stages; the initial site of infection. The
erythrocytic cycle is responsible for the disease causing stages of P. falciparum. Sexual gametocytes can
differentiate from the erythrocytic stages and be transmitted back to mosquitoes in the sporogonic cycle.

Within the hepatocyte, the parasites transform into trophozoites and undergo schizogonic
development to eventually replicate and release numerous daughter merozoites into the
bloodstream. The parasites in the circulatory system now invade and infect erythrocytes, and
constitute the erythrocytic cycle of parasites. In the erythrocytes, the parasites develop ring
stages, trophozoites and schizonts, which further generate the merozoites. These erythrocytic
stage parasites do not re-infect the hepatocytes. It is the erythrocytic portion of the parasite lifecycle that is responsible for disease pathology in humans. The continuous life-cycle of parasite
invasion and destruction of erythrocytes occurs nearly every 48 hours (Fig. 3) (6).
Concurrently, sexual forms (gametocytes) might also be produced, which, if taken up by a
mosquito will infect the insect and continue the parasite life cycle

FIGURE 3: Plasmodium erythrocytic cycle. Parasites develop into ring forms, trophozoites and schizonts
which in turn produce further merozoites and this continuous life-cycle of parasite invasion and
destruction of erythrocytes occurs nearly every 48 hours (6).

Symptoms of malaria include fevers, shivering, vomiting, chills, headaches, and body aches (7).
A hallmark symptom of malaria is sudden coldness followed by chills, and then four to six hours
of fever and sweating. The cyclical fever after every 48 hours is due to the synchronous rupture
of the parasites during the erythrocytic cycle resulting in a massive cytokine response. Severe
cases of malaria are almost exclusively caused by P. falciparum (8). Severe cases of malaria
cause the patients to suffer from anemia due to erythrocytic hemolysis, blood coagulation, and
cerebral-malaria, the most common cause of death (4).
Even though, a wide range of antimalarials medications are available today, malaria continues to
threaten numerous lives across the globe. While the antimalarials in use are very effective
towards curing the disease, resistance to current antimalarials has emerged among Plasmodium
strains as the parasite continually evolves (9). Moreover, to date, no effective vaccine for malaria
has been developed (10). This poses the need to investigate and develop new potential targets
and drugs for therapeutic intervention. In our efforts to discover new drug targets, we investigate
a putative vital component of the apicoplast specific ubiquitination system in the parasite.
Apicoplast
The apicoplast is an Apicomplexan plastid which is a chloroplast like organelle. It is unique to
the phyla and is known to be essential for survival (11). The apicoplast is theorized to have
formed by two sequential endosymbiotic events i.e. secondary endosymbiosis (11). In the first
event, an ancient cyanobacterium was first engulfed by a eukaryotic cell and maintained due to
the formation of a symbiotic relationship with the host eukaryotic cell. The result of this primary
endosymbiosis was a photosynthetic eukaryotic alga. A descendent of this eukaryotic alga was
then itself engulfed by a heterotrophic eukaryote. Due to the formation of another independent

symbiotic relationship this photosynthetic alga was preserved as a plastid. Thus, the apicoplast is
thought to be a product of two endosymbiotic events and has prokaryotic origins.

FIGURE 4: Schematic representation of the apicoplast as a product of secondary endosymbiosis. A
cyanobacterium like prokaryote (green) is first engulfed by an algal eukarya (red) to form a
photosynthetic alga, which in turn is engulfed again by another heterotrophic eukaryote (blue) to form this
4 membrane apicoplast plastid.

The apicoplast plastid evolved in its current role over evolutionary time period to preserve only
essential genes and functions beneficial to the host-organelle relationship (11). As a result, the
parasite apicoplast has lost its photosynthetic abilities and most of its genome. Most of the
apicoplast genome has been transferred to the parasite nucleus, with nearly all the apicoplast
proteins encoded in the nucleus. These proteins are then post translationally imported into the
apicoplast across its four membranes, via post-translational translocation, making use of the
apicoplast specific signal sequences. Very few of the apicoplast proteins are still encoded in the
~35 kb apicoplast genome and function along with the nuclear encoded apicoplast proteins in its
intermediary metabolic pathways (12).

The apicoplast is home to a prokaryotic 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway for
the synthesis of isoprenoid precursors (IPP) (12). The bio-synthesis of these isoprenoid
precursors constitutes the sole vital function of the apicoplast during the parasite erythrocytic
stages. These isoprenoid precursors serve as building blocks for small molecule isoprenoids,
which trigger a variety of downstream functions. Thus, IPP bio-synthesis constitutes the only
essential function of apicoplast during the parasite erythrocytic stages to ensure parasite viability.
Thus, inhibition of DOXP genes and any genes necessary for apicoplast maintenance should lead
to parasite death (12).

IPP

FIGURE 5: Schematic representation of the isoprenoid precursor biosynthesis pathway in the
apicoplast. Supplementation of IPP exogenously can rescue the parasites in which the apicoplast
localized IPP biosynthesis has been inhibited by doxycycline.

Apicoplast ubiquitination pathway and activity of deubiquitinating proteases (DUBS)
In the ubiquitin-proteasome system, a misfolded or incorrectly assembled protein is tagged with
specific mono or poly-ubiquitin chains which serve to target the protein to the proteasome for
degradation. Misfolded proteins are identified and tagged with ubiquitin via sequential actions of
three enzymes: E1 (ubiquitin activating Enzyme), E2 (ubiquitin conjugating enzyme) and E3
(ubiquitin ligating enzyme) (13). The ubiquitin tag functions as a marker on the protein,
identifying it as misfolded or incorrectly assembled. These tagged proteins are selectively
targeted to the cytoplasm localized proteasome for degradation and recycling of their amino
acids. The deubiquitinating proteases (DUBs) are proteases that hydrolyze the covalent proteinubiquitin bond, reversing the actions of E1, E2 and E3 enzymes (14). They allow for the
regeneration and recycling of the pool of available ubiquitin monomers for reuse in the ubiquitinproteasome system. These ubiquitination and deubiquitination processes are highly selective and
protein specific (15). Specific proteins are tagged with specific ubiquitin chains and have specific
DUBs for deubiquitination.

FIGURE 6: Deubiquitinating proteases and the ubiquitin-proteasome system. Covalent conjugation of
ubiquitin to protein substrates is mediated by E1, E2, and E3 enzymes. Successive ubiquitination of
substrates yields polyubiquitinated products. The proteasome hydrolyses ubiquitinated protein substrates
into individual amino acids.

While ubiquitination is conventionally involved in targeting misfolded proteins to proteasome
for degradation, it might be involved in varied functions in the apicoplast. The apicoplast specific
ubiquitination is not associated with the proteasome. It instead makes use of a more prokaryotelike crude approach for protein catabolism using different proteases activity (15). While many
ubiquitinating enzymes have been identified in the apicoplast, the essential role of the apicoplast
localized ubiquitination pathway is not clearly understood and it is a field of ongoing research
(2). Striepen et al. have proposed three hypotheses to explain the possible functions of the

apicoplast ubiquitination pathway. 1. Ubiquitination as an essential part of the translocation
mechanism 2. Ubiquitination serving as a specific sorting signal ex. as a retention signal
3.Ubiquitination serving in a process independent of protein import (e.g. apicoplast division,
protein folding and quality control etc.) (2).
Although the apicoplast ubiquitination might not necessarily be associated with the proteasome,
its existence in the apicoplast constitutes a component of the apicoplast function and thus, serves
as a viable target to arrest the apicoplast development.

EXPERIMENTAL STRATEGY AND PRELIMINARY DATA
Validating the essentiality of the putative apicoplast deubiquitinating protease (Api-DUB)
In order to validate the essentiality of Api-DUB and identify it as a potential drug target, we
made use of molecular genetics techniques to generate transgenic parasites in which Api-DUB
expression could be attenuated (16). Although RNA interference is not active in apicomplexan
parasites (17), selective protein levels can be regulated post-translationally. In order to mediate
this regulation, we have incorporated a construct at the 3’ end of the Api-DUB coding sequence
in the endogenous locus. The resulting integrant expresses a fusion protein whose expression can
be attenuated via regulated protein stabilization by addition of a small molecule ligand (Fig. 4).
First, the gene of interest i.e. Api-DUB was identified in the Plasmodium genome using a
bioinformatics approach. Then a Dihydrofolate reductase destabilizing domain (DHFRdd) was
inserted at the 3’ end of the Api-DUB coding sequence, using an expression vector. The stability
of this DHFR domain is dependent on a small extracellular ligand molecule trimethoprim (TMP),
which serves as a stabilizing signaling molecule for the DHFRdd.
We made use of a plasmid expression vector called pGDBvm, in order to incorporate the
DHFRdd construct at the 3’ end of the Api-DUB gene in the P. falciparum genome (8). After
identifying the gene of interest (GOI) a 1kb fragment of its 3’ end was cloned into the plasmid
vector. This vector contains a gene specific targeting fragment (3’ end of the GOI) adjacent to
the DHFRdd domain. The parasites (PMI-3D7 parental line) were then transfected by
electroporation with the pGDBvm plasmid containing the cloned target fragment. Transgenic
parasite lines were generated via homologous recombination in which the parental Api-DUB
gene is replaced with the plasmid copy of Api-DUB sequence along with the adjacent DHFRdd.

All the transfections were carried out in the parental line called ΔPM1-3D7. This parental clonal
transgenic line contains a stably expressed human DHFR gene, which is resistant to TMP. Clonal
lines have now been generated using a strategy of on/off drug pressure to enrich for integrants,
followed by limiting dilution.
Using this strategy, we have generated transgenic lines of P. falciparum parasites whose putative
Api-DUB gene is flanked at the 3’ with the destabilizing domain (DHFRdd). This destabilizing
domain stability and activity is dependent on the presence of TMP. Thus, in the presence of TMP
DHFRdd is stable and the fusion protein is functionally active. However in the absence of TMP
DHFRdd should misfold and the fusion protein should be degraded. Therefore, extracellular
TMP availability can regulate the activity of the Api-DUB – DHFRdd fusion protein. We have
utilized this attenuation system to analyze and observe the corresponding changes observed in
parasites growth or viability with a non-functional Api-DUB. The observed phenotype of these
parasites will help in assessing Api-DUB function and essentiality in the erythrocytic stages.

FIGURE 7: A schematic representation of the integration strategy of expression vector, pGDBvm into
the P. falciparum genome. The 3’ end of the GOI is cloned in-frame with the GFP-DHFRdd-HA domain
to generate the PfDUB-DHFRdd fusion protein whose stability is dependent on TMP.

Phenotypic analysis upon attenuation of Api-DUB
Removal of the stabilizing ligand TMP should result in reduced levels of the Api-DUB protein.
If Api-DUB is essential for parasite growth we would expect a slow growth phenotype or
possibly parasite death (18).
To investigate this we performed attenuation studies on both clonal and non-clonal lines of the
transgenic parasites. Using drug on/off cycles on both non clonal lines (Fig. 8) (Table 1), and
clonal lines, B10 (Fig. 9) and E9 (Fig. 10) (Table 2), we observed a slow growth phenotype in
the absence of TMP over a period of nearly 4 weeks. This gradual decline in the parasite growth
rate in the absence of Api-DUB levels is indicative of its potential role in the parasite.
Via repeated cycling of media with and without TMP, we generated clonal lines of the parasites
in 96 well plates, where by each well was a representative of an individual clone. To generate
clonal cell lines we diluted the parasites into a 96-well plate, to ~1 parasite per well. These
parasites were initially maintained in the presence of the TMP ligand and were duplicated later
by splitting off into another 96 well plate without TMP. Thus any given well in both the plates
corresponds to the same clonal line. Each clonal line is thus, subjected to both on/off drug
pressures to observe difference in growth rate phenotype (Table 2). Through these comparisons
between individual wells from the +/- TMP plates, we analyzed that the clonal cell lines also
expressed a slow growth phenotype. The attenuation of Api-DUB however, still needs to be
verified via western blotting.

TABLE 1: The parasitemia levels (% parasites in the infected RBCs) of the non clonal parasites in the
presence (+TMP) and absence (-TMP) of the stabilizing ligand. All the cultures were treated identically at
same time point, in terms of split and blood addition.

FIGURE 8: Growth curve analysis of Api-DUB protein attenuation in non-clonal parasite line, when
grown in the presence of 0.5 μM TMP (+TMP) and absence of TMP (-TMP). Parasite growth was
monitored by flow cytometry and cultures were grown in BSD media (refer Materials and Methods).

TABLE 2: The parasitemia levels (% parasites in the infected RBCs) of two clonal line parasites, B10
and E9 in the presence (+TMP) and absence (-TMP) of the stabilizing ligand. All the cultures were
treated identically at same time point, in terms of split and blood addition.

FIGURE 9: Growth curve analysis of Api-DUB protein attenuation in clonal parasite line B10, when
grown in the presence of 0.5 μM TMP (+TMP) and absence of TMP (-TMP). Parasite growth was
monitored by flow cytometry and cultures were grown in BSD media (refer Materials and Methods).

FIGURE 10: Growth curve analysis of Api-DUB protein attenuation in clonal parasite line E9, when
grown in the presence of 0.5 μM TMP (+TMP) and absence of TMP (-TMP). Parasite growth was
monitored by flow cytometry and cultures were grown in BSD media (refer Materials and Methods).

DISCUSSION AND FURTHER PROPOSED EXPERIMENTS
The apicoplast is a complex organelle in the parasite and is vital for parasite survival. Its key
role in the erythrocytic stages of the parasite’s life cycle is to synthesize isoprenoid precursors,
which are essential. The apicoplast localized ubiquitination system is a potential target to arrest
the apicoplast intermediary metabolism. We have identified putative apicoplast localized DUB.
Successful integrations have been generated for regulating the Api-DUB expression posttranslationally. Clonal lines have also been generated for further analysis of the attenuation of
Api-DUB levels.
Upon attenuating the expression of Api-DUB post-translationally, we have observed a slow
growth phenotype in both clonal and non-clonal parasite lines. Further studies on attenuation of
individual clones, will determine whether the selected Api-DUB is essential for the parasite
viability. After validating Api-DUB as an essential component of apicoplast function, further
structural studies could be warranted to identify or develop selective inhibitors.
Further analysis still remains to be done to verify our preliminary results. Southern blots need to
be performed to confirm the homologous integration into the proper locus. Moreover, fluorescent
imaging studies using the GFP reporter, present in the DHFRdd tag (Fig. 7), could establish the
localization of Api- DUB to the apicoplast. Another key experiment to confirm that parasite
viability is a direct result of apicoplast inactivation involves providing the Api-DUB attenuated
parasites with IPP (Fig. 5). If the reduced levels of Api-DUB impair the apicoplast, the slow
growth phenotype should be rescued by IPP. This would further confirm that the putative DUB
identified plays a functional role in the apicoplast.

Since humans lack chloroplasts or any counterparts of the apicoplast pathways, targeting
apicoplast function has great potential for drug selectivity. The role of ubiquitination in the
apicoplast still remains to be unknown and while several hypotheses have been put forth, they
still need to be validated. Our studies might help elucidate the role for this pathway, leading to a
better understanding of parasite biology.

EXPERIMENTAL STRATEGIES – SCHEMATIC REPRESENTATION

FIGURE 11: A schematic representation of the experimental strategies used in order to generate the
transfections in the erythrocytic parasites, expressing the integrants.

MATERIALS AND METHODS
Materials: The pGDBvm plasmid was kindly provided by Dr. Vasant Muralidharan, Washington
University in St. Louis.
Plasmid Construction: 3D7 strain parasite genomic DNA was purified from P. falciparum
parasites using the Blood Mini Kit (Qiagen). Primers were designed to amplify a ~1 kb fragment
of the 3’ end of the PfDUB and contained restriction sites for Xho I and AvrII (Appendix B).
The PfDUB 3’ fragment was amplified by PCR using Taq Hi fidelity DNA polymerase
(Invitrogen) and cloned into the TOPO TA sequencing vector (Invitrogen). Each insert was
confirmed by sequencing and fragments were digested with XhoI and AvrII and ligated into
pGDBvm.. Plasmids were maintained in E. coli DH5α (Invitrogen).
Parasite Culture and Transfection: P. falciparum (3D7 and ΔPM1-3D7 strain) parasites were
cultured in human O+ erythrocytes as previously described (19) and grown at 2% hematocrit in
RPMI 1640 medium enriched with gentathiscin and albumax. Parasites were grown at 37°C
under 5% O2, 5% CO2, and 90% N2. Parasite cultures were synchronized using 5% D-sorbitol
(20). Ring stage parasites (PM1-3D7 for pGDBvm constructs) were transfected with 100 μg of
plasmid DNA using electroporation (21) and clonal integrants were obtained by cycling of drug
pressure as previously described.
Parasite Purification from Human Erythrocytes: Parasites were purified from host red blood
cells by incubation in a .025% saponin/phosphate-buffered saline (PBS) solution for 5 minutes
followed by cold PBS washes supplemented with Complete Protease inhibitor (Roche).
Western blotting: Parasite lysate was resuspended in 1X SDS sample loading buffer, boiled for 5
min., and separated by SDS-PAGE. Loading of each lane was by equal parasite number of

approximately 1x107 parasites per lane. Electrophoretic transfer occurred onto a nitrocellulose
membrane (GE Healthcare) 100 volts for 30 minutes. Membrane was washed and blocked using
a 5% non-fat dry milk/tris-buffered saline-tween20. Rabbit anti-HA antisera (Abcam) was
diluted 1:5,000 and detected by chemiluminescence using horse radish peroxidase-conjugated
donkey anti-rabbit secondary (GE Healthcare) 1:10,000. Signal was visualized by exposure to Xray film after application of an ECL kit (Supersignal West Dura, Thermo Scientific). Stripping of
membranes was by 2% SDS-62 mM Tris (6.7pH)- 7.8uL/mL-TBS-T solution.
Parasite Growth Analysis: Parasitemia was monitored using a high throughput sampler on a BD
FacsCanto II flow cytometer. 5 μL of parasite culture was resuspended in 100 μL of a 1.5
μg/mL-acridine orange-PBS solution.

APPENDIX A
Primers used to clone the Api-DUB gene (21).

PF10_0308 Fwd

ctcgagtgatgattcacatgttataaatcattcaga

PF10_0308 Rev

cctaggtatagatataattttaactccttggtcatc

APPENDIX B
PlasmoDB “PlasmoAP” analysis indicates that the Api-DUB protein is very likely to contain an
apicoplast targeting peptide (23).

Explanation of the output:
The final decision is indicated by "++, +, 0 or -", where apicoplast-localisation for a given
sequence is considered
++ very likely
+ likely
0 undecided
- unlikely
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