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ABSTRACT

Malaria is a daunting public health concern worldwide, with over 200 million infections
per year and over 438,000 deaths in 2015 alone. A top priority in malaria research is the
development of an effective vaccine that can be administered to high-risk populations. Currently,
the most promising approaches in vaccine development target gene products that are important to
the sporozoite and liver stages of the parasite’s life cycle, as these stages are essential for
initiation of the malarial infection. A class of malarial genes known as UIS (Up-regulated in
Infectious Sporozoites) has been identified as a target for this type of vaccine development.
One of these genes, UIS12, shows promise as being important to parasite transmission: it
is an RNA-binding protein and is translationally repressed in salivary gland sporozoites.
Transmission of the parasite is regulated by translational repression, and RNA-binding proteins
are central to this regulation mechanism. We hypothesized that UIS12 is integral to parasite
transmission, and to address this, we produced transgenic Plasmodium yoelii parasites with a
genetic disruption of the UIS12 gene (pyuis12-), as well as parasites with the intact UIS12
protein labeled with a Green Fluorescent Protein tag (UIS12::GFP). By visualizing UIS12::GFP
throughout the parasite’s life cycle using live fluorescence and immunofluorescence assays
(IFAs), we determined that UIS12 protein is present in all stages of the parasite life cycle except
for salivary gland sporozoites, where it is known to be translationally repressed.
Experiments using the pyuis12- parasites demonstrated that, while asexual blood stage
growth kinetics were unaffected compared to wild-type parasites, the pyuis12- parasites showed a
roughly 30- to 50-fold decrease in quantifiable male gametocyte exflagellation (projection of
flagella to detect female gametocytes) as compared to wild-type parasites on the peak day of
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exflagellation. Moreover, these parasites could not be transmitted from host to mosquitoes, as no
oocysts formed in mosquito midguts when pyuis12- gametocytes were fed to mosquitoes. To
further investigate the role of UIS12 in transmission, we intend to characterize the protein
composition of the UIS12 complex in the transmitted sexual stage of the malaria parasite, by
immunoprecipitating UIS12 and identifying binding partners using nano LC/MS/MS. In
conclusion, these studies suggest that UIS12 plays a key role in sexual stage development and
may prove to be a valuable target in interrupting the transmission of the malaria parasite.
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Chapter 1
Introduction

1.1 Clinical relevance

One only has to look at global health statistics to see the devastating effect that malaria has on
much of the world’s population – over 200 million worldwide are affected per year and over
438,000 people died as a result of malarial infection in 2015 alone, according to the World
Health Organization report. Young children, pregnant women, and the elderly are most
susceptible, and most infections occur in Africa and Asia. A few drugs are currently used to treat
the active, blood-stage form of the parasite that causes malaria. Most of these drugs must be
taken daily or weekly to prevent infections, for a period leading up to and following travel in a
country that has a high risk of malaria infection [1]. However, these drugs are not completely
effective and are problematic because of their cost, length of administration, and the potential for
parasites to develop resistance. Generally, they are only administered to travelers going to
countries with known malaria risk – in practice, therefore, they do not protect the citizens of
those countries. Thus, a primary focus in malaria research is the development of a safe and
effective vaccine that can be administered to high-risk populations.
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1.2 Malaria parasite life cycle

When a female mosquito takes a blood meal, malaria parasites in sporozoite form are transmitted
from the mosquito’s salivary glands through the skin and into the animal host’s bloodstream. The
sporozoites travel through the bloodstream to the liver, where they infect hepatocytes and
replicate to form infectious merozoites. Once these merozoites exit the liver and infect red blood
cells, clinical symptoms begin and worsen progressively as the blood stage parasites replicate
and cyclically infect red blood cells. In addition to the asexual forms of the parasite, including
rings, trophozoites, and schizonts, male and female gametocytes also form during the blood
stage. After a new mosquito takes a blood meal from an infected host, male gametocytes in the
midgut of the mosquito activate, exflagellate as gametes, and egress to detect female gametes, to
which they fuse to form oocysts that enter the midgut. Sporozoites develop within these oocysts;
the oocysts eventually burst and release the sporozoites to travel to the salivary glands of the
mosquito, where they acquire infectivity in preparation for transmission to a new host (Figure 1).

Figure 1. Schematic of the malaria parasite life cycle.
The red boxes outline the transmission events from mosquito to host and host to mosquito, with
emphasis on genes involved in translational repression at these transmission events.
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1.3 Sporozoite significance

Sporozoites are a prominent target of antimalarial research because parasites at this stage are
particularly sensitive to gene disruptions and antimicrobial therapies. In addition, sporozoite
migration to the mosquito salivary glands causes a population bottleneck, as a result of which
only about 20% of oocyst sporozoites reach the salivary glands [2]. It is also a critical stage of
the life cycle in which the parasite prepares to infect a new host, resulting in a multitude of
changes in gene expression and regulation. Thus, some of the most promising approaches in
malaria vaccine development and antimicrobial therapy are those that target the sporozoite gene
products, as they are important for initiation of a new malarial infection.

1.4 Translational repression in sporozoite transmission

Translational repression plays a key role in regulating the many functions of the malaria parasite,
including the preparation of sporozoites for transmission and infection. While it has been fairly
well-characterized in gametocyte development [3, 4], translational repression has only recently
been investigated in the sporozoite stage. It is thought that this regulatory mechanism in
sporozoites functions through direct and indirect repression of translation through the use of
multi-protein complexes (including RNA-binding proteins) that sequester mRNA transcripts and
repress their translation until their gene products are necessary to the parasite in subsequent life
stages. For example, many genes that are necessary for hepatocyte invasion and infection are
translationally repressed in sporozoites, and their mRNA transcripts are protected from
degradation and prevented from entering translation until the sporozoite has reached the liver of
its host [5]. Once in the liver, translational repression is relieved and the mRNA transcripts of
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interest can be translated immediately. One important protein involved in the selective inhibition
of translation in sporozoites is the eIF2α kinase IK2, which acts by phosphorylating and thus
downregulating eIF2α, a translation initiation factor [6].

Pumilio-FBF family member Puf2, characterized in Plasmodium yoelii by Lindner et al. (2013),
is an RNA-binding protein that is expressed in infectious sporozoites and localizes to cytosolic
storage granules. Cytosolic storage granules such as P-bodies and stress granules have been
identified in many eukaryotic species, including Plasmodium species, as granules that store
mRNAs to protect them from degradation or regulate their transcription, often under conditions
of stress [7]. However, the granules identified in Puf2 localization do not display the markers
used to identify P-bodies and stress granules in Plasmodium [8].

Puf2 is thought to regulate eIF2α kinase IK2 activity [6] and protect certain critical RNA
transcripts from degradation; in doing so, it maintains the infectivity of the salivary gland
sporozoites [8]. Pypuf2- sporozoites (knockout organisms lacking Puf2) lose infectivity
progressively as sporozoites continue residency in the salivary glands, presumably because the
mRNA transcripts that are important for infectivity and liver stage development are degraded in
the absence of Puf2 [8]. This model is reinforced by the natural decrease in expression of Puf2
observed after the parasite is able to successfully infect a hepatocyte, indicating that Puf2 is not
required after hepatocyte infection [8]. Transcriptomic and proteomic analysis of pypuf2parasites indicate that many transcripts are affected by the deletion of PyPuf2 [8] and thus are
implicated in translational repression mechanisms, including certain genes of the UIS class (as
described in section 1.5).
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1.5 UIS genes

A class of malarial genes known as UIS (Up-regulated in Infectious Sporozoites) is classified by
the significant upregulation of their mRNA transcripts in salivary gland sporozoites compared to
their transcript levels in oocyst sporozoites, and also compared to transcript levels of other genes
in salivary gland sporozoites [9]. UIS genes serve a variety of functions, and many have been
implicated in hepatocyte invasion and development. Most notably, UIS3 and UIS4 have been
shown to be essential for the development of liver stage parasites and subsequent blood-stage
infection, as pbuis3- and pbuis4- parasites were able to invade hepatocytes, but could not
establish an erythrocytic infection in the rodent-infecting malaria species Plasmodium berghei
[10, 11]. According to recent proteomics data, many UIS genes have also been shown to be
translationally repressed in sporozoites [12], meaning that while their mRNA transcripts are
upregulated, the corresponding protein is not expressed. Sporozoite Asparagine-rich Protein 1
(SAP1) has been implicated in translational repression of certain key UIS genes [5]. SAP1sporozoites lack expression of critical sporozoite UIS genes 3, 4, and P52, and while they can
travel through the bloodstream to infect hepatocytes in a new host, they are unable to develop
into liver-stage parasites. Thus, Aly et al. (2008) posit that SAP1 is involved as a selective
regulator in post-transcriptional regulation of certain UIS genes that are essential to further
infectivity of the parasite [5].

1.6 UIS genetically attenuated parasite vaccines

The goal of genetically attenuated parasite (GAP) vaccines is to create a live, attenuated
pathogen that arrests at a certain point before erythrocytic infection, which enables the body to
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adapt and respond to the infectious sporozoite and liver stage forms of the parasite, but does not
result in malarial infection [13]. This category of vaccine has many advantages over the currently
available irradiated sporozoite vaccines and sporozoite subunit vaccines. GAP vaccines, once
generated, are completely clonal, which eliminates the possibility of wild-type parasites causing
infection; they are significantly more effective in conferring immunity than subunit vaccines,
which only contain a protein found on the surface of sporozoites; and they are much easier to
mass-produce than irradiated sporozoites. Multiple Plasmodium GAP lines have been created in
the hopes of creating a live parasite vaccine, many of which target UIS genes [14]. The pbuis3and pbuis4- parasites created by Mueller et al. (2005), as described in section 1.5, resulted in
viable rodent malarial vaccines that, after injected in mice, did not result in malarial infection.
Moreover, they conferred complete protection when the mice were later challenged with
infectious sporozoites [10, 11].

Another GAP vaccine has been created in which UIS gene p52, non-UIS gene p36, and UISregulatory gene SAP1 were depleted to generate a triple knockout GAP in Plasmodium
falciparum, a human-infecting malaria species [15]. This vaccine was successful in conferring
complete protective immunity from infectious sporozoites in humanized mouse models, and has
proceeded to the first phase of clinical trials, where a single dose of attenuated sporozoites
provoked an immune response in the human volunteers and did not cause erythrocytic malarial
infection [15]. Results have not yet been published concerning whether the vaccine will protect
against a challenge with infectious sporozoites.
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1.7 UIS12

UIS12 (PlasmoDB Accession No. PY17X_0507300) is a member of the UIS gene class, and was
found to be one of the most abundant mRNA transcripts out of all genes in salivary gland
sporozoites. However, proteomics data suggest that it is translationally repressed during this
stage [12] – therefore, while transcripts are upregulated, UIS12 protein is not expressed in
salivary gland sporozoites. UIS12 mRNA transcripts are higher in pypuf2- sporozoites than in
wild-type sporozoites, implying that there is a relationship between Puf2’s regulatory function
and UIS12 gene transcription [8].

In addition to being translationally repressed, UIS12 is a putative RNA-binding protein, as it
contains a predicted RNA recognition motif (RRM) that has been identified in many RNA
binding proteins that bind single-stranded RNA (PlasmoDB Accession No. PY17X_0507300,
Interpro ID IPR000504). The RRM generally contains four anti-parallel beta-strands and two
alpha-helices in an orientation that interacts with RNA bases, and is found in a variety of
proteins involved in many critical aspects of mRNA post-transcriptional processing and
regulation (InterPro ID IPR000504).

Orthologs of UIS12 are found in fourteen Plasmodium species, most of which are also putative
RNA-binding proteins, which suggests importance to the overall function of the malaria parasite
(Figure 2). Not only does UIS12 have orthologs within the same genus, but it also has 39%
identity to a Bruno/CELF gene in Homo sapiens, a member of a gene family involved in mRNA
regulation, particularly in splicing and degradation [16]. Interestingly, UIS12 also has 37%
identity to a Bruno protein in Drosophila melanogaster that regulates the expression of a gene
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(Oskar) that is critical to development of the germ line [17]. As described in Chapters 3 and 4 of
this thesis, PyUIS12 is also implicated in regulation of germ line cells in Plasmodium yoelii.
Considering the role of RNA-binding proteins in gene regulation and the similarity of UIS12 to
RNA regulatory proteins in other species, this information suggests that UIS12 may be involved
in a gene regulatory mechanism, specifically in post-transcriptional modification of genes
important to germ-line development.

Figure 2. Schematic depicting UIS12 protein synteny across other Plasmodium species.
Image obtained from PlasmoDB. UIS12 is identified by the blue protein in the center, indicated
as gene ID PY17X_0507300.1.
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1.8 Goals and hypotheses of UIS12 experiments

Our initial hypothesis was that UIS12 would be essential to liver stage development of
Plasmodium yoelii parasites. Our goals for the experiments were: (a) to observe at what points in
the life cycle PyUIS12 protein is expressed; (b) to determine if PyUIS12 is essential to any
stages of the life cycle; (c) to experimentally validate the translational repression of PyUIS12;
and (d) to elucidate the function of PyUIS12.

1.9 Experimental overview

To test our central hypothesis, we created a transgenic parasite line with the UIS12 locus deleted
(pyuis12-) and a GFP-tagged UIS12 parasite line (UIS12::GFP), both through traditional double
homologous recombination techniques. Using these transgenic parasite lines, we determined that
PyUIS12 protein is expressed throughout all stages of the parasite’s life cycle except for salivary
gland sporozoites, and is important for activation of male gametocytes in the erythrocytic stage.
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Chapter 2
Materials and Methods

2.1 Materials

Female Swiss Webster mice, between six and eight weeks old, were used for all animal
experiments. Animal handling was performed according to protocols approved by the
Institutional Animal Care and Use Committee at Pennsylvania State University. A parent strain,
Py17XNL (a non-lethal strain of rodent-infecting Plasmodium yoelii), was transfected to create
transgenic parasites without PyUIS12 (PlasmoDB Accession No. PY17X_0507300) and were
generated via standard double homologous recombination. Transgenic Py17XNL parasites with a
C-terminal GFP tag attached to PY17X_0507300 were generated via double homologous
recombination. QIAgen kits were used for DNA extraction and purification after gel
electrophoresis, for plasmid DNA extraction from bacterial culture, and for genomic DNA
extraction.

2.2 Cloning of pyuis12- and UIS12::GFP into an intermediate plasmid vector

2.2.1 Subcloning of UIS12 3’UTR, 5’UTR, and ORF sequences into an intermediate plasmid vector

To generate the pyuis12- and UIS12::GFP constructs, the 5’ and 3’ untranslated regions (UTR)
and a C-terminal portion of the open reading frame (ORF) of the UIS12 gene were amplified
individually by performing PCR with Py17XNL genomic DNA (gDNA), using the primer
sequences listed in the appendix.
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The PCR amplicon products were resolved on a 1% agarose gel to verify product length based on
band size, and extracted and purified using the QIAquick Gel Extraction Kit followed by ethanol
precipitation. DNA concentrations were determined using the NanoDrop 2000
Spectrophotometer. The PCR products were separately ligated into an intermediate vector and
verified via Sanger Sequencing after DNA extraction with a QIAPrep Plasmid Miniprep Kit.

2.2.2 Cloning of pyuis12-

The pyuis12- line was generated by extracting and ligating the 5’UTR and 3’UTR portions of the
gene from the intermediate vectors following KpnI-HF and NheI-HF restriction enzyme
digestion. This intermediate vector (with the combined 3’ and 5’ UTR sequences) was digested
with KpnI-HF and XhoI to excise the 5’ and 3’ UTR sequences together, which were ligated into
the same sites in the final plasmid backbone containing an HsDHFR cassette to transfer
pyrimethamine drug resistance and a GFPmut2 cassette to detect pyuis12- parasites.

2.2.3 Cloning of UIS12::GFP

The UIS12::GFP parasite line was generated by extracting and ligating the 3’UTR and ORF
portions of the gene from the intermediate vectors following KpnI-HF and NheI-HF restriction
enzyme digestion. This intermediate vector was digested with KpnI-HF and SpeI-HF to excise
the ORF and 3’ UTR sequences together, which were ligated into the same sites in the final
plasmid backbone that contained the HsDHFR cassette and a GFPmut2 C-terminal tag.
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2.3 Transfection of pyuis12- and UIS12::GFP Constructs into Py17XNL wild-type Plasmodium yoelii
parasites

Five female Swiss Webster mice were infected with Py17XNL parasites and the percent of red
blood cells infected with P. yoelii parasites (parasitemia) was monitored by Giemsa staining of
thin blood smears obtained from tail snips of the mice. Once the parasitemia of each mouse
reached approximately 1%, the mice were euthanized by lethal carbon dioxide inhalation and
exsanguinated by cardiac puncture. The blood was transferred to a 50ml conical tube containing
10ml of prepared cRPMI (cRPMI Stock: 141ml iRPMI, 35ml 100% Fetal Bovine Serum [FBS,
Gibco Cat#16000044], and 50μl 50mg/ml Gentamicin) and 250μl of 200U/ml Heparin. This
solution was centrifuged at 200g for 8 minutes in a clinical centrifuge and decelerated with no
brake.

The resulting pellet of infected red blood cells (iRBCs) was resuspended in 20ml cRPMI, added
to a 1L Erlenmeyer flask containing approximately 100ml of cRPMI, and the centrifuge tube was
washed with an additional 30ml cRPMI, which was also added to the Erlenmeyer flask. The
flask was equilibrated with a gas mixture of 85% nitrogen, 5% carbon dioxide, and 10% oxygen
for 3 minutes and incubated on an orbital shaker at 37°C for 12 hours.

After the 12-hour incubation, an Accudenz solution was prepared by adding 24ml of an
Accudenz stock solution (27.6g Accudenz [Accurate Chemical & Scientific Corporation,
Cat#AN7050], 100ml 5mM Tris pH7.5, 3mM KCl, 0.3mM EDTA) to 16ml 1xPBS without Ca
or Mg. The Accudenz solution was pipetted beneath the blood solution to create a density
gradient, that was then centrifuged using a clinical centrifuge at 200g for 20 minutes and
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decelerated with no brake. After centrifugation, Py17XNL schizonts were collected using a glass
Pasteur pipette from the interface between the Accudenz solution and the cRPMI. The schizonts
and attendant collected solution were transferred into a fresh 50ml conical tube and the solution
volume was brought to 30ml with cRPMI. After gentle mixing, the solution was centrifuged at
200g in the clinical centrifuge for 10 minutes and decelerated with no brake.

After centrifugation, the schizont pellet was resuspended in 40μl cRPMI and divided between
four microfuge tubes, two of which contained 10μg of the pyuis12- plasmid linearized with ApaI
and 100μl Amaxa T-Cell Solution+Supplement, and two of which contained 10μg of the
UIS12::GFP plasmid linearized with ApaI and 100μl Amaxa T-Cell Solution+Supplement. After
being resuspended, each solution was transferred into separate Amaxa cuvettes and
electroporated using the Amaxa electroporator. After diluting each sample with 50μl cRPMI,
100μl of each sample was injected into the tail veins of four separate mice, one mouse for each
sample as the electroporation was performed in duplicate (pyuis12--P1 and -P2 and UIS12::GFPP1 and -P2).

2.4 Drug selection of pyuis12- and UIS12::GFP transgenic parasites

The day following the transfection, a thin blood smear of each mouse was stained with Giemsa
to ensure parasite infection. Drug selection of transfected parasites was performed by replacing
standard drinking water with pyrimethamine-treated drinking water for the mice for three days
(Pyrimethamine solution: 0.07g pyrimethamine in 1L of 1% DMSO in dH2O at pH 4). After
three days of drug selection, pyrimethamine-treated water was replaced with standard drinking
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water until parasitemia in infected mice reached 1%, at which point the mice were euthanized
and exsanguinated. 100μl of infected blood from the “parental” mice were injected into four new
mice, one “transfer” mouse for each “parental” mouse (pyuis12- Clone 1 and 2 and UIS12::GFP
Clone 1 and 2). Drug selection was performed by immediately adding pyrimethamine-treated
drinking water to the cage containing the four new “transfer” mice, and when parasitemia of
these infected mice reached 1%, the mice were euthanized and exsanguinated as above.

2.5 Genomic DNA preparation

The blood samples from each transfer mouse was passed over cellulose columns which bound
the white blood cells in the samples. The supernatant, containing the red blood cells, collected in
5ml of 1xPBS and 200μl heparin, was treated with saponin (2% w/v stock in 1xPBS) to bring the
final saponin concentration to 0.1% w/v to lyse the RBCs. This solution was centrifuged at
14,000 rpm in a clinical centrifuge for 5 minutes to pellet the parasites within the RBCs.
Genomic DNA (gDNA) was extracted from the parasite pellet using the QIAamp DNA Mini Kit.

2.6 Limited dilution cloning

To generate clonal populations of pyuis12- parasites, two “parental” mice were infected with
pyuis12- clone 1. After parasitemia had reached approximately 1%, the mice were euthanized
and exsanguinated. The blood was subjected to serial dilutions using iRPMI to final
concentrations of five iRBCs/100μl blood (low LDC) and ten iRBCs/100μl blood (medium
LDC), determined using the parasitemia calculated before euthanasia and exsanguination. Five

15

new parasite-naïve mice were injected with 100μl each of low LDC, and five parasite-naïve mice
with 100μl each of medium LDC.

2.7 Genotyping PCR

Genotyping PCR was performed on genomic DNA extracted from pyuis12- and UIS12::GFP
parasites to confirm that these parasites properly integrated the transgenic DNA into the correct
loci of their genomes. Genotyping PCR to verify pyuis12- parasites was performed with the
parental and transfer gDNA samples (data not shown), and again following limited dilution
cloning (Figure 3) with six template types: WT control: gDNA from wild-type Py17XNL;
pyuis12- Clone 1: gDNA from pyuis12- clone 1; pyuis12- Clone 2: gDNA from pyuis12- clone 2;
pyuis12- Clone 3: gDNA from pyuis12- clone 3; pyuis12- Clone 4: gDNA from pyuis12- clone 4;
pyuis12- Clone 5: gDNA from pyuis12- clone 5; and No Template Control: no template DNA
added. Each type of template DNA was used with 4 primer sets that anneal outside of the
homology arms: 1) a forward and a reverse primer amplifying the 5’ end of wild-type UIS12; 2)
a forward and reverse primer amplifying the 3’ end of wild-type UIS12; 3) a forward and reverse
primer amplifying the 5’end of the transgenic pyuis12- locus; and 4) a forward and reverse
primer amplifying the 3’ end of the transgenic pyuis12- locus. A final reaction (negative control)
was performed using only the pyuis12- plasmid as template DNA and forward and reverse
primers to amplify the plasmid (primer sequences found in the Appendix).

Genotyping PCR to verify UIS12::GFP parasites (Figure 4) was performed with five template
types: UIS12GFP Transfer 1: gDNA from Py885-T1; UIS12GFP Transfer 2: gDNA from Py885-
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T2; Py17XNL (WT): gDNA from wild-type Py17XNL; No Template Control: no template DNA
added; and Py885 uncut: uncut UIS12::GFP plasmid. Only three primer sets that anneal outside
of the homology arms were used for these PCRs: 1) forward and reverse primers amplifying the
3’ end of wild-type UIS12; 2) forward and reverse primers amplifying the ORF sequence
upstream of and including some of the GFPmut2 tag; and 3) forward and reverse primers
amplifying the 3’ end of the transgenic construct including the GFPmut2 tag sequence. A final
reaction was performed using only UIS12::GFP as template DNA and forward and reverse
primers to amplify the plasmid (primer sequences found in the Appendix).

2.8 Live fluorescence assay of mixed blood stage and salivary gland sporozoites

Five drops of blood from a mouse infected with UIS12::GFP was combined with 500μl PBS and
1μl DAPI in a microfuge tube and incubated for five minutes. After centrifugation, the red blood
cells were visualized on a Zeiss fluorescence microscope (Zeiss Axioscope A1 with 8-bit
AxioCam Cc1 camera) at 100X magnification to capture DAPI and GFP fluorescence to confirm
the presence of GFP-positive parasites in mixed blood stage.

UIS12::GFP transgenic parasites were cycled between Swiss Webster mice and female
Anopheles stephensi mosquitoes. Fourteen days after taking an infectious blood meal, salivary
glands were collected by microdissection. After centrifugation at 14,000rpm for 2 minutes, the
pellet containing sporozoites was resuspended in 50μl, 10μl of which was loaded onto a
microscope slide with a coverslip and visualized on a Zeiss fluorescence microscope.
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2.9 Indirect immunofluorescence assay of mixed blood stage

A mouse infected with UIS12::GFP was euthanized after parasitemia had reached 1%, and was
exsanguinated via cardiac puncture. The blood was centrifuged at 4000rpm in PBS and fixed for
30 minutes in 5ml Fixation Solution (1.25ml 16% para-formaldehyde, 1.5μl 25% glutaraldehyde,
3.75ml 1xPBS). Cells were permeabilized with freshly diluted 0.1% v/v Triton X-100 and
blocked in 3% w/v BSA, both in PBS. Blood cells were stained with primary antibody (rabbit
anti-GFP and mouse anti-PyACP for asexual blood stage analysis, rabbit anti-GFP and mouse
anti-Py α-tubulin for male gametocyte blood stage analysis, and rabbit anti-GFP and mouse antiPyCITH for female gametocyte blood stage analysis) diluted 1:1000 in 3% w/v BSA. The blood
cells were then incubated in Alexa Fluor-conjugated secondary antibodies specific to mouse or
rabbit antibodies (green Alexa Fluor 488, red Alexa Fluor 594 [Invitrogen]) diluted 1:500 in 3%
w/v BSA. Nucleic acid was stained by incubating cells in 1μg/ml 4′,6-diamidino-2-phenylindole
(DAPI) and 5μl of cells were added to a microscope slide. After adding VectaShield (Vector
Laboratories, Burlingame, CA) to the samples on a microscope slide, samples were sealed under
a glass coverslip and visualized on a Zeiss fluorescent microscope.

2.10 Sporozoite purification and indirect immunofluorescence assay

UIS12::GFP transgenic parasites were cycled between Swiss Webster mice and female
Anopheles stephensi mosquitoes. Fourteen days after taking an infectious blood meal, salivary
glands were collected by microdissection. Sporozoites in Schneider’s medium was layered over a
17% w/v Accudenz cushion and centrifuged at 2500g for 15 minutes. The sporozoites were
collected from the interface between the Accudenz and Schneider’s medium.

18

Sporozoites were fixed in 10% v/v formalin and air-dried on a multi-well glass slide, then
permeabilized in freshly diluted 0.1% v/v Triton X-100 in 1xPBS. Sporozoites were then
blocked in 10% w/v BSA in 1xPBS and incubated with primary antibodies, rabbit anti-GFP and
mouse anti-PyCSP, diluted 1:1000 from stock into a solution of 10% w/v BSA in 1xPBS. After
staining with appropriate Alexa Fluor-conjugated secondary antibodies (red anti-mouse Alexa
Fluor 594, green anti-rabbit Alexa Fluor 488 [Invitrogen]) diluted 1:500 in 10% w/v BSA,
sporozoites were incubated with 1μg/ml DAPI in 1xPBS and VectaShield was added to each
well before sealing under a glass coverslip and visualizing on a Zeiss fluorescent microscope.

2.11 Indirect immunofluorescence assay of hepatocytes

Sporozoites were isolated via the protocol described above, and two Swiss Webster mice were
injected with 280,000 sporozoites each through the tail vein. One mouse was euthanized 24
hours post-injection and its liver retained, and the liver of the second mouse was collected after
euthanasia 48 hours post infection. Each liver was incubated for 24 hours in 4% v/v
paraformaldehyde (PFA) in 1xPBS and then for 24 hours in 1xPBS. Livers were sliced with a
microtome to a thickness of 50 microns.

Liver slices were incubated in 400μl 1xPBS + 3% v/v H2O2 + 0.25% Triton X-100 for 30
minutes on an orbital shaker, then blocked in 5% w/v dried milk in 1xPBS. After blocking,
samples were incubated with primary antibodies (rabbit anti-GFP, mouse anti-PyACP) diluted
1:1000 in 1xPBS+5% w/v dried milk overnight at 4°C. Samples were washed in 1ml 1xPBS+5%
w/v dried milk, then incubated in appropriate secondary antibodies (green anti-rabbit Alexa

19

Fluor 488, red anti-mouse Alexa Fluor 594 [Invitrogen]), diluted 1:500 in 1xPBS+5% w/v dried
milk. The liver slices were then incubated with 1μg/ml DAPI and treated for 20 seconds in
0.06% w/v potassium permanganate in 1xPBS. Liver slices were then transferred onto a polylysine coated glass microscope slide and a drop of VectaShield was added to each liver slice.
Samples were sealed underneath a glass coverslip and visualized using a Zeiss fluorescent
microscope.
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Chapter 3
Results

3.1 Verification of pyuis12- and UIS12::GFP constructs

The complete constructs for both the pyuis12- and UIS12::GFP constructs were verified via
Sanger sequencing and genotyping PCR. After these plasmids were transfected into wild-type
Plasmodium yoelii parasites (Py17XNL), resulting in two transgenic parasite lines (pyuis12- and
UIS12::GFP), genotyping PCR was performed on genomic DNA isolated from mice infected
with pyuis12- and UIS12::GFP (Figure 4). Additional verification for the UIS12::GFP construct
was obtained in the form of live fluorescence microscopy, performed on blood from mice
infected with UIS12::GFP transgenic parasites as described in section 2.6., in which the blood
was incubated with 4',6-diamidino-2-phenylindole (DAPI), which binds to nucleic acids. Thus,
the only red blood cells emitting DAPI signal are those that are infected with parasites.
UIS12::GFP-positive parasites were identified by green fluorescent signal emitting from red
blood cells also expressing DAPI.

3.1.1 Limited dilution cloning

The initial transfection of the pyuis12- plasmid into Py17XNL parasites resulted in a mixed
population of pyuis12- parasites and wild type parasites. Thus, in order to generate clonal
populations of pyuis12- parasites, two “parental” mice were infected with the initial population of
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mixed pyuis12- and wild type parasites. After euthanasia and exsanguination, their blood was
subjected to serial dilutions to obtain final concentrations low enough that only one parasite
enters the transfer mouse, and thus all the resulting parasitemia is derived from that parasite and
is homogenous. Ten mice were infected with various dilutions as described in section 2.6. Only
five of these mice were positive for parasite growth after seven days, and genotyping PCR was
performed on the genomic DNA isolated from the blood of these five mice (Figure 3). All
populations were determined to be clonal, as they had no bands at the expected sizes for the
wild-type primer sets. Two of the clonal populations, pyuis12- clones 4 and 5, were utilized for
further experimentation.
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Figure 3. Genotyping PCR of genomic DNA from parasite-positive pyuis12- mice after
limited dilution cloning.
A. Wild-type genomic DNA was used as template DNA for the first bracket (indicated by
Py17XNL). This was followed by genomic DNA isolated from the five parasite-positive pyuis12clones as labeled in the next five brackets. The last bracket, labeled as No Template, represents a
negative control with no template DNA added to the PCR, followed by a pyuis12- positive
control. As indicated above each lane on the agarose gel image, each template type was
subjected to PCRs utilizing four separate primer sets, which are illustrated in the schematic in B.
Red arrows indicate the 3 kilobase band on the molecular weight marker.
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Figure 4. Genotyping PCR of genomic DNA from UIS12::GFP transgenic parasites.
A. Genotyping PCR of genomic DNA from UIS12::GFP-infected mice. Genomic DNA isolated
from two transfer mice infected with UIS12::GFP was used as template DNA as labelled in the
first two template brackets, followed by wild-type genomic DNA in the next bracket. The last
bracket represents a negative control with no template DNA added, followed by a UIS12::GFP
plasmid positive control. As indicated above each lane on the agarose gel image, each template
type was subjected to PCRs utilizing three separate primer sets, which are illustrated in the
schematic in B. Red arrows indicate the 3 kilobase band on the molecular weight marker.
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3.2 PyUIS12 is observed in most stages of the Plasmodium yoelii life cycle

UIS12 is classified as a UIS gene, which indicates that its mRNA transcripts are upregulated in
salivary gland sporozoites. As proteomics data have shown UIS12 to be translationally repressed
in sporozoites [12], we generated a transgenic line with a GFP tag at the C-terminal end of
PyUIS12 (UIS12::GFP) to observe at what points in the Plasmodium life cycle PyUIS12 protein
might be expressed. Indirect immunofluorescence assays (IFA) and live fluorescence assays,
performed according to the protocols detailed in sections 2.8, 2.9, 2.10, and 2.11, demonstrated
that PyUIS12 is expressed at all points throughout the Plasmodium life cycle except for salivary
gland sporozoites (Figure 5). Live fluorescence assays for salivary gland sporozoites were
performed alongside a GFP-expressing wild-type parasite line (Py17XNLGFP) as a positive
control. Based on these data, PyUIS12 is always localized in the cytoplasm, sometimes in a
diffuse pattern and other times in granular form. Particularly, PyUIS12 expression is diffuse
throughout the cytosol in the sexual blood stages (male and female gametocytes), and also in the
oocyst and liver stages. It appears to be localized in discrete puncta in the asexual blood stages
(ring, trophozoite, and schizont), as well as in male gametocytes, albeit as cytosolically diffuse
puncta.
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Figure 5. IFA and live fluorescence images of blood stage, sporozoite, and liver stage
parasites.
A. IFA of asexual blood stage parasites. From left to right, the signals visualized are UIS12::GFP
via anti-GFP antibodies (green), ACP (acyl-carrier protein, which localizes to the apicoplast of
the parasite) via anti-ACP antibodies (red), DAPI (blue), merged channels including
UIS12::GFP, ACP, and DAPI, and Differential Interface Contrast (DIC). The scale bar measures
10 microns. B. IFA of male and female gametocytes. UIS12::GFP, DAPI, Merge, and DIC
channels are as above in Figure 3.3 A. α-tubulin, a prominent protein found in male gametocytes,
is visualized via anti-α-tubulin antibodies (red), and CITH (homolog of worm CAR-I and
fly Trailer Hitch), a prominent protein found in female gametocytes, is visualized via anti-CITH
antibodies (red). The scale bar measures 10 microns. C. IFA of Day 10 oocyst sporozoite and
live fluorescence assay of Day 14 UIS12::GFP salivary gland sporozoite and Day 14
Py17XNLGFP salivary gland sporozoite. UIS12::GFP, DAPI, Merge, and DIC channels are as
above in Figure 3.3 A, while native GFP fluorescent emission is detected as GFP live
fluorescence. Circumsporozoite protein (CSP) is visualized via anti-CSP antibodies (red). The
scale bar measures 10 microns. D. IFA of liver stage parasites 24 hours and 48 hours posthepatocytic infection. All other channels are as described in Figure 3.3 A and C. The scale bar
measures 10 microns for 24-hour liver parasites and 100 microns for 48-hour liver parasites.

3.3 PyUIS12 is important to Plasmodium yoelii male gametocyte activation and zygote formation

The pyuis12- parasite line was generated to observe phenotypic changes throughout the
Plasmodium life cycle resulting from a loss of PyUIS12. We were particularly interested in
determining if PyUIS12 is essential to the development of any of these stages. In attempting to
transmit this parasite line from mice to mosquitos, we noted a near total loss of male gametocyte
exflagellation; however, this decrease was not due to a substantial difference in the growth of the
asexual stages of the pyuis12- parasites because their parasitemia increased at the same relative
rate as the wild type parasites up through day 10 post-infection, although the maximum
parasitemia achieved was lower in the pyuis12- parasite lines (Figure 6).

Male gametocyte activation in the form of exflagellation is observed after a mosquito takes an
infected blood meal. Once in the mosquito’s midgut, male gametocytes that are taken up from
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the blood sense a change in environmental factors, including a decrease in temperature, an
increase in environmental pH, and the presence of mosquito-specific xanthurenic acid [18], and
exflagellate. Once these flagella contact and recognize a female gamete, the two gametes fuse to
form a zygote, which develops into an ookinete that implants in the mosquito’s midgut and
eventually ruptures, releasing sporozoites to the mosquito’s salivary glands [18].

To test male gametocyte activation in vitro, a “centers of movement” (COM) assay was
performed (Figure 7). This procedure relies on the gametocyte’s recognition of temperature
change, and is achieved by observing a drop of blood from an infected mouse on a microscope
slide underneath a coverslip. The observer then records the number of activated male
gametocytes detected, which are recognized by small pockets of erratic movement in the field of
red blood cells (referred to as centers of movement [COMs]). The COMs are recorded and
averaged over 10 fields at 400x magnification. The experiment included a GFP-expressing wildtype strain of P. yoelii (Py17XNLGFP) and two of the pyuis12- clones. Three separate replicates
were performed in which three mice were infected for each of the three constructs
(Py17XNLGFP, pyuis12- clone 1, and pyuis12- clone 2) and centers of movement were tracked
every day until the mice cleared the malarial infection or the infection became too high and the
mice had to be euthanized. This resulted in a total of three biological replicates including three
technical replicates for each construct. Figure 7 displays the data after the centers of movement
were averaged across technical replicates within each biological replicate, then averaged across
biological replicates (thereby producing mean ± standard error of the mean values). The male
gametocyte activation observed in the pyuis12- clones was significantly lower than that of the

29

wild-type control – approximately 57-fold lower for pyuis12- clone 1 and 29-fold lower for
pyuis12- clone 2 on Day 5, the peak day of exflagellation (Figure 7).

Py17XNLGFP
pyuis12- Clone 1
pyuis12- Clone 2

Figure 6. Compilation of three biological replicates of parasitemia following centers of
movement assays.
Parasitemia was tracked daily for each mouse used in the centers of movement assay. The three
technical replicates for each clone and the control were averaged within each biological replicate,
then across the three biological replicates. Error bars represent standard error of the mean.

30

Py17XNLGFP
pyuis12- Clone 1
pyuis12- Clone 2

Figure 7. Compilation of three biological replicates of centers of movement assays.
Centers of movement were quantified and averaged per 400X field. Within each biological
replicate, the three technical replicates for each construct were averaged, which were then
averaged across the three biological replicates. Error bars represent standard error of the mean.
After being fed to Anopheles stephensi mosquitoes, pyuis12- parasites did not form oocysts in the
mosquito midguts, while 45% of the mosquitoes that fed on the GFP-expressing wild-type
parasite line (Py17XNLGFP) were infected with parasite oocysts in the midgut after 10 days.
Each infected mosquito midgut had on average 11.22 oocysts for the first replicate of
Py17XNLGFP, and each infected mosquito midgut for the second replicate of Py17XNLGFP
had an average of 8.33 oocysts (Table 1).
Table 1. Prevalence and intensity of mosquito infection.
Prevalence of Infection
(% of mosquitoes infected)
Py17XNLGFP
pyuis12-

45/45
0/0

Intensity of Infection
(# of oocysts per infected
mosquito)
11.22/8.33
0/0
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Chapter 4
Discussion

4.1 PyUIS12 is expressed during all stages of the life cycle except salivary gland sporozoites

The immunofluorescence assays performed and detailed in Figure 5 demonstrated that PyUIS12
protein is expressed in every stage during the Plasmodium yoelii life cycle except for in salivary
gland sporozoites. This is consistent with prior proteomics data that suggested that PyUIS12 is
translationally repressed in salivary gland sporozoites (PlasmoDB Accession No.
17X_0507300). It was those proteomics data that originally piqued our interest in PyUIS12.
PyUIS12 appears to be expressed in cytosolic puncta in asexual blood stages; in numerous
granules dispersed throughout the cytosol of male and female gametocytes; and granular in the
cytosol throughout oocyst sporozoites. PyUIS12 is expressed through the cytosol in the liver
stage 24 hours post-infection; however, GFP fluorescence indicative of PyUIS12::GFP
expression in the 48-hour liver stage is either faint or not present at all, indicating that PyUIS12
is degraded and/or no longer expressed in the liver around 48 hours post-infection. PyUIS12 did
not co-localize with any of the Plasmodium proteins that were used as a counter-stain to GFP,
excluding the proteins that are diffusely present throughout the cytosol (CITH in female
gametocytes and α-tubulin in male gametocytes). These non-diffuse counter-stains included ACP
(acyl carrier protein), that is localized to the apicoplast of the parasite in blood stage and liver
stage 48 hours post infection; DAPI, that localizes to the nucleus; and CSP (circumsporozoite
protein), that is a surface protein coating the entire surface of oocyst and salivary gland
sporozoites and liver stages 24 hours post infection. These data do not provide significant
evidence as to the function of PyUIS12, as it is expressed in similar patterns in most of the stages
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of the life cycle; however, it does confirm the data suggesting that PyUIS12 is translationally
repressed and is thus likely to be important to infection or to later stages of the life cycle.

4.2 PyUIS12 is important for activation of male gametocytes in Plasmodium yoelii

The data obtained from the centers of movement (COM) experiment provided crucial
information relating to the function of PyUIS12. While we failed to find sufficient evidence to
support our original hypothesis that PyUIS12 is important to the liver or blood stages of the
parasite, our findings suggest a different role for PyUIS12 in the activation of male gametocytes
within the mosquito midgut. Not only was there nearly complete disruption of exflagellation as
compared to the peak day of the control parasites, but pyuis12- parasites also did not form
oocysts in the midgut of mosquitoes after an infectious blood meal (Table 1), indicating that
UIS12 is essential for transmission from host to mosquito.

4.3 The RNA-binding domain of UIS12 and its homology to post-transcriptional mRNA regulators
suggest a role in regulating genes critical to male gametocyte development

As mentioned in Chapter 1.7, PyUIS12 amino acid sequence analysis indicates an RNA
recognition motif (RRM) commonly found in regulatory RNA-binding proteins (PlasmoDB
Accession No. PY17X_0507300, InterPro ID IPR000504). This information, in combination
with a 39% identity to a Homo sapiens mRNA regulatory Bruno/CELF gene and a 37% identity
to a Drosophila melanogaster Bruno gene implicated in regulating germ-line development,
suggests that PyUIS12 has similar mRNA-regulatory functionality (PlasmoDB Accession No.
PY17X_0507300; [16, 17]). PyUIS12’s homology to the Drosophila germ-line regulatory
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protein is even more significant in light of the data generated by the centers of movement assay
included in this thesis, that implicate PyUIS12 in the development and/or activation of male
gametocytes.

4.4 Further investigation of PyUIS12

This interesting and unexpected phenotype has raised more questions to be addressed: are female
gametocytes also affected by the PyUIS12 knock-out? Are there any phenotype changes in
pyuis12- sporozoites? Is PyUIS12 part of any protein or mRNA complexes? And, perhaps most
importantly, what is the function of the PyUIS12 protein?

4.4.1 Investigation of pyuis12- female gametocytes

The first question posed, regarding the effect of the PyUIS12 knockout on female gametocytes,
is important to begin to elucidate the function of PyUIS12. One mouse will be infected with
pyuis12- transgenic parasites, which result in defective male gametocytes, as shown in this thesis.
Another mouse will be infected with pydozi- transgenic parasites, which will result in female
gametes that cannot mature into ookinetes when fertilized [19]. DOZI (development of zygotes
inhibited) is a DDX6 class RNA helicase that is highly upregulated in female gametocytes and is
essential for ookinete development [19]. The blood of these two infected mice will be combined
to produce a mixed blood population including transgenic parasites with non-viable male
gametocytes (pyuis12-) and transgenic parasites with female gametocytes that cannot form
ookinetes (pydozi-). This combined parasite population will be injected into a new mouse, which
will then be fed to Anopheles stephensi mosquitoes. If any oocysts form in the midgut of the
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mosquitoes, they must be a result of fertilization of the pyuis12- female gametocytes by the
functional pydozi- male gametocytes, thus indicating that pyuis12- female gametocytes are able to
develop normally and mature into ookinetes after being fertilized.

4.4.2 Conditional knock-out of PyUIS12

Over the course of the research performed for this thesis, we were unable to generate pyuis12sporozoites because of the failure of pyuis12- male gametocytes to properly activate. Thus, a new
parasite line must be generated in which PyUIS12 is conditionally knocked-out using a stagespecific promoter. This technique can be performed via a variety of mechanisms, including the
yeast Flp/FRT recombination system that was used to produce a conditional knockout of PyUIS2
in Plasmodium berghei, another rodent-infecting malaria species [20]. In this case, a knockout
mechanism targeting the PyUIS12 sequence would need to be controlled by a promoter that
drives expression of a gene only in the mosquito stages of the parasite’s life cycle. Therefore, in
oocyst and salivary gland stages when the promoter is active and driving expression of its target
gene, it will also drive expression of the recombinase to knock out PyUIS12 expression. This
would preserve PyUIS12 function and activity in the critical stage of male gametocyte
development and activation, allowing parasites to form oocysts in the midgut of mosquitoes and
develop into sporozoites before PyUIS12 expression is reduced or eliminated. This will permit
future investigators to observe the effects of a PyUIS12 knockout in the sporozoite stages of the
life cycle, which is likely where regulation of UIS12 occurs.
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4.4.3 Immunoprecipitation/RNA-sequencing of PyUIS12

While the experiments described in this thesis provide hints as to the overall importance of
PyUIS12 to the malaria parasite, the mechanism of action of PyUIS12 remains unclear. To test
the hypothesis that PyUIS12 acts by regulating certain important mRNA transcripts, transgenic
PyUIS12::GFP parasites will be used to perform an immunoprecipitation of the PyUIS12 protein
and any proteins and RNAs with which it associates. This will provide insight into its function
and activity by observing if it associates with any regulatory protein complexes or specific
mRNA transcripts that are known to be essential to male gametocytes, or perhaps genes that
regulate the activation of male gametocytes. This experiment must be conducted, as PyUIS12
has not been detected in any other complex in Plasmodium studied to date.

4.5 Summary

In summary, the experiments described in this thesis demonstrate that PyUIS12 is important to
the development and/or activation of Plasmodium yoelii male gametocytes, and is essential to
parasite transmission to mosquitoes. Further research is required to determine the cellular
function and mechanism of PyUIS12 in P. yoelii parasites, which will contribute to the overall
body of knowledge surrounding essential Plasmodium genes and their functions, and ultimately
provide another tool to combat the malaria pathogen.
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Appendix
Table 2. Primer sequences utilized for all experiments.
5’ forward
primer
5’ reverse
primer
3’ forward
primer
3’ reverse
primer
ORF
forward
primer
ORF reverse
primer
WT 5’ and
TG 5’
forward
primer
WT 5’
reverse
primer
WT 3’
forward
primer
WT 3’ and
TG 3’
reverse
primer
TG 5’
reverse
primer

Purpose
Amplifying 5’ end
of UIS12 genomic
locus
Amplifying 5’ end
of UIS12 genomic
locus
Amplifying 3’ end
of UIS12 genomic
locus
Amplifying 3’ end
of UIS12 genomic
locus
Amplifying Cterminal portion of
ORF of UIS12
genomic locus
Amplifying Cterminal portion of
ORF of UIS12
genomic locus
Genotyping PCR
for pyuis12-

Primer sequence (from 5’ to 3’)

Genotyping PCR
for pyuis12-

CGTCGGTAAGAAATAAATCATTATTCTCTGAATTGCTATCCAT

Genotyping PCR
for pyuis12-

ggggcccggctagcCACTCTTAAATACATATGCAACTGAAAACTCATTAGATGTATACG

Genotyping PCR
for pyuis12-

GTTGCCAAAATAGTTCATACAAATACAGGTAAATCTATTTATTCTAAGGACATTAT
AG

Genotyping PCR
for pyuis12-

CATCACCATCTAATTCAACAAGAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCT
TTAC

caattcccaaatggggcccggctagcCGTATGTATGTATGTATGCATGTATGCATGTATG

ccggctcGAGTATATTACATGCCGCTATGTAGGTATTATGGTTTTATTAATATAAG

ggccggtaCCCCATTATCTCCAATATCGTATATGCCTTATTTACATATGTG

catacatacatacggctagccgggcccCATTTGGGAATTGGGCATTTTCCATTTCCGGAG

ggggcccggctagcCACTCTTAAATACATATGCAACTGAAAACTCATTAGATGTATACG

ggactagtAATTTCATTATGATCATCATAATATAACATAAATTTGTTAATGTCATCATCC

GTTCACATACTTTTAGTACCATTTATTTCGTCTTTCTATTAAACCATACTC
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TG 3’
forward
primer
pyuis12plasmid +
control
forward
primer
pyuis12plasmid +
control
reverse
primer
WT 3’ and
TG ORF
forward
primer
WT 3’ and
TG 3’
reverse
primer
TG ORF
reverse
primer
TG 3’
forward
primer
UIS12::GFP
plasmid +
control
forward
primer
UIS12::GFP
plasmid +
control
reverse
primer

Genotyping PCR
for pyuis12-

CCAGGAGGAGAAAGGCATTAAGTACAAATTTGAAGTATATGAGAAG

Genotyping PCR
for pyuis12-

CCAGGAGGAGAAAGGCATTAAGTACAAATTTGAAGTATATGAGAAG

Genotyping PCR
for pyuis12-

CATCACCATCTAATTCAACAAGAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCT
TTAC

Genotyping PCR
for UIS12::GFP

CAAATATCGGTAATACCCAAAATAATATTAGTGATAATAACGATCGTATATATGAT
GAC

Genotyping PCR
for UIS12::GFP

GTTGCCAAAATAGTTCATACAAATACAGGTAAATCTATTTATTCTAAGGACATTAT
AG

Genotyping PCR
for UIS12::GFP

CATCACCATCTAATTCAACAAGAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCT
TTAC

Genotyping PCR
for UIS12::GFP

CCAGGAGGAGAAAGGCATTAAGTACAAATTTGAAGTATATGAGAAG

Genotyping PCR
for UIS12::GFP

CCAGGAGGAGAAAGGCATTAAGTACAAATTTGAAGTATATGAGAAG

Genotyping PCR
for UIS12::GFP

CATCACCATCTAATTCAACAAGAATTGGGACAACTCCAGTGAAAAGTTCTTCTCCT
TTAC
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Penn State College of Medicine, Hershey, PA, Summer 2012 and 2013
Dept. of Pharmacology
•

Summer internship with Nurgul Carkaci-Salli, Ph.D.

•

Biochemical structure-function characterization of aromatic amino acid hydroxylases
(tyrosine hydroxylase and tryptophan hydroxylase)

Academic Awards and Recognition
• Provost Scholarship, 2013-2017
• Outstanding Abstract Award, American Society for Microbiology Microbe Meeting
•
•
•
•

2017
First Place Presentation, Pennsylvania State University, 2017 Undergraduate Research
Exhibition in the division of Health and Life Sciences
ASM Undergraduate Research Fellowship, American Society for Microbiology,
funding research for summer 2016
Phi Kappa Phi “Peter T Luckie Award for Excellence in Research”, Pennsylvania State
University, 2016 Undergraduate Research Exhibition, for Outstanding Research by a
Junior in the division of Health and Life Sciences
Erickson Discovery Grant, Pennsylvania State University, funding research for summer
2015

• Travel Grants, 2015 (2): Schreyer Ambassador Travel Grant; College of the Liberal Arts
•
•

Student Enrichment Fund
Schreyer Honors College MD/PhD Summer Exploration Internship, 2014
Dean’s List, 2013-2017

Professional Memberships:
• Member and Student Vice President of Phi Kappa Phi Honor Society
Publications:
•

STIM1 dimers undergo unimolecular coupling to activate Orai1 channels. Zhou Y, Wang
X, Wang X, Loktionova NA, Cai X, Nwokonko RM, Vrana E, Wang Y, Rothberg BS,
Gill DL. Nat Commun. (2015) 6:8395.

Presentations:
•
•
•

Summer Undergraduate Research Symposium, 2014, Penn State College of Medicine.
Vrana, E.N., Zhou, Y., Gill, D. Interactions between ORAI and STIM calcium channeling
proteins.
2016 Undergraduate Research Exhibit, April 2016, The Pennsylvania State University.
Won Phi Kappa Phi “Peter T Luckie Award for Excellence in Research” for Outstanding
Research by a Junior in the field of Health and Life Sciences
2017 Undergraduate Research Exhibit, April 2017, The Pennsylvania State University.
Won First Place Presentation in the division of Health and Life Sciences

Community Service Involvement:
•

•
•

Volunteer at Centre County Women’s Resource Center. Spring 2016 – Present.
Completed training to assist domestic violence and sexual assault victims, and
volunteered with the Women’s Resource Center in local community events to educate
adolescents and teens about dating violence and healthy relationships
Volunteer at Mount Nittany Medical Center. Spring 2016 – Present. Trained to
oversee the KIOSK check-in system and assist patients in navigating the check-in, run
errands, discharge patients, and assist nurses on patient floors of hospital
Volunteer with Penn State IFC/Panhellenic Dance Marathon. Sept. 2014 – Feb. 2015.
Committee member of Rules and Regulations committee.

International Study:
• Semester Study Abroad in Montpellier, France. Université Paul-Valéry Montpellier 3,
Fall 2015.

Language Proficiency:
•
•
•

English (native proficiency)
French (advanced proficiency)
Spanish (intermediate proficiency)

