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Abstract 

Mosquitoes are the “deadliest animal in the world” causing the deaths of nearly 750,000 

humans each year. Interventions in mosquito borne illness take the form of prophylaxis, 

vector control and pharmacological treatment. In particular, drug resistance poses a 

major barrier to the mitigation of infectious disease and thus we identify host factors 

which are less likely to mutate to resistance than pathogen targets and catalog markers 

of drug resistance that are present in the community of parasites in our sampleset. Here, 

we explore the development of interventions by characterizing novel host drug targets, 

identifying existing drugs to repurpose as therapeutics and understanding population 

structure of mosquito borne parasites to determine what factors contribute to 

populations best positioned for prophylaxis.  

 

Dengue viruses (DENV) and other mosquito-borne flaviviruses are rapidly emerging 

human pathogens that threaten nearly half of the world’s population. There is currently 

no effective vaccine or antiviral therapeutics for the prophylaxis or treatment of DENV. 

While traditional drug development efforts have focused on inhibitors of viral enzymes, 

an alternative approach is to target host proteins that support virus replication. In an 

effort to identify novel human enzymes important for the DENV-2 life-cycle, we 

conducted a genome-wide RNAi screen and identified ERI3, a putative 3′-5′ exonuclease, 
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as a novel DENV-2 host factor. Cell-free assays confirmed that purified ERI3 is capable 

of degrading single-stranded RNA in a 3′ to 5′ direction. We conducted a screen for 

compounds that inhibit ERI3 in vitro and identified small molecules that antagonized 

both exonuclease activity. In summary, we identified a host exonuclease that is 

important for DENV-2 replication and is a potential therapeutic target. Our approach 

illustrates the utility of identifying host enzymatic functions for development of anti-

viral drugs. 

 

Large-scale molecular epidemiologic studies of Plasmodium falciparum parasites have 

provided insights into parasite biology and transmission, can identify the spread of drug 

resistance, and are useful in assessing vaccine targets. The polyclonal nature infections 

in high transmission settings is problematic for traditional genotyping approaches. 

Next-generation sequencing approaches to parasite genotyping allow sensitive detection 

of minority variants, disaggregation of complex parasite mixtures, and scalable 

processing of large samples sets. Therefore, we designed, validated, and applied to field 

parasites a new approach that leverages sequencing of individually barcoded samples in 

a multiplex manner. We utilize variant barcodes, invariant linker sequences and 

modular template-specific primers to allow for the simultaneous generation of high-

dimensional sequencing data of multiple gene targets. This modularity permits a cost-

effective and reproducible way to query many genes at once. In mixtures of reference 
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parasite genomes, we quantitatively detected unique haplotypes comprising as little as 

2% of a polyclonal infection. We applied this genotyping approach to field-collected 

parasites collected in Western Kenya in order to simultaneously obtain parasites 

genotypes at three unlinked loci. In summary, we present a rapid, scalable, and flexible 

method for genotyping individual parasites that enables molecular epidemiologic 

studies of parasite evolution, population structure and transmission. 
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1. Background on Flaviviruses and Host Factors 

 

 1.1 Importance of Flaviviruses to Public Health 

Flaviviridae including dengue, yellow fever and hepatitis C viruses, collectively 

infect about 7 percent of humans worldwide each year (1). 40% of humans are at risk of 

infection by these viruses each year resulting in hundreds of millions of cases and tens of 

thousands of deaths. However, despite their significant global impact, there are few 

efficacious antiviral therapies available for dengue and yellow fever. 

 

 1.2 Viral Lifecycle 

Flaviviruses infect their hosts’ cells by binding to an as-yet-unidentified cellular 

receptor and are endocytosed (2). Upon acidification of the endosome, the viral genome 

is extruded into the cytosol, the genome associates with the endoplasmic reticulum, and 

translation begins of the incoming viral RNA (3). The replicase complex is composed of 

viral and host factors and it uses the viral genome as a template to make the reverse 

complementary negative strand; this strand is used as a template to produce more 

positive-strand RNA (3). This positive-strand RNA is used as a template for further 

translation and is assembled into new virions. (Summarized in the model in figure 1) 
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Figure 1 Viral Lifecycle of Flaviviruses 

A. Binding to cellular receptor B. Endocytosis. C. Endosomal maturation D. Extrusion of 
viral RNA through membrane. E. Trafficking of viral RNA to ribosomes. F. Translation 
of viral RNA. G. Rearrangement of endoplasmic reticulum. H. Viral RNA Replication. I. 
Packaging of nascent virions. J. Trafficking of virions through golgi. K. Small flaviviral 
RNAs. L. Maturation of virion particles and egress through endosome. M. Egress 
through cellular membrane 

 

Importantly, the flavivirus genome in general – and the dengue genome in 

particular – are uniquely formed RNA molecules lacking polyadenylation at the 3’ end. 

In lieu of a polyadenylated tail, these viral genomes conclude in a terminal stem loop 

structure which is important for both translation and replication (4). 
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1.3 Host Factors Contribute to Viral Replication 

Due to constraints on the genome size that are imposed largely by replication 

time and polymerase error rates, RNA viruses in general – and flaviviruses in particular 

– are unable to encode all the necessary genes for a complete infection cycle (5). Thus, 

these viruses depend upon host genes for various functions including genome 

replication (6), translation (7) and assembly (8). By understanding the various roles of 

host factors in the viral lifecycle, we can elucidate the biology of these viruses. 

Furthermore, cellular factors required for viral infection hold the potential to be used as 

drug targets which would increase the number of targets for therapeutic intervention 

from the relatively few presented by the virus itself (9). Viral drug targets are often less 

effective than host factor drug targets because viral genes can mutate to resistance on a 

shorter timescale than human genes. 

 

1.4 Genome-wide Screens to Identify Host Factors 

Genome-wide RNAi screens are an effective way to identify and catalog host 

genes that are required for viral replication. Previous studies conducted by other 

investigators have utilized this approach to determine required host gene expression for 

the replication of West Nile Virus (10). The Garcia-Blanco laboratory has performed 
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these screens for dengue and yellow fever viruses in drosophila and human cells, 

respectively. Ideally, data from these screens might be generalizable to a number of 

different Flaviviruses and uncover important aspects of their shared lifecycle. However, 

they may instead uncover genes that are specific to only one virus. Either way, 

candidate genes represent a potential sources of drug targets that may be useful for the 

inhibition of viral replication and infection. Several possible candidate host drug targets 

have been identified in this early work including 3’ to 5’ exonucleases such as exdl2 and 

eri3 for dengue virus and wrn for yellow fever virus. The work outlined in the following 

chapters will focus on these candidate host genes from the RNAi screen. 

 

1.5 Exonucleases in other viruses 

Exonucleases are required by numerous different types of viruses including 

arenaviruses (11), retroviruses (12), coronaviruses (13, 14), and flaviruses (15, 10, 16).  

One example of a previously validated exonuclease is xrn1, a 5’-3’ exonuclease that 

serves a role in host mRNA turnover and degradation is required for the production of 

West Nile virus sfRNA (17, 18). Xrn1 degrades full length genomic RNA but stalls at a 

pseudoknot structure in the 3’ UTR (17) and novel host factors may act as exonucleases 

operating under similar modalities. 

 



 

 

5

Another example of a host exonuclease required for dengue replication is the 

DEDD-type DnaQ-like 3’ to 5’ exonuclease, exdl2, which was identified in a genome-

scale RNAi screen for dengue host factors in insect cells and found to be important for 

dengue replication in drosophila S2 and human huh7 cells (16).  Another 3’ to 5’ 

exonuclease: eri3 was also identified as a protein that binds the dengue untranslated 

region (19). A screen for yellow fever virus host factors identified Werner’s exonuclease 

(wrn), which is highly homologous to exdl2 and is associated with the DNA repair defect 

observed with Werner’s syndrome. Dengue virus does not require wrn and yellow fever 

virus does not require exdl2, which may represent a common requirement for 3’ to 5’ 

exonucleases. Also, exonucleolytic exosome complex genes have been shown to be 

required for efficient west nile virus and dengue replication (10) and also to bind to the 

dengue genome. The requirement for these exonucleases suggests an important role in 

the dengue lifecycle.   

1.6 RNAi Screen in Cell Culture 

The first approach that we took to identify host factors that are important for the 

replication of dengue virus in human cells was to reduce the mRNA expression of all 

non-essential genes in the human genome using an RNAi approach. Upon knockdown 

of each gene, cells were infected with dengue virus and were stained for viral protein 

expression. An automated high throughput method was applied to quantify the number 
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and the percent of cells infected remaining after the screen. This data was used to 

assemble Table 1 which lists all the nonessential genes by sum ranking from most 

efficacious in reducing dengue infection to least. Many of the experimental parameters 

for this screen were determined empirically but others required subjective analysis. 

These parameters will be discussed at length as they are important to the interpretation 

of the data collected from the screen. 

 

The choice of cells for this assay was a critical consideration that had a profound 

impact upon the usefulness and interpretation of the results. HuH-7 cells, a liver 

hepatoma cell line, was used in this assay for several logistical reasons. First, this cell 

line is readily transfectable which is critical to the knockdown of the genes. Second, 

HuH-7 cells are easy to infect; with a multiplicity of infection of 1.4, 60-80% of cells were 

infected by dengue after 42 hours. Third, these cells are amenable to a high throughput 

approach and can be imaged by a high throughput system without limitations such as 

confluency dependent growth inhibition and cellular stacking in the Z plane. Finally, 

these cells were selected for historical reasons, in that they have been used by others 

studying dengue biology and thus the validation of hits from this approach might be 

more readily comparable to existing work in the field. For these reasons, HuH-7 cells 
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were selected as the optimal cell line to be used for this method in identifying host 

factors for dengue virus replication. 

 

The structure of assay with regard to pooling of multiple siRNAs and number of 

replicates was also of critical importance to the performance of the screen. The siRNA 

library was prepared in two sets (AB and CD), each set containing a pool of two siRNAs 

against the same open reading frame. The strongest hits showed antiviral effect in both 

pools of siRNAs (Table 1). This approach was selected because it would ensure that at 

minimum, two independent siRNAs targeting the same gene would reduce viral 

infection. In addition, pooling multiple siRNAs allowed for a reduction in the 

concentration of each individual siRNA such that off target effects of each siRNA would 

be then minimized. Also, by using this approach, there were two replicate wells for each 

gene which would increase confidence in the resultant data. Thus, the choice of siRNA 

pooling structure was applied to maximize the reliability of data while minimizing off 

target and stochastic effects. 

 

Another important experimental parameter that was applied to this screen was 

the length and extent of infection. In this assay, the multiplicity of infection, that is the 

number of viral particles per cell, was 1.4 with an infection period of 42 hours. These 
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conditions were chosen to allow for a robust infection level of 60-80% of cells infected in 

the negative control wells. The relatively high multiplicity of infection and modest 

length of infection are important because they inform the number of complete viral 

lifecycles that could occur. The dengue lifecycle begins with entry being accomplished 

after 1 hour and the first proteins being made by 6 hours post infection. After 12 hours, 

viral RNA can be detected and finally infectious viral particles can be obtained from the 

supernatant after 16 hours. This means that the high multiplicity of infection resulted in 

many cells being infected, followed by multiple later rounds of infection on other cells. 

Thus, knockdown of a gene involved in any aspect of the viral lifecycle could be assayed 

from attachment to cellular egress. This contrasts with alternatives that might use GFP- 

or luciferase-encoding virus which would only probe the early stages of the viral 

lifecycle.  

 

1.6.1 DENV RNAi Screen in D2 Cells 

Previously published work by the Garcia-Blanco laboratory assayed relevant 

dipteran genes for host factors for dengue virus (1). This assay utilized double-stranded 

RNAs targeting the open reading frames of genes in Drosophila2 (D2) cells. Further, a 

subset of genes that showed activity as pro-viral factors were analyzed and their human 

homologs were identified by sequence homology. These human homologs were then 
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targeted by siRNA in a smaller screen of human genes to determine if human host 

factors could be identified using this approach. There was a total of 116 identified 

dipteran host factors of which 82 human homologs were tested. Among the 82, 55 were 

shown to demonstrate activity as human host factors. A further 3 of the dipteran host 

factors were assessed by depletion of the mosquito homologs in live mosquitoes. 

Dengue RNA levels and titer levels were assayed and statistically significant reductions 

in viral RNA and titers were noted upon knockdown of many of the human homologs of 

the dipteran viral host factors. 

 

This screen provided a small subset of pro-viral host factors in mammalian cells. 

Of the 55 genes identified in this approach, 5 genes were present in the top 500 

candidate genes from the HuH-7 genomic screen: ATP6V0C, ATP6V0D1, ATP6V1B2, 

FLJ20254, ATP6V0B. The concordance between the small subset of human homologs of 

dipteran host factors and the full genome-wide screen is shown in Table 1.  

 

The discordance between the host genes identified as human homologs of 

dipteran host factors and the full genome-wide screen in human cells can be understood 

and reconciled when one considers that the genes that are important for replication in 

drosophila cells may not be the most critical genes for replication in mammalian cells. 
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Certainly, some genes such as those that make up the vacuolar ATPase complex are 

important in both hosts as several component genes of this complex were found to 

support viral replication. However, the bulk of the 55 genes did not score highly in the 

genome-wide screen. When the ATPase complex genes that did score highly are not 

considered we find that 39 of the remaining 50 genes reduced the percent of cells 

infected from 86.2% from the AllStars negative control to less than 40%. While this 

reduction may not be sufficient for these genes to be considered candidate genes on a hit 

list of subjective length, the effect is statistically and likely also biologically significant. 

Thus, the performance of the genes from the subset in mammalian cells was consistent 

with the conclusion that the genes promote viral infection, however, these genes, with 

the exception of the ATPase complex, may not be the most robust candidate genes for 

follow up study. This underscores the importance of examining more than a mere subset 

of genes as defined by a single approach and provides a posthoc justification for the 

genome-wide screen. 

 

1.6.2 Gene Ontology Pathway Analysis 

The top 200 genes from the genome-wide screen hit list were further analyzed for 

their gene ontology classifications to better understand the results of this screen. The top 

200 genes represent hits ordered by the magnitude of their reduction on dengue 
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infection. Among the top 200 genes, 24 were not able to be queried by for lack of gene 

ontology names and they include BXDC2, CYP2B7P1, DKFZp779B1540, FKSG24, 

FLJ20254, FLJ22374, FLJ22675, FLJ43582, hCG_1645727, hCG_21078, HNRPA3, 

KRT18P21, NOL5A, NOLA1, RBM16, RPL14L, RPL23AP2, RPLP0-like, SF4, TMEM111, 

TMEM137, TMEM49, TTC35 and TXNDC13. The remaining genes were analyzed for 

their molecular function and are shown in figure 2. The largest category represented in 

this hit list was for genes involved in binding with 81 genes. This bulk of these genes 

(55) are involved in nucleic acid binding (figure 2). 18 of these genes are ribosomal 

proteins with all but 1 associated with the large subunit of the ribosomal. It is not 

surprising to find such a large percent of dipteran host factor homologs are involved in 

nucleic acid binding given the RNA-centric nature of dengue virus. It is also notable that 

many the genes on this list have catalytic activity (figure 3). Thus, a simple breakdown 

of the types of genes represented on this list show factors that are likely druggable host 

factor candidates because they bind nucleic acids and/or have catalytic activity that 

might be inhibited. 
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Figure 2 DVHF Gene Ontology for Molecular Function 

Categories of molecular function for genes recovered as hits in the RNAi screen. 
The number of genes for the 9 most frequent categories are shown in colored bars. Genes 
involved in binding are represented most highly and are in gray. Catalytic activity genes 
are the second most abundant hits and are in light purple. The third most abundant class 
of molecular function was genes involved in structural activity and are featured in 
darker purple. The remaining categories of gene’s molecular function contain a smaller 
number of RNAi screen hits. 
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Figure 3 DENV Screen Gene Ontology for Molecular Function 

Breakdown of RNAi hit genes that were in the “binding” category. “Nucleic acid 
binding” category is the most prevalent with 54 genes represented and is in yellow. The 
second most abundant category was for genes involved in “protein binding” and is 
represented in teal. The remaining categories contained fewer genes from the RNAi 
hitlist. 
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Figure 4 DVHF Gene Ontology for Molecular Function of Catalytic Genes 
Only 

Breakdown of “Catalytic Activity” genes from the RNAi screen hitlist. Catalytic 
activity genes were separated into 8 categories and the 3 most abundant were hydrolase 
activity in light green with 21 genes, transferase activity in light purple with 12 genes 
and enzyme regulator in blue with 11 genes. 

 

1.6.3 Controls siRNAs 

To robustly control for the positive and negative effects on the viral infection 

phenotype, several siRNA controls were used on each plate. There were 3 negative 

control siRNAs that were used to observe the impact of transfection conditions upon cell 

number and rate of infection. The first of these negative controls was termed “All Stars 

Negative Control” and was a Qiagen brand negative control that is algorhymthically 
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predicted not to target any genes in the human genome due to its lack of homology to 

any mammalian gene. Qiagen has performed extensive in-house analysis of the impacts 

of this siRNA and noted that it does not change the rates of DNA synthesis or cell cycle, 

size of nuclei or rate of expression of any endogenous genes despite entering the RISC 

complex. This particular siRNA has been empirically validated by our group and others 

to have very little impact upon cell growth or dengue infection. Upon treatment with 

this siRNA, the percent of cells infected across the entire screen averaged 87% with a 

standard deviation of 8.5%. The number of cells remaining after the assay was an 

average of 2586 and standard deviation of 433 (Figure 5). 
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Figure 5 Performance of Controls in RNAi Screen 

Percent infection for each well of control siRNAs in RNAi screen is shown. NSC 
(nonsilencing control) pools AB and CD are shown in blue diamonds. siRNAs against 
GFP for pools AB and CD are shown in green triangles. siRNAs against ATP6VOC for 
pools AB and CD are shown red circles. Negative control “All Stars” siRNAs are shown 
in black squares. Results from each plate are shown separately and plate numbers are on 
the X axis. 
 

Additionally, a siRNA targeting the coding region of Green Fluorescent Protein 

(GFP) was used as a negative control in this assay. There were no genes in the assay that 

contained this sequence thus this should have performed similarly to the All Stars 

control siRNA. Indeed, treatment with this siRNA yielded an average infection rate of 

75% with a standard deviation of 17%. The higher standard deviation of this control 

compared to the All Stars control suggests possible off target effects of this siRNA. The 
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number of cells was also minimally effected as the average was 2173 with a standard 

deviation of 441. It should be noted that there was a decrease in both the average percent 

infection and average number of cells; this might be explained by the fact that the GFP 

siRNA control might have limited homology to some essential genes while the All Stars 

control does not. The decrease in infection could therefore be due to a non-specific 

decrease in the cell health making it a worse host for any pathogen and not specifically 

for dengue virus. 

 

The third and final negative control siRNA that was used in this assay was an 

older generation nontargeting control from Qiagen termed simply “Nonsilencing”. The 

performance of this control was inferior to either the All Stars or the GFP as negative 

controls. The average infection rate was 47% with a standard deviation of 13.7%. The 

average number of cells was 1942 with a standard deviation of 342. The decrease in cell 

number and infection rate with this control was profoundly different than the first two 

siRNAs. This difference is likely due to off target effects of the Nonsilencing siRNA seed 

sequence in knocking down pro-viral host factors and/or essential genes. 

 

As a positive control for this assay, an siRNA targeting ATP6V0C was used on 

each plate. This gene has long been known to be a pro-viral host factor as it is involved 
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in the acidification of the endosome that causes a fusion of the viral envelope and 

extrusion of the viral RNA into the cytosol. As indicated earlier, this gene and members 

of its complex were among the most robust hits in the screen. The average rate of 

dengue infection of cells after treatment with this control is 7% with a standard 

deviation of 3.4% while the number of cells remaining after the assay was 2952 with a 

standard deviation of 516. The decrease in rate of infection was very robust, making this 

an excellent positive control. It is interesting to note that the All Stars control slightly 

reduced the average number of cells compared to the ATP6V0C control. This difference 

may be due to small cytotoxicity effects associated with dengue virus infection that 

typically go unnoticed in smaller scale experiments but reach statistical significance in a 

high throughput fashion.  

 

A Z’ factor is a metric used to determine the extent of reproducibility and range 

between positive and negative controls in a high throughput assay. The Z’ factor is 

calculated using the following formula: Z=1-((3(pos stdev + neg stdev)/(abs(pos ave – 

neg ave)). The NCBI Assay Guidance Manual recommends that a Z’ in excess of 0.5 is 

achieved in order for an assay to be viable. The Z’ factors for the All Stars, GFP and 

Nonsilencing controls were 0.56, 0.08 and -0.28 respectively which means that the assay 

is valid when All Stars is used as a negative control. 
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1.6.4 Identification of ERI3 

Among the siRNAs generating the most robust reductions in viral infection were 

siRNAs targeting ERI3. In the first of the two pools of siRNAs targeting ERI3, the 

reduction in infection was from 93.97% for the All Stars control on the same plate to 

7.96% (figure 6). The reduction in cell number for this well was from 2853 to 716. For the 

second pool of siRNAs against ERI3, the percent infection reduction was from 93.25% to 

5.18% while the reduction in cell number was 2445 to 1389. For siRNA pool AB, ERI3 

reduces viral infection by more than all but 654 of the 22,909 genes tested. When 

cytotoxicity measures and technical filters are applied, this siRNA pool was more potent 

than all but 464 of the 22,909 genes tested. For siRNA pool CD, the reduction in infection 

phenotype made ERI3 more effective than all but 308 of the 22,909 genes tested. (figure 

3.1) and when filters are applied, it is more potent than all but 193 of the genes tested. 

The combination of both of these scores causes ERI3 to be ranked as the 65th highest 

gene. When cytotoxicity filters are applied, ERI3 is in the 28th highest position of all 

genes in terms of impact upon dengue infection. This shortened list of genes that pass 

cytotoxicity measures and have concordant effects from both pools of siRNAs also 

includes previously validated gene targets such as SEC61A1, ATP6V0C, and ATP6V0D1 
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as well as components of the large ribosomal subunit such as RPL21, RPLP1, RPL4, and 

RPL23. 

 

 

Figure 6 RNAi Screen ERI3 Identification 

Microscopy fields from RNAi Screen. Cells were stained with DAPI and dengue 
virus anti-envelope antibody and secondary antibody with FITC. Percent of infected 
cells were calculated by cellomics software and calculated from the average of 4 fields. 3 
negative controls (Nonsilencing, GFP and Allstars) and 1 positive control (ATP6VOC) 
are shown in the top row. Pools AB and CD for ERI1 and ERI3 are shown in the bottom 
row.  

 

The concordance rates between the two pools of siRNAs were not particularly 

high so it should inspire more confidence that there was high concordance among 

siRNAs targeting ERI3. Indeed, in work performed by the Garcia Blanco laboratory (2), 

the concordance rates of cytotoxicity between the pools for the yellow fever genome-
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wide screen for host factors were nearly completely unlinked with spearman 

correlations of r=0.11 and r=0.14 for the two replicate screens. Further the hit lists of 

candidate genes showed similarly low concordance with as little as 32% overlap in top 

genes when fixed length hit lists of hundreds of genes were used. This serves to remind 

us that individual and indeed, pooled siRNAs, may have very different impacts beyond 

their effects in on target knockdown and reinforces the importance of validation with 

multiple siRNAs. Thus, when there is high concordance between multiple siRNAs in 

terms of viral phenotype, the integrity of the data becomes stronger and inspires more 

confidence. The high concordance for the two pools of siRNAs targeting ERI3 suggest 

that this factor may be highly significant as a host gene that promotes viral infection. 

 

A second point about this shortened list that inspires confidence is that this list 

includes previously validated host factors for dengue infection. Among the 28 top genes 

that include ERI3, there were two genes that comprise part of the vacuoular ATPase 

complex. In addition, SEC61A1 has been implicated as a highly significant host factor for 

alphaviruses (5). 5 of the top 28 genes are ribosomal proteins whose contribution to 

protein translation is obvious. In addition, FLJ20254, SEC61, ATP6V0C, and ATP6V0D1 

were also identified by their homology to dipteran viral host factors and were 

independently replicated in the mammalian mini screen discussed in section 3.2.1.1 
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Thus, other accepted and previously identified flaviviral host factors were present on 

this list with ERI3. 

 

1.7 Identification of ERI3 by RNA Affinity Chromatography 

 

1.7.1 Experimental Rationale  

Another common approach to identifying genes that are involved in viral 

replication is to examine proteins that are physically associated with the virus. This has 

taken the form of two yeast hybrid assays that test the association of cellular host factors 

with viral proteins (6, 7) Alternatively, affinity purification followed by mass 

spectrometry has been applied to identify the association of dengue proteins with 

cellular factors (8). However, both approaches identify protein interactions between 

viral proteins but do not address interactions between the viral genome and cellular 

factors. 

 

The dengue genome encodes terminal regions with substantial secondary 

structure and this structure dramatically impacts the replication abilities of the virus. 

Within the 5’ UTR, there are a stem loop that has been shown to interact with the viral 

RNA polymerase as a critical step in RNA synthesis (9) as well as a cHP hairpin element 
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that has been shown to impact both translation and RNA synthesis (10). Within the 3’ 

UTR of the viral genome, there are numerous important secondary structures including 

two dumbbell structures that form a pseudoknot structure which impacts the generation 

of small flaviviral RNAs (sfRNAs) that promote viral replication possibly by 

antagonizing innate immune factors (11). In addition, there is a terminal 3’ stem loop 

structure that plays a role in translation of the viral polypeptide (12). Finally, there are 

complementary elements in the terminal regions of the viral genome that mediate long 

range interactions, allowing for a circularization of the genome that promotes viral RNA 

synthesis (13).  

 

RNA secondary structure elements have been shown to promote the association 

of viral RNA with host RNA binding proteins for numerous RNA viruses. These 

interactions generally may serve to promote viral translation, viral RNA stability, RNA 

synthesis, virion assembly, RNA maturation and/or immune antagonism. Further, these 

interactions can be so critical to the virus that they may define the host or cell tropism 

for a given pathogen. Other groups have identified a myriad of host proteins that bind 

to secondary structure in viral UTR’s including eEEF1A, hnRNP proteins, Lsm proteins, 

XRN1, La, TIAL, PTB and many others. It is therefore likely that the UTR’s of the dengue 
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genome mediate interactions with cellular proteins that have important implications for 

viral replication. 

 

1.7.2 Controls and Experimental Approach 

We chose to systematically identify the host proteins that bind the dengue UTRs 

using an RNA affinity chromatography approach that relied upon quantitative mass 

spectrometry of samples that have been affinity purified with in vitro transcribed 

miniature dengue genomes from cellular lysate. This approach required a careful 

labeling protocol that relied upon stable isotope labeling termed SILAC. HuH-7 cells 

were grown with isotopically labeled Arginine and Lysine such that their proteome 

would contain either heavy or light amino acids residues. Cell lysates were then 

prepared and bound to in vitro transcribed RNAs that contained the viral UTRs flanking 

an aptamer which allows the construct to bind tobramycin. Control constructs contained 

sequence from the coding region of the virus to distinguish non-specifically binding 

proteins that simply bind RNA, generally. The constructs with host proteins bound to 

them were then physically separated by binding to tobramycin coupled beads which 

were washed and eluted with free tobramycin. Eluted proteins were then analyzed by 

mass spectrometry to assess the ratios of host proteins that were preferentially bound to 

the viral UTR constructs over the control constructs. Heavy lysates were incubated with 
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viral UTR constructs while light lysates were incubated with control constructs such that 

the ratios of heavy to light proteins could be used to measure protein enrichment in an 

unbiased fashion. In this way, a list of proteins that were enriched in binding to the viral 

UTRs could be assembled for further study. 

 

1.7.3 Hit List of Candidate Genes 

The hit list of candidate proteins identified as enriched in binding to dengue 

UTRs is as follows: G3BP2, HNRPDL, G3BP1, MKRN2, CNBP, TFAM, HNRNPAB, 

HNRNPA1, HNRNPA3, RALY, HNRNPA2B1, LSM1, MSI2, HNRNPD, SRSF2, U2AF1, 

ERI3, PABPN1, U2AF2, CSDE1, IFIT5, PURB, SART3, WDR12, HNRNPU, NCL, RBM39, 

HNRNPR, RBMX and POLR1A. Many of the identified proteins are general RNA 

binding proteins including G3BP1/2, HNRNP proteins and other splicing factors. Others 

have noted that this approach often yields highly abundant RNA binding proteins 

through a combination of high affinity specific interactions as well as low affinity non-

specific interactions (14). Further, there may be a role for protein-protein interactions 

that further enrich nonspecific proteins. Among the 32 proteins identified above, nearly 

three quarters are known nucleic acid binding proteins. It is not surprising to find so 

many RNA binding proteins in an assay that screens for proteins that bind viral RNA, 

but it is important to distinguish nonspecific RNA binding proteins from ones that have 
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a legitimate role in the biology of the dengue lifecycle. This can be done through a 

variety of approaches that will be discussed below including pulldowns using cellular 

proteins to identify viral RNA binding, fine mapping of binding sites and intersection 

with other approaches that do not rely upon RNA binding to identify host proteins. 

 

1.7.4 Overlap with RNAi Screen 

An examination of the RNA affinity chromatography gene candidate list and the 

RNAi genome-wide screen candidate list yields only one overlapping member: ERI3. 

Thus two independent approaches identified ERI3 as a candidate for further study in 

connection with dengue virus. The two approaches provide complementary information 

suggesting both an association between this gene product and the viral genome as well 

as a functional requirement for this gene in the replication of the virus. 
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2. Identification and Validation of ERI3 as a Host Factor for 
Dengue Virus 

 

2.1 Experimental Rationale and Approach 

Dengue virus contains a minimal genome, encoding only 8 genes, yet possesses a 

remarkably complex lifecycle inside host cells. The virus interacts with cellular 

receptors, transits the plasma membrane, fuses to an endosomal membrane, releases its 

RNA genome, produces viral proteins, rearranges the endoplasmic reticulum, copies its 

genome, transcribes both functional and non-functional RNAs, assembles nascent 

virions and exits the host cell through the cell’s own secretory apparatus. This 

complexity of lifecycle juxtaposed with the simplicity of its genome highlights the 

requirement for numerous and varied host proteins that contribute to the replication of 

the virus. These host factors might serve as novel drug targets to disrupt the infectious 

cycle of the virus as well as provide a more sophisticated understanding of the biology 

of this important human pathogen. To this end, we sought to categorically identify a 

host gene that promotes viral replication in two ways from candidate hits in an RNAi 

screen and results from an RNA affinity chromatography screen. This chapter will 

explore this validation of the human gene ERI3 as a host factor for the dengue virus. 
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2.2 Validation of ERI3 as a Host Factor with Individual siRNAs 

Given the caveats and limitations of RNAi screens discussed in section 3.1, it is of 

utmost importance that candidate genes be validated independent of the screen for 

activity as functional host factors that support viral replication. To this end, we used 

individual siRNAs to assess the impact of knockdown upon different stages of the viral 

lifecycle. The outcomes of this intervention were probed at the levels of viral RNA 

synthesis, viral translation and nascent virion production. The extent of knockdown was 

also assessed at both the level of mRNA and protein. This validation was critical to the 

establishment of ERI3 as a host gene that promotes viral replication and validates an 

important candidate that emerged from dual independent screen modalities.  

 

2.2.1 Reduction of Target Genes 

RNAi mediated gene silencing has been a mainstay of biological research for 

over a decade since its discovery by Andrew Fire et al in 1998 (34). In this seminal work, 

the authors found that experimental introduction of double stranded RNA in C. elegans 

was sufficient to reduce the expression of complementary genes. Since then, the 

mechanics of this phenomenon have been elucidated and the roles of various 

components including the RNA-Induced Silencing Complex (RISC) have been more 

thoroughly understood. The double stranded RNA gene silencing can be divided into 
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two phases; the first phase consists of cellular small RNAs being expressed from RNA 

polymerase 2 derived transcripts, processed by DICER into 21-23 nt segments and 

exported from the nucleus. The second phase is the effector phase in which the short 

RNAs are unwound by the Ago complex and used to silence gene expression by RISC. 

In 2006, Leutschner and colleagues determined that only one strand of a double 

stranded 21-23 nucleotide short interfering RNA (siRNA) associated with RISC and 

reduced the expression of its complementary transcript (35). Chemical modifications 

were shown to distinguish the passenger and guide strands and cause one strand to be 

favored by RISC in the endonucleolytic cleavage of the target mRNA. For the validation 

of ERI3, synthetically prepared siRNAs were used that circumvented the first phase of 

small RNA maturation. These siRNAs were synthesized such that the first 10 

nucleotides contained substantial homology to a target gene and formed the “seed” 

region of the oligonucleotide. The seed regions were algorhythmically and empirically 

determined to deplete host genes with minimal off-target effects. 

 

2.2.1.1 Analysis of host mRNA 

To validate that the siRNA knockdown reduced mRNA levels of ERI3, we 

performed quantitative PCR using primers that detect coding region of the gene. HuH-7 

cells were seeded at 50,000 cells per well of a 24 well plate in 500 microliters and 10 nM 
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of siRNAs ERI3_SI00692916 and ERI3_SI00692902 were used to deplete ERI3 for 48 

hours prior to infection. Cell monolayers were then washed with PBS and infected with 

dengue virus at a multiplicity of infection of 2 for 24 hours. Finally, cells were washed 

once again and cell-associated RNA was collected for analysis. The RNA was 

quantitated and converted to cDNA using nonspecific primers and the cDNA was 

diluted and tested by qPCR. 

 

A blast search of siRNA ERI3_SI00692916 demonstrates perfect homology 

between the siRNA and the targeted gene while showing no significant homology to any 

other gene in the human genome. The seed region of this siRNA spans the junction 

between the last and second to last exons, thus only targeting properly spliced variants. 

This region of the cDNA encodes for the critical DEDD motif that confers the 

biochemical activity to the gene. Among the 5 annotated protein-coding splice variants 

for this gene, all but two include this region; the transcripts lacking this region are ERI3-

004 (ENST00000452396) and ERI3-002 (ENST00000457571) (figure 7). Both alternative 

transcripts contain a truncation that shortens the protein to 176 and 250 amino acids 

respectively. Ensembl reports that both transcripts are supported by a single EST each 

whereas the primary transcript is supported by 21 ESTs and 4 cDNAs (figure 8). 
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Figure 7  ERI3 Gene Map with Transcripts 

Genomic location and transcript information for ERI3 gene. Full transcript 
containing all exons is shown in yellow. Predicted alternatively spliced isoforms of ERI3 
are shown in red. Structural domains and motifs are shown in purple. Nontranslated 
isoforms are shown in blue. Pink regions are exons.  
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Figure 8 Transcript 1 Read Evidence for Alignment 

Refseq sequence support for each transcript. Protein evidence of defined exons is 
shown in yellow. cDNA sequence support is shown in green and EST support is shown 
in purple. Exons are defined in light gray and untranslated regions are shown in darker 
gray. 

 

The second siRNA (ERI3_SI00692902) also bears exact homology to only ERI3 

and nothing else. Unlike the first, this siRNA does not span an exon junction and instead 
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only targets the third exon. Also in contrast to the first, the second siRNA targets a 

region that is present in all annotated transcripts. The distinct locations of these two 

siRNAs provides confidence that their effects are not stochastic- they do not merely 

target one transcript and instead target multiple different sites present in multiple 

transcripts. 

 

As controls in this experiment, siRNAs that target the closely related protein 

ERI1 were also used. The All Stars nonsilencing and ATP6V0C siRNAs from the RNAi 

screen were also used as negative and positive controls, respectively. None of these four 

siRNAs were expected to influence the levels of ERI3 mRNA expression but the 

ATP6V0C served as a positive control for the reduction of viral RNA discussed in 

section 2.2.3 

 

To validate that the assay performs in an acceptable manner, standard curves of 

cDNA were tested in parallel such that a dynamic range for the assay could be 

established. Several serial dilutions of cDNA were tested with primers for either the 

normalizing gene GAPDH or ERI3. Figure 3.8 show that there is a linear correlation 

between amount of target and cycle threshold for both primer sets. Between dilutions of 

1:16 and 1:1024, the amplification efficiencies for the two primer sets are 88.6% and 
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89.0%. This is important because the ERI3 cycle thresholds are normalized to GAPDH to 

account for differences in the amount of cDNA and if ERI3 amplified at a higher 

efficiency, we might overestimate the amount of ERI3 mRNA present in the sample. 

Finally, negative control samples were included such as a sample lacking cDNA and a 

reverse transcription reaction that lacked enzyme; both of which were undetectable with 

all primer sets. Thus, these primer sets provide a reliable measure of the amount of ERI3 

mRNA in each sample. 

 

Figure 9 shows the qPCR data from this experiment which demonstrate that the 

two siRNAs targeting ERI3 deplete the gene while none of the other siRNAs have an 

effect. Biological triplicates were used for each data point to increase confidence in the 

outcomes. Delta Ct values were calculated by subtracting cycle threshold values for ERI3 

from those of GAPDH. These values were then used to determine delta delta Ct by 

subtracting the delta Ct values for each sample from those of the nonsilencing control. 

Finally, the fold expression for each sample was determined with the formula 2^delta 

delta Ct which results in a nonsilencing control value of 101 +/-15% while the ATP6V0C 

control generated 83+/-24%. The two siRNAs against ERI1 yielded 110+/-19% and 96+/-

20% respectively. The first siRNA against ERI3 yielded 3+/-1% while the second siRNA 

yielded 24+/-3%. While both ERI3 siRNAs substantially deplete the level of ERI3 mRNA 
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in this assay, it should be noted that the second siRNA depletes ERI3 mRNA less 

robustly than the first.  

 

Figure 9 Standards for qPCR for Each Gene Target 

Standards for qPCR were generated for each gene target using cDNA from 
untreated wildtype Huh-7 cells. RNA was extracted and random primers were used to 
generate cDNA. Serial dilutions of cDNA were prepared in water and assayed using 
Sybr Green. Amplification factors and efficiencies were calculated by ABI software. 
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2.2.1.2 Western Blotting Analysis 

The best validation of siRNA knockdown is western blotting analysis as this is 

approach is sensitive to changes in post transcriptional regulation and RNA stability 

whereas qPCR simply determines the abundance of mRNA at a single point in time. For 

this approach, lysates were collected from parallel wells of the experiment described in 

the previous section. Lysates were collected by applying SDS loading buffer directly to 

the cell monolayers and manual agitation with a pipet tip. This was followed by a single 

freeze thaw cycle at -80 degrees Celsius and centrifugation at 14,000 rotations per 

minutes to separate cellular debris. Detergent based lysis was sufficient to collect both 

nuclear and cytosolic fractions which is important because ERI3 appears to localize to 

both. 

 

A new antibody was required to probe for ERI3 protein levels as existing 

commercial antibodies had proven insufficient. To generate this important reagent, the 

N terminal region of ERI3 was expressed in E coli bacteria with a glutathione S 

transferase (GST) tag its N terminus. This recombinant protein was purified on a column 

of glutathione sepharose and injected into rabbits. Preimmune and post immune sera 

were collected from rabbits and used directly as polyclonal primary antibodies to detect 

ERI3.  
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Figure 10 shows the impact of siRNA knockdown upon cellular levels of ERI3. 

Actin was probed as a loading control and despite the significant differences in other 

proteins, levels of this housekeeping gene remained consistent. Nonsilencing and 

ATP6V0C control siRNA treatment have no impact upon the level of ERI3. ERI1 siRNA 

controls also showed no effect which is especially relevant to ERI1 and ERI3 because of 

the high level of homology between their catalytic domains. In contrast, both siRNAs 

against ERI3 reduce the level of the protein. Consistent with the mRNA analysis, the 

first siRNA has more of an effect against ERI3 levels than the second. Actin was probed 

as a loading control and despite the significant differences in other proteins, levels of 

this housekeeping gene remained consistent. ERI1 levels were also analyzed and as 

expected, only the ERI1 siRNAs impacted the abundance of the protein. Thus, this 

western blotting demonstrates that ERI3 and ERI1 siRNAs have their intended effects 

upon their target proteins without unanticipated effects on one another. 
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Figure 10 Validation of ERI3 as a Host Factor for DENV 

Huh7 cells were transfected with siRNAs as outlined above. Cells were infected 
with dengue virus and lysates, supernatants and RNA was collected. Western blotting 
was performed to verify depletion of ERI1 and ERI3, using Actin as a loading control. 
Dengue and ERI3 RNA levels were assayed by qPCR for each sample.  Viral RNA was 
also assayed by qPCR. Viral titer was calculated by plaque forming assays. All statistical 
calculations are based on two tailed Students T-Test compared to Nonsilencing control. * 
indicates p values less than 0.05. 

 

2.2.2 Effect of Knockdown on vRNA 

After establishing that the siRNAs were having their intended effects in our cell 

culture system, we asked whether dengue viral RNA was reduced with knockdown of 
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ERI3. The data from the RNAi screen show that ERI1 abundance has no effect upon viral 

infection as the rates of infection were 53.64 and 80.26% which is not statistically 

significant. Previously published data with the ATP6V0C siRNA demonstrates that 

knockdown of this protein reduces viral RNA (vRNA) (20). Reduction in viral RNA is 

not necessarily required for activity of the gene as a host factor; it could be envisaged 

that a host factor is required for later steps such as assembly or egress in which the 

abundance of vRNA would not be effected during the first cycle of infection. 

 

We measured the vRNA abundance using a qPCR primer set that targets the 

coding region of the virus in the NS5 gene. These primers were validated in figure 3.8 

which demonstrates that the amplification efficiency of the DENV2 primers were similar 

to those of GAPDH with efficiency scores of 99 and 89%. The RNA samples handled as 

above and assayed by qPCR with these primers. 

 

Nonsilencing siRNA control yielded a fold DENV2 vRNA of 101+/-17% while 

knockdown with ATP6V0C yielded 30+/-3%. ERI1 knockdown yielded 146+/-41% and 

108+/-41% which are both close to the level of the nonsilencing control. The higher 

standard deviation values for these two samples were driven by one replicate of the 

biological triplicates for each siRNA. The first siRNA against ERI3 reduced vRNA to 
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32+/-22% while the second reduced it to 58+/-28%. T-tests of each of these compared to 

the nonsilencing control demonstrate statistical significance for both at a level of p<0.05 

It is important to note that the first siRNA more robustly reduced the levels of vRNA 

than the second one which could be explained by the more complete knockdown 

associated with the first at both the mRNA and protein levels. Thus, knockdown of ERI3 

reduces vRNA levels within the first cycle of infection, suggesting a role in early viral 

lifecycle events prior to assembly and egress. 

 

2.2.3 Effect of Knockdown on Viral Replication 

Supernatants from knockdown experiments were collected and analyzed for 

infectious capacity by foci forming assay. Foci forming assays are a mainstay of 

infectious disease research and serve as an analogous assay for plaque forming assays 

with viruses that do not cause cytopathic effect and thus do not form plaques. 

Supernatants from infected cells were serially diluted and applied to confluent 

monolayers of Vero cells for one hour. Dengue virus is known to attach to cell 

membranes within several minutes of exposure and at 37 degrees Celsius, enters cells 

within the first two hours. Thus, exposure of viral supernatants is sufficient for the virus 

to attach and begin the process of entry. After the first hour, viral supernatants are 

aspirated and a gum solution containing tragacanth gum, fetal bovine serum and eagle’s 
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minimal essential medium was added to the cells for 72 hours. This solution prevents 

virus particles from being released into solution and infecting physically separate cells; 

only physically adjacent cells can be infected. This leads to the formation of islands of 

infected cells. Upon incubation for 72 hours, the monolayers were fixed with 

paraformaldehyde, permeabilized with triton and stained for viral envelope with 

antibody 4G2 which binds epitopes in the flaviviral envelope. The number of foci were 

counted and multiplied by the dilution factor and volume of supernatant to calculate the 

number of foci forming units per milliliter (FFU/ml).  

 

When HuH-7 cells were treated with nonsilencing control siRNAs and infected 

with dengue virus, the supernatant contained 3167+/-1155 (FFU/ml). In contrast, when 

the ATP6V0C siRNA was used, there was a substantial reduction in FFU/ml to 267+/-

153. When siRNAs targeting ERI1 were applied, the FFU/ml was 6500+/-1732 and 

5167+/-2517. However, siRNAs targeting ERI3 were used, FFU/ml was 367+/-115 and 

467+/-231. The reduction in FFU/ml for ATP6V0C, ERI3__SI00692916 and 

ERI3_SI00692902 was statistically significant by two tailed Student’s T-test as compared 

to the nonsilencing control siRNA with p values less than 0.05. In agreement with the 

results from vRNA analysis, the first siRNA against ERI3 had a more robust phenotype 

in reducing viral infection compared to the second siRNA. Thus, knockdown of ERI3 in 
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contrast to ERI1 reduces dengue virion production by five to ten-fold compared to 

nonsilencing controls. 

 

2.3 Validation of Interaction Between ERI3 and DENV2 RNA 

The proteomic screen that identified the interaction between ERI3 and the viral 

RNA genomic termini provides evidence of an in vitro association only and does not 

require this association to form in vivo. Thus, we interrogated whether this interaction 

occurs in vivo with dengue virus as compared to other closely and more distantly 

related virus. While this is not evidence of ERI3 as a host factor for dengue replication, it 

might provide indirect support for the involvement of the protein and provide clues 

regarding the step of the viral lifecycle in which it is required. 

 

2.3.1 Experimental Approach and Controls 

Human Embryonic Kidney 293 (HEK293) cells expressing a flag tagged version 

of ERI3 under the control of tetracycline inducible promoter were grown to near 

confluency in 6 well plates and infected with dengue virus, yellow fever 17D virus, 

enterovirus 71 (EV71) or mumps Iowa virus (MuV). Yellow fever 17D was used because 

it is evolutionarily quite like dengue virus, with high conservation of RNA secondary 

structures. Unpublished data (Ward 2015) suggests that yellow fever virus may also 
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depend upon ERI3 for robust infection. In contrast, EV71 and MuV do not seem to 

depend upon ERI3 and would thus be less likely to have an association between the 

protein and the viral genome. In addition, the genomes of EV71 and MuV are quite 

dissimilar to those of flaviviruses as EV71 is a member of the picornavirus family which 

is uncapped and polyadenylated and MuV is a negative strand RNA virus of the 

paramyxovirus family. Both viruses serve as negative controls because they lack the 

secondary structures that exist in the dengue genomic termini.   

 

The HEK293 cells expressing flag-ERI3 were infected with each virus and lysate 

was obtained for immunopurification using beads conjugated to anti-flag antibodies. 

The lysate from each different type of infection was incubated with anti-flag beads or 

beads conjugated to nonspecific IgG isotype control antibody. The isotype control would 

serve to identify if signal from the immunoprecipitation was occurring due simply to its 

binding directly to the beads. This control merely addresses nonspecific binding and 

confirms that detection of bound vRNA was mediated ERI3 and not due to the RNA’s 

association with the beads or IgG antibody. 

 

To control for appropriate immunopurification of the flag tagged ERI3, input, 

flowthrough and bead fractions were western blotted with anti-flag antibody. Each of 
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these samples were also subjected to RNA extraction by Trizol so that the amount of 

viral RNA could be measured by qPCR. For each sample, extracted RNA was converted 

to cDNA and probed by qPCR as described in section 2.3.3 qPCR signal from the bead 

fraction was compared between anti-flag beads and IgG isotype controls to determine 

the extent of enrichment of vRNA by ERI3. 

 

2.3.2 Results Demonstrating Interaction 

Figure 11 demonstrates an association between ERI3 and flaviviral RNA. For 

each virus that was tested in this experiment, a western blot is shown demonstrating a 

depletion of tagged ERI3 in the supernatant fraction and an enrichment of ERI3 on the 

beads. This proves that the method could enrich for ERI3 protein in the final bead 

fraction. qPCR data is also presented showing the enrichment of vRNA for dengue and 

yellow fever viruses but not for EV71 and MuV. For dengue virus, the association 

between ERI3 and vRNA is over 20-fold higher when anti-flag beads are used than in 

the isotype control. This signals that there is an association between some portion of the 

protein and the viral RNA and is essentially the inverse experiment of the RNA affinity 

chromatography screen in which the association was identified by immunoprecipitating 

the RNA and finding the protein by mass spectrometry analysis. Yellow fever vRNA is 

also enriched but to a lesser extent. This result is not unexpected as both viruses are 
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quite similar in the secondary structure of their genome, particular in the 3’ UTR where 

we predict ERI3 to associate. In contrast, EV71 and MuV do not demonstrate this 

association and in the case of MuV. Enrichment in this assay does not require a direct 

binding event between the vRNA and ERI3 as it maybe mediated by protein-protein 

interactions with another protein that does have a direct association. Further, one could 

imagine this association reflects that ERI3 is merely nearby the vRNA during replication 

and was immunopurified with a whole complex of proteins such as those found in 

replication factories or stress granules. Finally, this association may have occurred after 

the cells were lysed, and in vivo, the vRNA is physically distinct from the location of 

ERI3. This final caveat could be eliminated by immunofluorescence microscopy to show 

that ERI3 and vRNA are capable of interacting in live cells. Thus, this data validates that 

there is an interaction between dengue vRNA and ERI3.
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Figure 11 Specific Interaction Between DENV RNA and ERI3 

Flag tagged ERI3 expressing cells were infected with dengue, yellow fever, 
mumps or enterovirus and lysates were collected. Beads with anti-flag antibodies or 
control antibody was incubated with lysates. Beads were washed and supernatants and 
pellets were collected. Western blotting demonstrates pulldown of flag-tagged ERI3 and 
qPCR demonstrates binding of dengue and yellow fever RNA but not mumps and 
enterovirus RNA. 

 

2.3.3 Future Directions 

It would be interesting to note the level of enrichment of viral sfRNA associating 

with ERI3. If the secondary structure within the genomic termini is the only factor 

mediating this interaction, then we should expect that sfRNA and genomic vRNA 

would be enriched on ERI3 at the same rate. If however, ERI3 has a role in processing 

genomic RNA but not sfRNA, it might be found that sfRNA is not as enriched. sfRNA 

have been demonstrated to be the degradation products of other exonucleases, 
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particularly Xrn1 and there remains the possibility that they are acted upon by multiple 

exonucleases including ERI3. These studies are currently being undertaken by members 

of the Garcia-Blanco located at Duke-NUS in Singapore. 

 

This physical interaction might also be extended through fine mapping 

experiments that identify regions of the viral genomic termini that are required for ERI3 

binding. This could be done using the same RNA constructs discussed in the section 1.7 

that were used to first identify the interaction between viral RNA and ERI3. Deletion 

series have been made with various lengths of 3’ UTR removed from tobramycin 

aptamer RNA constructs. This would be complicated if deletions of a segment of the 

ERI3 protein destabilize structures distal to its site or interferes with binding of other 

cofactors to the exonuclease that aid RNA binding. These studies are also currently 

underway and promise to further narrow the determinants of this interaction. 

 

Finally, mutations could be engineered into the exogenously expressed ERI3 to 

identify protein determinants of this interaction. It would be particularly exciting if 

simple amino acid residue changes in ERI3 could make this protein no longer function 

as a host factor for dengue virus. One could envisage using CRISPR Cas technology to 

make small genetic lesions within the ERI3 gene that could abolish the interaction 
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between ERI3 and dengue viral RNA which might in turn prevent it from promoting 

viral replication. 

 

2.4 Summary of Identification and Validation of ERI3 

Evidence from a genome-wide RNAi screen and an RNA chromatography screen 

that suggest that the host protein ERI3 is necessary for robust viral infection of cells and 

has a physical interaction with the viral RNA. The various limitations of these two 

approaches have been discussed and the need for validation has been explained. 

Knockdown of this gene with multiple independent siRNAs reduced viral RNA 

abundance as well as nascent infectious virion production. Validation efforts have 

proven the complementary approach to the RNA affinity chromatography result, 

showing that expression of ERI3 is sufficient to enrich flaviviral RNA but not viral RNA 

of other viral families. Thus, this chapter has presented evidence that warrants further 

study of ERI3 and its connection to dengue virus and proven the importance of ERI3 as a 

host factor for the virus, likely through its physical interaction to the viral RNA. 
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3 Biochemical Activity of ERI3 

 

3.1 Structure of ERI3 

ERI3 is encoded in the minus strand orientation on chromosome 1 of the human 

genome. The gene consists of 9 codons organized over a total of 134,198 bases with 

dozens of ESTs supporting the annotation of three protein coding isoforms. The 

canonical isoform encodes a protein of 37,238 daltons in contrast to the second isoform 

which includes an alternative sequence prior to amino acid residue 162 yielding a total 

size of 25,009 daltons. The third protein coding isoform lacks residues 1-209 and encodes 

a protein of 14,542 daltons. Computational analysis of the gene sequence identifies an 

enzymatic motif including 5 catalytic residues: D150, E152, D249, D307 and H312. 

Together these residues constitute a DEDDh motif that shows substantial similarity to 

RNase T. Thus, ERI3 is inferred to be an exonuclease based upon the presence of its 

DEDDh motif.  

 

A metanalysis of proteomic data estimates that ERI3 is highly expressed in many 

cell lines and primary cells with an estimated parts per million ranging from 163 in 

HuH-7 cells to less than 5 in Natural Killer cells (36). Microarray and sequencing data 

show that ERI3 is expressed in cells of every type that have been studied including 
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immune, nervous, muscle, internal, secretory and reproductive tissues. Further, when 

similar testing was done of cells in various anatomical compartments, all cells were 

found to express ERI3. This is significant because it allows the possibility that ERI3 is 

expressed in many of the same cells that are subject to dengue infection the virus first 

infects monocytes and eventually infects a variety of cell types including hepatocytes. 

 

Studies of the localization of ERI3 presented in the Sigma Human Protein Atlas 

demonstrate immunopositivity in both the cytosolic and nuclear compartments of many 

different cell lines. Validation efforts with antibodies used for this application 

demonstrate binding to proteins of 17-28 kDa and 36-56 kDa and protein array with 

many antigens determine that the binding of this antibody is highly specific to the 

expected protein. This localization in cytoplasm is consistent with the location of the 

dengue virus during infection and thus would not preclude a physical interaction. 

 

Previous studies have examined the interactions of ERI3 with other proteins in 

the cell. ERI3 has been shown to interact with 3 proteins by 2 yeast hybrid assays: PRNP, 

Ubiquitin C and TTK protein kinase though the relevance of these interactions to dengue 

infection is unclear and may be irrelevant. Several other proteins have been linked to 

ERI3 through text mining efforts including YTHDC2, TOX, G3BP2, GRB2, SLC6A9, 
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B4GALT2 and NIPSNAP3A. G3BP2 has been shown by our own group to be relevant to 

dengue infection in that they are targeted by viral sfRNAs to limit the production of 

interferon stimulated genes IFIT2 and PKR which antagonize viral replication (37). None 

of these other proteins have an obvious connection to the biology of dengue virus. This 

information provides some insight that ERI3 is capable of binding to other cytosolic 

proteins and these proteins may play a role in the biology of this gene. 

 

ERI3 is an evolutionarily conserved gene with homologs in many different 

species. Homologene records 11 orthologs of ERI3 in ancestral species of Homo sapiens. 

Chimpanzees, mice, rats, dogs, cows, opossums, chickens, lizards, multiple species of 

frogs and worms all possess a clear ortholog for ERI3. Notably absent from this list are 

mosquitoes, which aside from humans are the only other host for dengue virus. 

However, when one considers just the C terminal domain of ERI3, a BLASTP search 

yields a clear Aedes aegypti homolog for ERI3 with 36% identity and 48% positive 

residue matches particularly around the catalytic residues of the DEDDh motif. The 

mosquito homolog of ERI3 will be discussed at length later in this document. 

 

3.2.1 Accessory and Catalytic Domains 
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Uniprot divides ERI3 into two domains: one largely unstructured domain from 

amino acid residues 1-132 and a second more heavily structured domain from 133-320. 

The first domain will be referred to as ‘accessory’ while the second domain which 

contains the catalytic DEDDh residues will be referred to as ‘catalytic’. The catalytic 

domain has been crystallized and imaged by x-ray crystallography which yielded a 

structure consistent with the proposed function as an exonuclease  

 

3.2.2 DEDDh Motif 

The DEDDh motif found within ERI3 is common to all members of the DEDD 

exonuclease superfamily which all contain the same conserved residues. Other members 

of this family include RNase T, RNase D, DNA exonucleases, DNA polymerase III, Pan2, 

DAN, Rex proteins and oligoribonucleases. This superfamily is further divided by their 

inclusion of a fifth residue, a histidine or tyrosine that interacts with the core four acidic 

amino acids but does not directly contact the substrate. ERI3 contains a histidine at this 

fifth position. The five important residues are involved in coordinating magnesium ions 

to catalyze the removal of a nucleotide from the 3’ end of an oligonucleotide substrate. 

As such, EDTA which chelates magnesium and calcium ions out of solution has been 

demonstrated to inhibit the activity of this kind of enzyme. 
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3.2.3 Analogy to hExo 

In 2004, ERI3 family member ERI1 was discovered to suppress RNAi mediated 

silencing in C elegans by directly degrading siRNAs (38). Later this protein was also 

shown to interact with histone transcripts and degrade them in a 3’ to 5’ 

exoribonucleolytic fashion. In depth biochemical characterization of this protein showed 

that like ERI3, ERI1 contained an accessory and catalytic domain and that mutation of 

the DEDDh residues was sufficient to abrogate its activity as an exonuclease (39). Due to 

the similarity between ERI1 and ERI3 in structure, sequence and phylogeny, ERI1 was 

used as a control and comparator in experiments that probed the activity of ERI3 on 

RNA substrates. 

 

3.3 Activity of ERI3 on RNA 

Given the association between dengue viral RNA and ERI3 discussed at length in 

the previous section, it is reasonable to investigate the activity of the enzyme on RNA in 

hopes that dissection of its function will provide insights into how it is aiding the viral 

lifecycle.  
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3.3.1 Experimental Rationale and Approach 

We proposed that ERI3 would act in a similar fashion to ERI1 in degrading RNA 

substrates in the 3’ to 5’ direction and would be blocked by regions of double stranded 

RNA. Further, we expected that this activity would depend upon magnesium ions being 

present in solution.  

 

We generated p32-labeled in vitro transcribed RNA using the mouse H2a gene as 

a substrate. This substrate was selected because it is the biological substrate for ERI1 and 

thus the activity of both proteins could be compared. This RNA contains a 

thermodynamically stable stem loop structure at nucleotides 26 through 42, with 6 

watson-crick base pairing nucleotides. The remainder of the substrate is not predicted to 

form any stable structures by mfold analysis suggesting that in these assays, there 

should only be double stranded RNA at the site of the stem loop and the remaining 

RNA would be linear. The full-length substrate is 82 nucleotides and 50 fmols were used 

in all assays. 

 

We also prepared recombinant ERI3 by expression from sf9 cells infected by 

transgenic baculovirus. We attempted to express full length ERI3 as well as the catalytic 

domain only but found that no baculovirus could be recovered from sf9 cells transfected 
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with bacmid encoding the full length, thus all assays were performed with the catalytic 

domain of ERI3 only. A mutation of the third residue of the DEDD motif was also cloned 

into and expressed alongside the wildtype ERI3 protein to serve as a catalytically 

inactive control. Enzymes were generated with a 6X Histidine tag at the N terminus 

such that it could be purified on a nickel column. The purified fractions are shown in the 

coomassie stained gel figure (figure 12). Bradford analysis was applied to the 2nd elution 

fraction for each protein and it was determined that the wildtype enzyme was 4 times 

more concentrated than the D249A mutant, so in all future assays, this disparate 

concentration was accounted for and wildtype was diluted as appropriate. Despite the 

difference in concentration, the relative purity of both enzymes was quite high and the 

contaminating bands were in the same position in both cases.
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Figure 12 Purification of Recombinant ERI3 

HIS-tagged ERI3 catalytic domain was cloned into pBacFast plasmid and 
transfected into sf9 cells. Three rounds of baculovirus infection were conducted and 
lysates from the final infection were collected. Proteins were purified using Nickel beads 
and eluted with Glutathione. Elution fractions were electrophoresed and stained by 
coomassie. Wildtype and D249A mutants were generated alongside one another.  

 

Recombinant proteins were combined in solution with 1 ug/ml bovine serum 

albumin and tris chloride buffer with radiolabeled RNA substrate at 37 degrees Celsius 

for one hour. The resulting product was denatured with 40 microliters of 7M urea and 

boiled for 5 minutes to completely denature the secondary structure of the probe. One 

tenth of the reaction was loaded onto a warm 8% urea polyacrylamide gel and run for 20 
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minutes. The gel was exposed to film or phosphoimager screens and analyzed for 

degradation patterns of the probe. 

 

3.3.2 Experimental Parameters 

To apply this assay to ERI3, several parameters for the reaction needed to be 

optimized. We tested this reaction setup at various time points to determine how long it 

would take the enzyme to fully complete the reaction and process the substrate to 

completion. Also, we varied the concentration of enzyme to determine how much 

protein was required to process RNA.  

 

3.3.2.1 Time Dependence 

Recombinantly expressed wildtype and catalytically inactive ERI3 were tested 

with radiolabeled RNA substrate for various lengths of time and analyzed by 

denaturing polyacrylamide gel. Figure 13 shows the relative extent of processing of the 

ERI3 enzyme after 5, 15, 30 and 60 minutes of incubation at 37 degrees Celsius. The first 

two lanes demonstrate the initial size of the RNA substrate with the first lane being 

unincubated RNA and the second being RNA that was incubated without protein for 60 

minutes. The next four lanes show samples that were processed by wildtype enzyme for 

5, 15, 30 and 60 minutes respectively. After 5 minutes of incubation, the RNA is nearly 
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indistinguishable from the control lanes whereas by 15 minutes, there is degradation of 

the original probe into various intermediate sized products. In both cases, 

mononucleotides from degraded probe appear at the bottom of the gel. By 30 minutes 

about 50% of the input probe is processed into various products, with the appearance of 

the fully processed product at 42 nucleotides. By 60 minutes, nearly all the initial probe 

is processed into the final product and thus this time point was used for all future 

assays. In the final lane, the 60-minute sample was incubated with EDTA as a control 

and no degradation can be seen. 
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Figure 13 Time Dependence of ERI3 Degradation of RNA 

ERI3 wildtype and D249A mutant protein was incubated at 37 degrees Celsius 
for various lengths of time with probes. Equal concentrations of enzyme were used for 
wildtype and D249A. P32 radiolabeled probes were generated fresh and purified on a 
G50 column. Resulting reactions were analyzed by denaturing PAGE and 
autoradiogram is shown. Controls included probes on ice and incubated at reaction 
conditions. Wildtype enzyme combined with EDTA was also used as a control. 

 

In the next four lanes, the same time points were incubated with D249A mutant 

ERI3. The wildtype ERI3 had been diluted 1:4 such that the final concentration of each 
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enzyme was identical. At each of the time points tested, the catalytically inactive ERI3 

failed to process the initial RNA in any meaningful way. There is slight evidence of 

activity as shown by the accumulation of mononucleotides but these bands are 

substantially less intense than even the 5-minute sample for the wildtype enzyme. Thus, 

we concluded that the catalytic mutation was sufficient to abrogate activity in this assay 

and that the reaction had gone to completion by 60 minutes. 

 

3.3.2.2 Concentration Dependence 

The same enzymes were used to test for activity at various concentrations of 

protein. The setup for this experiment was like the previous one showing a time 

dependence. The first two lanes served as controls for the probe. The next four lanes 

represent four-fold serial dilutions of wildtype enzyme, beginning with a four-fold 

dilution. At 18.75 pmol there is nearly complete degradation of the input substrate to its 

fully processed form. At 4.6875 pmol, only about 50% of the input probe is degraded to 

the final product. At the lowest two dilutions, very little of the RNA has been processed. 

The mononucleotide bands show that there is some degradation occurring at 1.18 pmol 

but almost none at 0.29 pmol. The final lane serves as a control with EDTA preventing 
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any processing despite the high concentration of wildtype enzyme. (Figure 14) 

 

Figure 14 Concentration Dependence of ERI3 Degradation of RNA 

Varying amounts of wildtype and D249A recombinant ERI3 were incubated for 
60 minutes at 37 degrees Celsius with P32 radiolabeled probe. Resulting reactions were 
analyzed by denaturing PAGE and autoradiogram is shown. 5 fold dilutions of enzyme 
were used. Controls include probes that were incubated on ice, at reaction temperature 
and reaction temperature with EDTA and enzyme. 

 

In contrast, the D249A enzyme does not appear to be active at any concentration. 

Only a small amount of mononucleotides are present at the highest concentration which 
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underscores the profound effect of this mutation. Thus, for all future experiments with 

ERI3 in this assay, 18.75 pmol of enzyme was used. 

 

3.3.3 Duplex Substrates 

The activity of ERI3 on RNA substrates containing secondary structure has not 

been explored but would be predicted to be blocked by regions of duplex RNA similarly 

to its family member ERI1. To determine its activity, we generated oligonucleotides with 

reverse complementarity to the mouse H2a substrate. These oligonucleotides were 

synthesized with a 2’ O Methyl group at the final nucleotide on the 3’ end to prevent the 

possibility of degradation of the complementary oligonucleotide by ERI3. Two different 

oligonucleotides were tested, one that spanned from nucleotides 45-57 and a second one 

from 59-71. Thus, when the first duplex was generated, there would be single stranded 

RNA from the 3’ end to nucleotide 58 and when the second duplex was generated, there 

would be single stranded RNA from the 3’ end to nucleotide 71. When no duplex was 

formed, the stable stem loop would generate single stranded RNA from the 3’ end to 

nucleotide 42. If ERI3 acts as we predicted and is blocked by the presence of double 

stranded RNA, it should only degrade to nucleotides 71, 57 or 42 of the mouse H2a 

substrate when combined with oligonucleotide 2, oligonucleotide 1 or no secondary 

oligonucleotide, respectively. Indeed, this is what was observed when the reaction was 
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carried out as described (figure 15). As predicted, the catalytic mutant of ERI3 was 

unable to degrade the substrate in any meaningful way. Therefore, we conclude that 

ERI3 can act as a 3’ to 5’ exoribonuclease that is blocked by double stranded 

RNA.  

 

 

Figure 15 ERI3 Degradation of RNA Blocked by RNA Duplex 

Schematic representation of radiolabeled probe with complementary 
oligonucleotides is shown. Oligonucleotides anneal at indicated positions. Wildtype and 
D249A ERI3 recombinant protein was incubated for 60 minutes with probe and 
complementary oligonucleotides. Resulting products were analyzed by denaturing 
PAGE and autoradiogram is shown. Controls included probe incubated on ice, at 
reaction temperature and at reaction temperature with EDTA. 
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3.4 Comparison of Activity to ERI1  

ERI3 was compared directly to ERI1 (hExo) in figure 16 in the same assay as in 

the previous section. This data demonstrates that ERI3 and ERI1 act consistently with 

regards to directionality, sensitivity to duplexes and exonucleolytic activity. It is then 

tempting to apply known information about the function of ERI1 to the potential activity 

of ERI3. Previous studies have shown that ERI1 interacts with its RNA substrate in a 

cooperative binding event with stem loop binding protein (SLBP) (40). Gel shift assays 

show that the binding of ERI1 to histone RNA is more efficient when SLBP is also 

bound. Thus, there may be a secondary protein that interacts with ERI3 to mediate its 

association with dengue RNA. This is plausible as many proteins are known to associate 

with the 3’ terminus of dengue RNA (41). Because we isolated ERI3 as a binding 

interactor of the dengue RNA, we know that it is capable of binding in the presence of 

other proteins in the lysate. However, if lysate lacking the relevant binding partner were 

used, perhaps we would find that ERI3 is unable to bind efficiently to the viral RNA. 

ERI3 has been previously used as a bait protein in a two-yeast hybrid assay, thus it 

would be interesting to compare the hits from this assay with dengue RNA 3’ end 

binding partners. PRNP, UBC and TTK have all been shown to bind to ERI3 and UBC 

was identified by the RNAi genome-wide screen as a proviral host factor for dengue (42, 
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43, 44, 45). It may be that ERI3 interacts with UBC in the same way that ERI1 interacts 

with SLBP. 

 

Figure 16 ERI3 Compared to hEXO in Degrading RNA 

Oligonucleotides anneal at indicated positions. Wildtype and D249A ERI3 and 
hEXO ERI1 wildtype recombinant proteins were incubated for 60 minutes with probe 
and complementary oligonucleotides. Resulting products were analyzed by denaturing 
PAGE and autoradiogram is shown. Controls included probe incubated on ice and at 
reaction temperature  
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3.5 ERI3 Activity on DENV2 RNA Substrates 

Modification of the 3’ end of the dengue RNA genome may have profound 

effects upon the replication of the virus. Others have demonstrated that small mutations 

in the 3’ end have significant impacts upon flaviviral RNA synthesis and translation (46). 

These authors posited that the terminal dinucleotide was vital to RdRP initiation to 

generate the anti-genomic template strand from which more positive strand genomes 

could be made. Furthermore, others have shown that while replication is hampered by 

mutation or deletion of the terminal nucleotides, dengue virus can replace damaged 

RNA ends (47). It is known that viral RdRP possess a terminal transferase activity and it 

is possible that tailing of the viral RNA by the RdRP followed by trimming of overly 

long tails by ERI3 may form optimal length 3’ ends (48). To this end, we tested whether 

ERI3 could modify viral RNA in vitro. 

 

3.5.1 In Vitro Processing of Viral RNA by ERI3 

The 3’ end of the viral RNA was generated by in vitro transcription. The final 108 

nucleotides were selected as these were the minimal required sequence for ERI3 

interaction in the RNA affinity chromatography fine mapping experiments. The RNA in 

this region has been shown to exist in two conformations in vivo: circular and linear 

(49). When the genome is in its circular conformation, the 3’ terminal RNA forms two 



 

 

67

stem loops with the larger stem loop A followed by a shorter stem loop B (50). This 

circular conformation of the viral genome favors translation of viral proteins while the 

alternative favors RNA synthesis. When the circular conformation is lost, a linear 

conformation exists which contains a single longer terminal stem loop (50). Thus, it is 

possible for this substrate to exist in either of two conformations in vivo but for our 

purposes mfold predicts that there are four nearly equally likely conformations of our 

substrate (figure 17 and 18). In three of the thermodynamic models, the 3’ end contains a 

single long terminal stem loop identical to that of the linear conformation of the full 

genome. In the other conformation, the 3’ end is ordered into two terminal stem loops 

which are identical to the terminal stem loops A and B of the circular conformation.  
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Figure 17 mFold Predictions of Linear and Circular Dengue RNA 
Conformations 

mFold predictions of RNA conformations of Dengue 3’ ends. Both linear and 
circular conformations are shown. Lowest thermal energy predictions are included. 
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Figure 18 Model for Dengue RNA Synthesis with Linear and Circular 
Conformations 

Conceptual model for Dengue RNA synthesis with both RNA conformations. 
Demonstrates folding of 3’ ends of RNA into single large stem loop or multiple smaller 
stem loops. Shows binding and activity of RdRP on RNA substrate. 

 

This substrate was transcribed with radiolabeled nucleotides and treated with 

ERI3 as previously described. When 80 picomoles of wildtype recombinant ERI3 was 

added, we found a single degradation product was formed. At lower concentrations of 

enzyme, less of this product was formed but there were no intermediate degradation 
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products indicating that the enzyme does not encounter any stable or metastable 

structures between the 3’ end and the complete degradation product. This degradation 

product is 15 nucleotides shorter than the full-length product. 15 nucleotides from the 3’ 

end is the beginning of the longer terminal stem loop A in the circular conformation of 

the viral genome and the catalytic mutant ERI3 does not produce any degradation 

product as expected (figure 19). Thus in vitro analysis of ERI3 shows that the enzyme 

can degrade the terminal stem loop B when the RNA is in its RNA synthesis 

conformation. 

 

Figure 19 ERI3 Degrades the Stem Loop A at the 3’ End of the Dengue Genome 

3’ Ends of Dengue RNA are synthetically generated with radiolabeled p32 
nucleotides and degraded by recombinant wildtype ERI3. Size markers are prepared to 
determine except size of degradation product. 

 



 

 

71

3.6 Summary of Biochemical Activity of ERI3 

Thus, we have examined the ERI3 gene and for the first time established that it 

can act as a 3’ to 5’ exoribonuclease. Further we elucidated the impact that double 

stranded regions of RNA have upon its activity. An assay was developed to study its 

activity with respect to various parameters including time, concentration and 

temperature. Further, a specific mutation of a single amino acid residue was sufficient to 

abrogate the nucleolytic activity of this enzyme.  

 

ERI3 is capable of degrading RNA substrates that match the sequence and 

structure of the dengue viral RNA 3’ end. ERI3 degrades the terminal stem loop A that is 

only present while the viral genome is in its linear conformation during RNA synthesis.  
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4. Identification of ERI3 Inhibitors 

 

4.1 Experimental Rationale and Approach 

To identify small molecule inhibitors of the biochemical activity of ERI3, 

we leveraged our understanding of the exonucleolytic activity upon a labeled 

RNA substrate in the presence of drug candidates. The rationale for this project 

was that blocking the activity of the gene product would limit the ability of the 

dengue virus to replicate in a similar fashion to the reduction of the gene product 

by short inhibitory RNAs. Therefore, pharmacological inhibitors of the ERI3 may 

prove to be useful in reducing viral replication and provide promise for clinical 

management of the disease. 

 

4.1.1 Assay Development 

We developed a high throughput assay utilizing fluorescently labeled 

nucleotides that would be amenable to screening existing libraries of 

compounds. In previous experiments, we identified a 3’ to 5’ exonucleolytic 
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activity associated with recombinant ERI3. This activity terminated at double 

stranded regions of RNA such as hairpin structures.  

 

4.1.1.1 Modified Substrate 

In this project, we replaced the hairpin structure at the 5’ end of the RNA 

template with a quencher molecule. Degradation of the RNA substrate in this 

case would leave a quencher free from any RNA sequence. In addition, we 

generated a reverse complementary DNA sequence bearing a fluorophore at the 

3’ end.  

 

4.1.1.2 Fluorescent Detection Readout 

In the absence of catalytic activity of ERI3, the RNA substrate with the 

quencher and DNA substrate with the fluorophore would anneal at assay 

conditions and the quencher would extinguish fluorescent signal arising from 

the fluorophore. In contrast, if the activity of ERI3 were intact, the RNA substrate 

would be degraded and thus no sequence would be present to anneal to the 

DNA substrate with the fluorophore and fluorescent signal would be detected. 

The fluorophore used in this assay was the DY488 alexa fluorophore designed by 
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Thermo Fisher which produces an emission spectrum with a peak at 488 

nanometers. The quencher molecule in this assay was alexa 555 which absorbs 

light emissions at 488 nanometers thus neutralizing the fluorophore. All readouts 

were done using Perkin Elmer Envision fluorescence reader.  

 

4.1.2 Tolerance Testing 

To establish ideal conditions for testing, we tested this assay in 384 well 

plates with a variety of different variables including enzyme concentration, 

reaction temperature, reaction time, and DMSO concentration. Initial assay 

development efforts were conducted in Eppendorf tubes and the demands of 

high throughput screening required that the assay be scaled to 384 well plates. 

This presented the opportunity to optimize reaction conditions. 

 

We utilized 20 mM EDTA, a chelating agent that we have shown 

abrogates ERI3 activity, as a positive control to mimic the impact of a successful 

small molecule inhibitor. In the first optimization experiment, we determined 

how long it would take for the quencher DNA molecule to reduce the fluorescent 

signal from the RNA substrate and how stable the signal would remain. Thus, 
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we combined 0.5 ul of 10X exonuclease buffer (1350 mM KCl, 500 mM Tris, 25 

mM MgCl2) and 0.5 ul of 1 uM (Final 20 nM) Quencher RNA (Alexa555) and 0.1 

ul of ERI-3 in 5 ul in water and incubated the reaction for 1 hour at 37 degrees 

Celsius. Then to each well, we added 20 ul of DNA dye mix. 2 ul of 10X dye 

buffer (3000 uM NaCl, 1% SDS), 0.125 ul of 1 uM DNA dye (Alexa488) in 20 ul in 

water and incubated the reactions for various times before reading the 

fluorescence on the plate at 485 nanometers. In figure 20, we observe that at 30 

minutes after the addition of the detection reagent, there is a robust difference 

between reactions treated with EDTA or not (No EDTA mean=51,635 arbitrary 

fluorescent units, EDTA mean=1,690,472 arbitrary fluorescent units). However, 

the error associated with these measurements exceeds 16% and 12%, as 

calculated from the coefficient of variation. These high error values result in a Z’ 

score of 0.24 which is suboptimal as the NIH Highthroughput Screening 

Guidebook recommends a Z’ score of 0.6-0.8. In contrast, when the same plates 

were scanned at 2 hours, the error values dropped to 6% and 4%, respectively, 

which yields a Z’ score of 0.66 which meets the stated criteria for a reliable assay. 

At later time points as long as 3 days following the addition of detection reagent, 

error rates and Z’ scores remain at levels appropriate for a screening assay. 
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Figure 20 Timecourse of ERI3 Inhibition Assay 

Highthroughput ERI3 inhibition assay shown using ‘no compound’ and ‘EDTA’ 
controls to generate high and low fluorescence. Arbitrary fluorescent units are on the y 
axis for assays performed with both controls. Detection reagent was added and reactions 
were incubated for varying time periods shown on x axis. Calculated Z scores are shown 
at each time interval. 

 

It was also important to assess the reaction temperature to determine if 

the assay must be conducted at 37 degrees Celsius or if room temperature was 

sufficient to observe our intended effect. This was significant because the 

reaction plates would need to be prewarmed at 37 degrees Celsius and outer 

rows and columns could not be used due to temperature and plate effects if the 

higher temperature were required. In figure 21, the results of this study 
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demonstrate that at room temperature, we cannot distinguish between reactions 

with and without EDTA. Multiple different concentrations of recombinant 

enzyme were used, and even at the highest concentration, there was no 

significantly detectable difference between samples with and without EDTA at 

25 degrees Celsius. In contrast, at 37 degrees Celsius, comparisons with and 

without EDTA were highly statistically significant and the Z’ score was more 

than 0.96. Therefore, we assessed that the assay requires incubation at 37 degrees 

Celsius.
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Figure 21 Temperature Optimization of ERI3 Inhibition Assay 

Highthroughput ERI3 inhibition assay performed at 25 and 37 degrees Celsius 
with and without EDTA. Arbitrary fluorescent units are shown on y axis. 

 

The appropriate concentration of enzyme was determined by titrating the 

amount of recombinant ERI3 and observing the impact upon the assay. We 

compared recombinant ERI1 and ERI3 at three different concentrations by 

adding 0.125 ul, 0.25 ul or 0.5 ul of enzyme to each reaction. In figure 5.3, we 

observe that at each concentration, EDTA dramatically reduces fluorescent signal 

for both enzymes. In contrast to ERI1, ERI3 is identical at each enzyme 
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concentration, whereas at the highest concentration of ERI1, the signal for 

reactions containing ERI1 is slightly lower indicating that ERI1 may not reach its 

maximal effect at lower concentration. This is gratifying to observe as it indicates 

the recombinant ERI3 used in this assay exceeds the performance of its family 

member. 

 

Figure 22 Concentration Optimization of ERI3 Inhibition Assay with ERI3 and 
ERI1 (hEXO) 

Highthroughput ERI3 Inhibition Assay for ERI3 and ERI1 (hEXO) using varying 
concentrations of recombinant enzyme. EDTA and ‘no compound’ controls were 
included. 
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The compounds contained in ready-made libraries are dried down into 

wells which must be resuspended in DMSO. Therefore, we reasoned that we 

must know if DMSO impacts the performance of the assay. We ran the assay 

with varying concentrations of DMSO present and reported the results in figure 

23. While compounds would be present in DMSO at a final concentration of 1%, 

we find that concentrations of DMSO ranging from 0.1% to 5% do not affect the 

performance of the assay. Thus, we concluded that compounds in DMSO 

composing up to 1% of the reaction volume would not harm the interpretation of 

the results. 
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Figure 23 DMSO Tolerance of ERI3 Inhibition Assay 

Highthrougput ERI3 inhibition assay performed in the presence of varying 
concentrations of DMSO from 0.1 to 5 %. Arbitrary fluorescent units are reported on the 
y axis. Reactions were also performed with EDTA as a control. 

 

Finally, to validate the final assay format, we ran the assay in full 384 well 

plates with two plates with reactions containing EDTA and two plates with 

reactions lacking EDTA for multiple days in a row to ensure a lack of day to day 

or plate to plate variation. This also permitted us to examine plate effects that 
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might result in certain well positions with systematically higher signal. In figure 

24, we find that replicate plates performed nearly identically to one another on 

all 3 days of testing. Further, we find Z’ scores remained at around 0.8 which is 

more than sufficient to warrant further study with this assay.   

 

Figure 24 Day to Day Variation in ERI3 Inhibition Assay 

Daily variability in highthroughput ERI3 inhibition assays is shown. Arbitrary 
fluorescent units are reported for assays conducted independently over 3 consecutive 
days. EDTA was used as a control to generate the low values. Z scores were calculated 
for assays run each day. 
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4.1.3 Library Choice 

Dengue virus impacts a disproportionately large number of individuals in 

relatively poor countries thus we felt it would be ideal to identify small molecule 

inhibitors of ERI3 for treatment of dengue virus that would require the least 

expense to bring to clinical usage. To do this, we chose libraries of small 

molecule inhibitors that contained previously studied compounds for which 

there is already extensive pharmacological data and in some cases, the 

compounds are currently in clinical use for other conditions. 

  

4.1.3.1 LOPAC Library and Drug Repurposing 

The Library of Pharmacologically Active Compounds (LOPAC) is a 

diverse library of small molecule inhibitors of all major classes which often 

serves as an entry point into screening studies due to its relatively small size 

(1280 compounds) and high diversity. LOPAC contains many drugs for which 

FDA safety trials have been conducted and thus would satisfy our goal of 

identifying compounds that require minimal clinical development to bring to at-

risk populations. Several of the compounds that met safety testing requirements 
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failed in efficacy trials for the initial intended usage thus making them ideal drug 

candidates as they would represent a possible valuable use for otherwise 

worthless intellectual property and clinical development efforts. 

  

4.1.3.2 Kinase Library Screen 

The second library we chose to screen contained 15,000 compounds that 

had been collected as potential kinase inhibitors. In contrast to LOPAC, the 

kinase library did not contain a diverse set of compounds but instead focused on 

chemical structures that were more likely to block the activity of phosphate 

manipulating enzymes which includes DNA binding proteins. Also in contrast to 

LOPAC, the kinase library contained compounds that had not been previously 

studied for safety tolerance and would therefore take longer to develop for 

clinical use. However, the kinase library compounds include many more and 

completely novel compounds that we would not have tested in the smaller 

LOPAC library. Any potential hits from this library might be further 

manipulated by iterative chemical reactions to add and remove functional 

groups from an existing scaffold molecule to modify safety and efficacy. 
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4.1.4 ERI3 Performance in Screens 

In the screen using the LOPAC library of 1280 compounds, 32 compounds 

at 100 micromolar concentration were identified as hits that block the catalytic 

activity of ERI3. The assay was completed in two independent experiments 

initially and concordance between the two experiments yielded an R-squared 

value of 0.60 owing in part to 6 discordants that were explored further. In the 

absence of these discordants which were all resolved in later assays, the R-

squared value for the remaining 1274 compounds was 0.73. 

 

“No compound” controls yielded a mean of 1,743,053 arbitrary fluorescent 

units (AFU) with a standard deviation of 35,041 AFU across all four plates in 

both experimental repeats. Positive “EDTA” controls yielded a mean of 577,929 

AFU with a standard deviation of 8,075 AFU across all four plates in both 

experimental repeats. This generated an average Z’ score of 0.79 across all plates 

which indicates that results on any given plate could be directly compared to 

results on any other plate with a high degree of statistical reliability. For a 

compound to be declared a hit, its AFU value must be within 3 standard 

deviations of the positive “EDTA” control. This is shown in figure 25 in which 
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each well is represented by a black circle. The “no compound” and “EDTA” 

controls for all plates are shown and the compounds are arrayed by well position 

from 1-1280.  

 

Figure 25 Performance of LOPAC Library Compounds Against ERI3 

All LOPAC compounds were tested in the highthroughput ERI3 
inhibition assay and arbitrary fluorescent units are reported on the y axis. ‘No 
compound’ and EDTA controls are included. Drug candidates of focus are 
labeled with numbers and names. 
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The controls for the screen with the kinase library performed similarly to 

the controls in the screen with the LOPAC library. These are shown in figure 26. 

The Z’ scores and levels of standard deviation were quite similar between assays 

even though the kinase assay contained 16 plates of compounds while the 

LOPAC assay contained only 4 plates of compounds.
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Figure 26 Control Wells from Kinase Library Screen 

No compound and EDTA controls are shown for all wells in the 
highthroughput ERI3 inhibition assay conducted with kinase inhibitor library. 
Black squares indicate the ‘no compound’ controls while black triangles indicate 
the EDTA controls. 

 

In contrast to the first assay, the kinase library assay only identified 6 hits 

figure 27 among the 15,000 compounds as compared to 32 hits out of 1280 

compounds. This discrepancy can be explained by the fact that the latter library 
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is composed of compounds that are known to be biologically active and soluble 

whereas many of the compounds in the former library were not. This was the 

expected result. 

 

 

Figure 27 Raw Data from Kinase Library Screen 

Highthroughput ERI3 inhibition assay conducted with kinase inhibitor library. 
Arbitrary fluorescent units are reported on the y axis. Each compound is arrayed by 
arbitrary library identifier on the x axis. 
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4.1.5 Discordant Analysis 

Discordant analysis was only conducted for the LOPAC assay as the 

kinase assay was not performed in experimental replicates. There were 6 

compounds in the LOPAC assay that differed between the two experimental 

replicates. In each case, one of the experiments demonstrated a clear positive hit 

while the other demonstrated a clear negative. 3 of the 6 discordants were 

positive in the first assay while the remainder were positive in the second assay. 

 

The entire assay was repeated twice more and the results for these 

discordants were resolved. 5 of the 6 discordants were positive in 3 of 4 

experimental repeats; the remaining 1 was negative in 3 of 4 experimental 

repeats. It is likely that the false negatives were a resulted of a compound not 

being adequately added to a well by an automated robot or not being 

appropriately mixed before incubation. This error rate of 5 wells in 1536 wells is 

well within the stated tolerances of all equipment being used. 
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4.1.6 Lead Compounds 

All 32 LOPAC hits were positive in 3 of 4 independent experimental 

repeats and 27 LOPAC hits were positive in 4 of 4 independent repeats. These 

lead compounds are outlined in table 3. All compounds were publicly available 

from Sigma Aldrich. 7 of the 32 compounds were defined as belonging to a class 

of drugs that block phosphorylation events. Surprisingly, 5 of the 32 compounds 

have been previously used as dopamine agonists/antagonists; though the import 

of this is unclear. The 4 cheapest of these 32 hits were purchased and tested for 

potency; the results of this are shown in figure 28, where we observe inhibitory 

concentrations (IC50) of Bay11-7085 at less than 1 micromolar. In contrast, the 

IC50 of Mitoxantrone Dihydrochloride was around 33 micromolar. 
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Figure 28 Potency Testing of Compounds from LOPAC Screen Against ERI3 

Four compounds that scored as hits in the highthroughput ERI3 inhibitor 
assay conducted with the LOPAC library were tested at a variety of 
concentrations. Arbitrary fluorescent units are reported on the y axis. 

 

The lead compounds for the kinase assay were only identified by an 

arbitrary compound code unique to the screening facility. These 6 compounds 

are shown in figure 29 along with their chemical structures. A chemical 

clustering algorithm was applied to identify shared structural motifs in the hits 

but with so few identified hits, no individual structural motif was identified as a 

potential scaffold. Potency assays were conducted with these 6 compounds to 
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determine if any of them blocked ERI3 at particularly low levels and we 

observed in figure 30 that best of the compounds blocked ERI3 catalytic activity 

at inhibitory concentrations as low as IC50 = 1.2 to 3.7 uM which is in the same 

range as other compounds such as Ribavirin. 
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Figure 29 Chemical Structures of Compounds from Kinase Screen 

Chemical structures of hit compounds from highthroughput ERI3 inhibition 
assay conducted with kinase inhibitor library are shown. Unique identifiers, lot ID’s and 
degree of inhibition is reported. 
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Figure 30 Potency Testing of Compounds from Kinase Screen Against ERI3 

Six compounds that scored as hits in the highthroughput ERI3 inhibitor assay 
conducted with the kinase inhibitor library were tested at a variety of concentrations. 
Arbitrary fluorescent units are reported on the y axis. 

 

4.2 Validation of Lead Compounds from ERI3 Inhibitor Screen 

 

4.2.1 Experimental Rationale and Approach 

While we identified inhibitors that show anti ERI3 activity in our high 

throughput assay, we felt it was important to use a secondary validation assay to 
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ensure that the compounds we identified were positive because they inhibit the 

target and not for artefactual reasons. Since the initial assay relies upon a 

fluorescent readout, compounds with auto-fluorescence or fluorescence 

absorbing capacity would be particularly troublesome.  Therefore, we used the 

compounds with the RNA degradation assays that we had initially used to 

characterize the enzymatic activity of ERI3. ERI3 and ERI1 (hEXO) were 

compared as they are highly similar enzymes and compounds that impact them 

differently might be very interesting; further, since they are highly similar genes 

and ERI1 was uninvolved in dengue virus replication, ERI1 was a perfect control 

in biological systems and thus we wanted to know if pharmacological inhibition 

of ERI3 also impacted ERI1 with these lead compounds. 

 

4.2.2 Performance with ERI3 

Figure 31 and 32 shows the result of adding the 8 least expensive of the 32 

LOPAC compounds to RNA degradation assays. Each compound was added at 

100, 50 and 10 micromolar concentrations in a final concentration of 1% DMSO. 

All other parameters were kept consistent with previous exonuclease assays. The 

first lane in both gels is the labeled input probe which runs at 82 nucleotides in 
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an 8% Urea denaturing RNA gel. The second lane in both figures is the “no 

compound” control in which the 82-nucleotide substrate is degraded to its stem 

loop at 42 nucleotides leaving a band at 42 nucleotides and a second band of 

mononucleotides at the bottom of the gel. The third lane in both figures is the 

“EDTA” control that demonstrates complete inhibition of ERI3, and in this case, 

we see the substrate without any degradation at 82 nucleotides. Each compound 

is then run in decreasing order of concentration from 100, 50 to 10 micromolar. In 

figure 32, the following compounds were tested: Aurintricarboxylic Acid, 

Apomorphine Hydrochloride, Bay 11-7085 and Mitoxantrone Dihydrochloride. 

In each case, at 100 uM, all ERI3 degradation of the substrate is completely 

blocked. In the case of Bay 11-7085, a partial degradation product at 62 

nucleotides can be observed which likely correlates with a less stable hairpin that 

was not predicted by mfold but may exist in a transient manner nonetheless. At 

50 micromolar all compounds show an intermediate level of enzymatic inhibition 

while only Bay 11-7085 and Mitoxantrone Dihydrochloride show enzymatic 

inhibition at 10 micromolar. In the previous validation, these two compounds 

had IC50 values of less than 10 micromolar which may indicate that this assay is 

overly conservative. In figure 32, the following compounds were tested: 
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Myricetin, NSC95379, PD404182 and Quercetin. The patterns are like the first in-

gel validation figure except that the 100 micromolar NSC95379 sample only 

contains a single band at the size of mononucleotides indicating a failure of the 

input probe to be added to this tube. Myricetin and NSC95379 showed 

enzymatic inhibition at all concentrations tested while PD404182 and Quercetin 

were only effective at the higher two concentrations. Again, the potency 

validation assay for PD404182 and Myricetin demonstrated IC50 values below 

what was observed in this assay, further underscoring the conservative nature of 

this approach.
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Figure 31 In-gel Validation of Compounds Against ERI3 (Part 1) 

Wildtype recombinant ERI3 protein was incubated with radiolabeled probe in 
the presence of varying concentrations of compounds. Highest concentrations of 
compounds are 100 micromolar while the lowest are 10 micromolar. No compound and 
EDTA controls were used. 
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Figure 32 In-gel Validation of Compounds Against ERI3 (Part 2) 

Wildtype recombinant ERI3 protein was incubated with radiolabeled probe in 
the presence of varying concentrations of compounds. Highest concentrations of 
compounds are 100 micromolar while the lowest are 10 micromolar. No compound and 
EDTA controls were used. 

 

4.2.3 Performance with ERI1 

Given the high sequence and structural homology between ERI3 and 

ERI1, we would anticipate that ERI1 would be inhibited by many of the same 

compounds as ERI3. When a subset of these compounds that blocked enzymatic 

activity of ERI3 were tested with ERI1, all three compounds showed enzymatic 
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inhibition at 100 micromolar (figure 33). It is difficult to compare the efficacy of 

these compounds between the two enzymes as subtle differences in their 

preparation and purification could contribute to large discrepancies in their 

activity, but in initial experiments, the effectiveness of these compounds was 

more pronounced against ERI3 than ERI1 (data not shown). 

 

Figure 33 In-gel Validation of Compounds Against ERI1 (hEXO) 

Wildtype recombinant ERI1 (hEXO) protein was incubated with radiolabeled 
probe in the presence of 100 micromolar concentration of compounds. No compound 
and EDTA controls were used. 
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4.2.4 Summary of Lead Compound Validation 

Thus, we have identified 32 inhibitors of ERI3 in a screen of 1280 

compounds in the LOPAC library and 6 ERI3 inhibitors in a library of 

proprietary kinase inhibitors. The assays performed quite well and would be 

amenable to further screening in the future. The few discordants between 

multiple independent experimental replicate assays were resolved and 

overwhelmingly were false negatives, likely due to liquid handling errors during 

automation but only account for less than 0.3% of the compounds tested. Several 

candidate compounds were selected for further validation and showed repeated 

activity against ERI3 catalysis on RNA substrates. These compounds were tested 

to determine their potency and several were found to have IC50 values in the 

single micromolar range or less. In addition, a second unbiased validation assay 

was employed to determine if these compounds had inhibitory effect on ERI3 

using radiolabeled RNA and denaturing Urea gels. All compounds tested 

performed as expected at 100 micromolar and several performed well even at an 

order of magnitude lower concentration. Finally, some of these compounds were 

also tested against the related exonuclease ERI1 and appear to be inhibitory of 

other exonucleases aside from just ERI3, suggesting a potential utility outside of 
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this narrow context. In work that was not discussed, these compounds were used 

in cell culture and in live mosquitoes with dengue infection to test their ability to 

block viral replication.  
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5. Background on Malaria and Molecular Epidemiology 

Malaria is caused by Plasmodium parasites that are transmitted by the Anopheles 

spp. mosquitos. Malaria is transmitted across much of the tropical world with the highest 

prevalence of infection in sub-Saharan Africa and Southeast Asia (63). Symptoms of 

malaria include high fever, chills and aches, which in untreated populations, 

particularly children, may be fatal. Indeed, there were an estimated 215 million cases 

resulting in 438,000 deaths worldwide in 2015 (61). These staggering numbers 

underscore the importance of clinical diagnosis, treatment and prophylaxis, which 

would benefit from a thorough understanding of the molecular epidemiology of the 

parasite (54). Understanding the transmission patterns of individual lineages of 

parasites, geographic scales of transmission, and genetic diversity of pathogens would 

directly improve the ability to define the most at-risk populations, predict the spread of 

drug resistant parasites and determine where potential vaccines would be of most value. 

 

Molecular epidemiology approaches have been successfully utilized to genotype 

parasites to understand the molecular basis for and to track the spread of resistance 

across southeast Asia (66) and sub-Saharan Africa to chloroquine (53), sulfadoxine (68), 

and pyrimethine (67). Further, molecular epidemiology genotyping approaches have 

assisted us in understanding the prevalence of risk factors for the disease such as 



 

 

105

hemoglobinopathies (62). Also molecular epidemiology approaches have been used to 

track the source of infection to better define transmission patterns (55). These 

technologies have also been useful in defining populations that serve as reservoirs, 

fueling more infection of those around them, generating hot spots of infection (56,57,58). 

 

In this document, we discuss the use of an overlap extension barcoding approach 

to genotype Plasmodium falciparum parasites isolated from bloodspot samples collected 

from a population of individuals in Western Kenya. We will describe the burden of the 

malaria on global health and define the parasites that cause it. We will address the 

existing obstacles of drug resistance and later describe how overlap extension barcoding 

was used to investigate a gene associated with artemisinin resistance in the study 

population. Then, the predominant vaccine candidate in development, RTS,S/AS01, will 

be discussed and we will use the barcoding approach to understand the presence of 

parasites with genotypes most amenable to the protection afforded by this vaccine. 

Finally, we will discuss the interrogation of population genetics of the P. falciparum 

parasites using the pf-ama1 gene and discuss how our approach might be used to 

identify parasite transmission patterns in our study population. This chapter will 

discuss the burden of malaria, the relevant strains of the pathogen, artemisinin 

resistance, genetic diversity complicating vaccination with RTS,S/AS01 and population 
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genetic approaches to understand transmission; the later chapters will discuss how our 

new approach might enhance allow for the interrogation of genotypes relevant to each 

of these areas.  

 

5.1. Impact of Malaria on Global Health and Disease Control 

Malaria is a widespread disease endemic in over 95 countries, threatening 3.2 

billion individuals, or nearly half the world’s population (52,61). The majority of malaria 

cases are located in sub-Saharan Africa but the disease is also present in Southeast Asia 

and South America and other tropical regions. Causing hundreds of millions of cases 

and hundreds of thousands of deaths each year, malaria accounts for a substantial 

amount of the disease burden in each of those three areas. Children under 5 years of age 

are most at risk of fatal infections and account for 70% of deaths from the disease (61). 

 

Control efforts over the last two decades have shown remarkable efficacy at 

reducing disease transmission in endemic areas; the number of cases each year across 

the globe has fallen 57% since 2000 and been eliminated from 6 countries (59,61,90). 

These control efforts have relied upon several approaches including insecticide treated 

bed nets, residual indoor spraying, and more effective anti-malarial drugs (60,61). 

However emerging drug resistance threatens the continued efficacy of anti-malarial 
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drugs and the emergence of insecticide resistance threatens bed net efficacy, both 

highlighting the importance of an efficacious malaria vaccine to accelerate progress 

towards elimination of the disease (63). An understanding of the geographic scale of 

transmission and the extent of polyclonal infections will be important to the successful 

implementation of a vaccine because it will allow public health workers to estimate how 

the distance a vaccination must be from clusters of vaccine resistant genotypes of 

parasites to be useful. Several attempts have been made to develop such a vaccine but it 

has been found that the genetic diversity of the offending parasites reduces the 

protection afforded by the vaccine (64). 

 

5.2. Strains of Malaria 

Malaria is caused by parasites of the Plasmodium genus. Plasmodium falciparum is 

the most virulent of the strains of the parasite that cause disease; other strains that 

impact human health include P. vivax, which produces a clinically complex recurrence 

phenotype. P. falciparum causes most of the cases in Sub-Saharan Africa while outside of 

this area, P. vivax is most prevalent. For the purposes of our study, we focus on P. 

falciparum as that is present in our study participants. However, our methods might be 

useful for the investigation of drug resistance, disease transmission and genetic diversity 

in P. vivax, as well.  
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5.3. Artemisinin and Drug Resistance Emergence (pf-k13) 

Artemisinin combination therapy is an effective treatment for malaria but 

emergence of resistance in southeast Asia has been noted (69,71). Single nucleotide 

polymorphisms associated with this drug resistance phenotype have been identified 

through genome-wide association studies (70,75). SNPs within the Kelch gene on the 13th 

chromosome of P. falciparum have been identified as the most highly correlated with 

resistance to artemisinin and has been shown to have a causative effect via gene editing 

experiments (75). These mutations have been found in parasites in southeast Asia, 

particularly Cambodia, and there is concern that they might spread throughout the 

greater Mekong region and to Sub-Saharan Africa where falciparum is particularly 

highly prevalent as parasites resistant to sulfadoxine-pyrimethine and chloroquine had 

done (53,72,73,76). The C580Y substitution in kelch has been shown to have a direct 

biological impact in promoting resistance to artemisinin possibly through PI3P (74) and 

surrounding SNPs serve to increase the clearance half-life of parasites that bear them 

(75). Therefore, we chose to query this gene target to catalog any known SNPs in this 

region. Previous studies have shown that the K13 gene in parasites in Kenya lack known 

SNPs associated with artemisinin resistance (77,78), so any genetic diversity we uncover 
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at this locus would be clinically informative and a novel finding while also hinting at the 

spread of possible artemisinin resistance from Southeast Asia. 

 

5.4. RTS,S/AS01 Vaccine (pf-csp) 

The RTS,S/AS01 vaccine is a recombinant subunit vaccine derived from the C 

terminal region of the circumsporozoite protein (pf-csp). Csp makes a good vaccine 

candidate target as it is both highly critical to the lifecycle of the Plasmodium parasite and 

immunodominant over other possible antigens (79). Antibodies generated against this 

target were shown to be effective in clearing parasites in an animal model (79). Indeed, 

pf-csp has even been considered as a possible drug target due to its importance to the 

parasite (80). The RTS,S/AS01 vaccine has been studied for many years and shown 

modest efficacy in clinical studies, reducing the number of malaria infections in infants 

and children by 36% particularly when a booster dose was given (81). Unfortunately, 

even that modest protective effect appears to wane over time as both the titer of the anti-

csp antibodies and their ability to protect is reduced (82). Despite the limitations of this 

vaccine in both its immediate and long term protective effect, it may still be worthwhile 

as even a partial reduction in the number of cases in a malaria endemic area would have 

impacts for the vaccinated as well as non-vaccinated individuals. Indeed, 1774 cases of 

malaria were averted for every 1000 children vaccinated (83).  
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One of the mechanisms underlying the suboptimal efficacy of the vaccine is that 

it provides measurably poorer protection from parasites with genetic diversity in the pf-

csp locus. When the csp locus in parasites infecting people vaccinated with RTS,S/AS01 

were sequenced, parasites with alleles not matching the  PF3D7_1343700, “wildtype” 

sequence were controlled substantially less well, with the protective effect dropping 

from 62.7% to 54.2% in the period immediately after vaccination (64). Therefore, it 

would be important to define the presence of the 3D7-like csp haplotype in a population 

at risk of malaria infection to determine how likely the RTS,S/AS01 vaccine would be to 

have a protective effect. It may be that this haplotype is only present in combination 

with other parasites in polyclonal infections. It could also be possible that this haplotype 

predominates at certain times or in certain population groups. All of this would impact 

how effective the RTS,S/AS01 vaccine would be and might inform whether a certain 

location or group of people might cause the vaccine to have its greatest effect. Therefore, 

we chose to study the pf-csp gene target to hopefully address these questions.  

 

5.5. Population Genetics of Malaria (pf-ama1) 

Population genetics approaches allow investigators to analyze the nucleotide 

sequences of important parts of an organism’s genome and use that information to 
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categorize and compare that organism to other organisms in the same population. This 

approach might allow investigators to assess gene flow or other admixture events which 

in the case of Plasmodium spp. genetics would take the form assessing similarity between 

parasites to identify transmission events. Others have used these methods to impute 

linkage disequilibrium (84), identify the source of drug resistance mutations (85), 

characterize differences between strains (86), and dissect recent evolutionary history (87) 

in Plasmodium spp parasites. To explore transmission patterns, characterize demographic 

and clinical factors of infection, and assess the geographic scales of transmission we 

used these approaches as well. We sequenced a third gene target beyond the drug 

resistance and vaccine candidate loci to achieve these ends: pf-ama1. This gene is well 

suited for the purpose for several reasons: 1) pf-ama1 has been previously studied and its 

level of diversity has been characterized (88) 2) that diversity exists largely in the form of 

SNPs rather than indels which would complicate sequencing efforts (88) and 3) the 

genetic diversity in this gene is in under balancing selection meaning that there is 

genetic pressure to maintain many different genotypes in the population (89). Thus, the 

genetic diversity in pf-ama1 makes it an excellent substrate for us to sequence and 

analyze using population genetic approaches to determine transmission, lineage sharing 

and similarity and parasite genetic diversity. 
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6. Molecular epidemiology pf-csp, pf-ama1 and pf-k13 in 
Western Kenya 

This chapter entails the development of a novel method that allows for the 

interrogation of important single nucleotide polymorphisms (SNP) and haplotypes in 

Plasmodium falciparum genomic DNA derived from in mock infected controls and field-

collected blood samples from individuals in Western Kenya. The approach will be 

outlined and a discussion of its context and improvement over the existing standards in 

the field will be explored. The clinical population from which the field-collected samples 

were taken will be described and important clinical and demographic factors that may 

impact infection will be further elucidated. Process controls from this data will be 

presented including important quality metrics and limitations and competing next 

generation sequencing modalities will be compared based on these outcomes. Data from 

the most successful next generation sequencing technology will be deconvoluted into a 

single group for each patient for each gene target and variability will be discussed. SNP 

calling from mock infection controls and field-collected samples will be presented with 

special emphasis placed upon the importance of genotypes associated with drug 

resistance in the clinical population. Haplotype inference will then be explored and 

haplotypes with clinical relevance to the RTS,S/AS01 vaccine will be identified and more 

deeply examined. Finally, relevant clinical and demographic factors from the patient 
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population will be correlated with clinically relevant haplotypes and factors such as 

seasonality, gender, symptomaticity and geography. 

 

Genotyping by overlap extension barcoding may prove useful in many different 

applications. The highly modular nature of the approach allows it to be easily adapted 

for alternate gene targets: Constellations of gene targets that mediate drug resistance, 

vaccine resistance, or virulence can be catalogued in a scalable fashion from individual 

infections. Alternatively, neutral markers can be surveilled to detect changes in parasite 

population structure in response to control measures, or to construct fine-scale 

transmission networks of P. falciparum to understand human-mosquito transmission. 

The efficient, rapid, and modular nature of this NGS approach to parasite genotyping 

may enable broader adoption of deep sequencing to field studies of parasite 

epidemiology. 

 

6.1 Overlap Extension Barcoding Approach to Next Generation 
Sequencing 

This section will explain an iterative improvement to next generation sequencing 

of P. falciparum amplicons that allows investigators to link clinically important 

sequencing data to the individual samples from which they arose. This approach utilizes 
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overlap extension PCR to add adaptors and barcodes to gene target specific primers in a 

modular fashion so that multiple gene targets might be studied simultaneously. 

 

6.1.1 Overview 

Population genetics offers a research toolset to elucidate the parasite’s 

transmission patterns and define and track medically-important genotypes such as those 

responsible for more severe disease or conferring drug- or vaccine-resistance (94,95,96). 

Recent advances in next generation sequencing (NGS) technology have broadened the 

utility of these approaches (107), allowing more comprehensive detection of parasite 

genotypes present in complex parasitemias (97). In doing so, these approaches can 

enable better understanding of minority variants including their transmission (102), 

contribution to parasite population structure, and involvement in drug and vaccine 

candidate resistance (125).  
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Figure 34 Workflow for preparation of individually identifiable sequence data 
from dried blood spots 

Workflow showing various steps from processing raw bloodspots to final data 
for bioinformatic analysis.  

 

In this study, we designed, validated, and applied an overlap extension 

barcoding and multiplexing protocol followed by NGS that permits the rapid and 
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parallel sequencing of multiple polyclonal parasite gene targets within individual 

infections. Using this approach, we simultaneously genotype P. falciparum population 

genetic markers for population structure, drug resistance, and vaccine-resistance in both 

mocked and field-collected parasitemias from Western Kenya. This modular, multiplex 

and quantitative approach to P. falciparum genotyping allows for estimation of allele 

frequencies and haplotypes in multiple gene targets within complex polyclonal P. 

falciparum parasitemias. Our approach has the potential to improve both routine 

surveillance and research studies. 

 

First, we generated “barcode oligonucleotides” by Taq extension of primers 

containing the IonTorrent Adaptor A and each barcode followed by a linker (Figure 35 

Step 1A). This reaction consisted of 200nM barcode primers, 200nM IonTorrent Adaptor 

A forward adapter, 1X Taq buffer, 200µM deoxynucleotides, 1.5mM magnesium 

chloride and 0.5 units of Invitrogen platinum Taq (Life Technologies, BioRad); this 

reaction was incubated for 15 minutes at 95C, and then underwent 25 cycles of 95C for 

30s, 60C for 30s, and 72C for 1m, followed by 5m at 72C. The 42-44 bp IonTorrent 

Adaptor A reverse primers contained 3 parts 1) the first 14 nucleotides were the reverse 

complement of the linker, 2) the next 10-12 base pairs comprised 192 unique barcodes, 

and 3) the remaining 18 nucleotides were the reverse complement of IonTorrent 
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Adaptor A. Each of the 192 unique IonTorrent Adaptor A reverse primers (IonTorrent 

Adaptor A reverse barcode 001-192) was added to a unique well of two 96 well plates 

while the common IonTorrent Adaptor A forward primer was added to every well.  

 

Figure 35 PCR Schema to append unique barcode oligonucleotides to 
multiplexed gene-target amplicons 

Cartoon schematic of PCR steps to synthesize individual barcodes for each 
participant and amplify multiple gene targets from each parasitemia. Steps 2 and 3 show 
overlap extension PCR to append the adaptor and barcode segment to the gene target 
amplicon. 
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In parallel with this, we generated amplicons of pf-csp, pf-ama1, and pf-k13 by 

multiplex PCR of P. falciparum gDNA for each individual (Figure 35 Step 1B). For each 

target, forward primers began with a linker sequence which facilitated the joining of the 

resulting amplicons to barcodes. Reverse primers ended with an IonTorrent adaptor 

sequence which is required for bead templating during sequencing. To generate the 

amplicons, reactions included 1uL of parasite gDNA, 200nM final concentration each of 

the forward Linker primers for each gene target and reverse TrP1 primers, and enzymes 

as above for a final reaction volume of 25uL; cycling was identical to above. The product 

of this reaction was a mixture of amplicons of each of the three gene targets containing a 

linker at the 5’ end and the TrP1 adaptor at the 3’ end. 

 

Finally, we generated full length sequencing libraries from the previous 

amplification products generated in Figure 35 Step 1A and Step 1B. The final set of 

primers were designed to amplify the full-length library consisting of the barcode 

oligonucleotides (IonTorrent Adaptor A-Barcode-Linker) and the gene target amplicons 

(Linker-Amplicon-TrP1) using the products of Figure 35 Step 1A and Step 1B as 

template. To generate these full-length sequencing libraries, reaction templates consisted 

of 2.5uL each of barcode oligonucleotide and gene target amplicons; this mixture served 

as template, which was amplified by overlap extension PCR using master mix without 
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primers for the first 10 cycles and adding adaptor primers (IonTorrent A and TrP1) at 

200nM each for the remaining 15 cycles. (Figure 35 Step 3)  

 

These amplification products from each reaction were pooled in equal volumes, 

purified by ethanol precipitation, and electrophoresed on a 1% Tris Borate EDTA 

agarose gel, from which bands at 370 bp, 371 and 384 bp were excised and purified 

together using a Qiaquick Gel purification kit according to manufacturer instructions 

(Qiagen, Valencia, CA, USA). The final product was analyzed by Tapestation to ensure 

expected fragment size and then used as template for IonTorrent sequencing using a 

single 318 chip. 

 

6.1.2 Rationale for Modification of Pooled Sequencing Approaches 

Most common approaches to parasite genotyping are not easily scalable and 

therefore poorly suited to large molecular epidemiologic studies. These common 

approaches include PCR amplification followed by restriction fragment length or 

sequence-specific oligonucleotide polymorphism analysis, direct Sanger sequencing, or 

capillary electrophoresis for short-tandem repeat multilocus typing 

(98,99,100,101,104,106). In addition, the utility of these approaches is undermined in high 

transmission regions such as sub-Saharan Africa by parasite polyclonality, which results 
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in diversity at the same nucleotides in multiple parasites within individual patients 

(103,104). More recent approaches use NGS platforms to reconstruct whole genomes, but 

this approach is complicated by the parasite’s genomic architecture, polyclonality of 

parasitemias, and the need for sophisticated genome-scale assembly and analytic tools 

(105,107,108). NGS platforms have also been employed in ecological studies to sequence 

amplicons generated from pools of parasites (109,110), but heretofore technical 

constraints have limited the ability to assign sequence reads to individual input 

parasites. Generating high-dimensional parasite genotypes from individual parasitemias 

would enable new approaches to scalable, rapid, and manageable genotyping tools for 

both parasite population surveillance and patient-level analyses of genotype-phenotype 

correlations. 

 

6.1.2 Gene target choice 

We used the PCR schema outlined in Figure 34 and 35 to generate barcoded 

amplicons of three gene targets that included adaptor sequences necessary to sequence 

on an Ion Torrent platform. Two gene targets, pf-csp and pf-ama1, were selected as 

markers for parasite strain typing owing to their polymorphic nature and lack of 

insertion and deletions which might alter the extent of read depth and be 

uninterpretable given the prevalence of this type of error in Ion Torrent sequencing 
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(111,112,115,116,117). A third gene target, pf-kelch13, was selected because known single 

nucleotide polymorphisms confer artemisinin resistance (114). Primers were designed 

by Primer3 (www.primer3.org) to 1) amplify polymorphic segments of each target, 2) 

have Tm values at 55C, and 3) generate similarly-sized amplicons of 321 bp (pf-csp), 305 

bp (pf-ama1), and 306 bp (pf-k13), to mitigate bias in sequencing towards shorter 

amplicons. 

 

6.2 Clinical sample set 

The P. falciparum samples used in this study were taken from a population of 

individuals in Western Kenya. The samples were initially collected for a study of bed net 

efficacy, (113) therefore each specimen was linked to a substantial amount of clinical and 

demographic information and our genetic analysis will enhance existing studies with 

the same population. This population is an ideal substrate for our analysis because it 

was collected from a region containing mixed transmission frequency of malaria; were 

we to study a population in which malaria was relatively rare, we might not find 

evidence of polyclonal infections while a population in a particularly malaria infested 

area might not yield individuals with monoclonal infections and it is important that our 

method can characterize both extremes. Further, as malaria eradication efforts endure 

and malaria rates continue to decline, areas with less frequent malaria will evince a 
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greater importance for control activities. Thus, this population would allow us to probe 

a population that will be of increasing importance over the foreseeable future. In 

addition, this population is interesting to study because the results of this study may 

provide an important understanding of malaria in a real-world population permitting 

the prediction of the prevalence of artemisinin resistant genotypes and therefore the 

likelihood of artemisinin resistance to spread to this area. In addition, for the reasons 

explained above, this population may be an optimal case study for the frequency of 

malaria as control efforts continue, and thus understanding the likelihood of vaccine 

resistance emergence in this population would be valuable.  

 

6.2.1 Initial intention of samples 

Blood spots were initially collected from individuals in Western Kenya to study 

the efficacy of bed nets to reduce malaria transmission and to determine which 

externalities most impact the decay of the bed nets effectiveness in deterring infection. 

The study was conducted as a case control study wherein 442 children reporting to the 

Webuye Sub-County Hospital with symptoms of malaria were tested by Rapid 

Diagnostic Test for falciparum antigen HRP2. Bloodspots and information were 

collected from positive individuals and investigators took blood from individuals 

sharing the household with the case child. In addition, investigators identified age, time, 
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gender and location matched controls and collected the bloodspots and information 

from them and their housemates in the same fashion. For our study, we used only case 

children and their housemates as samples though we could easily expand the study to 

include the control households. The bloodspots that were used in the study represent a 

subset of the total number that were collected; 180 individuals including both cases and 

their household members were analyzed for the initial development of the sequencing 

tool and SNP/haplotypes studies. The 180 individuals had less than a 6 month interval 

between cases and many arise from the same households. 

 

6.2.2 Clinical and demographic factors 

A variety of clinical and demographic information was collected from the 

patients and household members in this study. For every individual, RDT results were 

recorded and any individual whose test was negative was excluded from our study. 

Demographic factors including age, gender, socioeconomic status (as described by 

occupation and education level), and number of individuals in the household were 

recorded for every individual. Additionally, information including symptoms, bed net 

usage behavior, geographic coordinates, home building materials and exposure to anti-

malarial pesticides were also noted. Thus, our study could take advantage of a variety of 

previously collected information to search for connections between transmission, 
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vaccine resistance, drug resistance and population structure with several clinical, 

behavioral and demographic information.    

 

6.2.3 Mixed transmission areas 

The geographic region from which our samples derive includes an area of 

western Kenya and Eastern Uganda as determined by the case patients who came to the 

Webuye Sub-County Hospital. Evidence from the Malaria Atlas Project (142) 

demonstrates that Western Kenya is at the interface of hyperendemic transmission 

surrounding the border with Uganda and Lake Victoria and mesoendemic transmission 

extending into the Kenyan highlands. Thus, our sample population may include 

representatives of both high and low frequency infection and thus would more likely 

include individuals with monoclonal as well as polyclonal infections. 

 

6.2.4 Future of control and eradication 

Over the previous decades, substantial progress has been made in controlling 

malaria transmission and parasite prevalence rates in children aged 0-10 have dropped 

by over 50%. As the global health community nears full eradication of malaria, we will 

be presented with a situation in which clusters of malaria infection will be 

geographically separated from one another. Thus, areas of low transmission would be 
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ideal as case examples for our genotyping analysis approaches to model future disease 

burden.  

 

The among our best hopes for complete eradication of malaria is the 

development of an efficacious vaccine but existing genetic diversity has presented an 

obstacle to this. Recent vaccine efficacy studies of the RTS,S/AS01 vaccine have reported 

that parasite strains mediate vaccine efficacy: the vaccine is substantially more effective 

at preventing malaria caused by P. falciparum parasites that harbor a perfect match to 

the pf-csp haplotype that is targeted by the recombinant, monovalent vaccine (125). Our 

approach was useful in identifying patients that would be best served by this vaccine 

and could be useful in the future for similar studies with other vaccine candidates that 

rely upon specific genotypes for efficacy. 

 

6.2.5 Existing genetic heterogeneity in region 

Previous studies by other investigators have characterized existing levels of 

genetic heterogeneity present in the K13 gene target in Plasmodium falciparum in this 

region. Low rates of known mutations in the pf-k13 gene have been observed in this 

region as recently as 2013, thus the discovery of high prevalence of mutations now 

would represent an important shift in artemisinin resistance development for this area. 
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Alternatively, a lack of diversity found at this locus would be consistent with previous 

findings and serve as a control for the assay to appreciate the level of false positives the 

assay generates. 

 

6.3 Next generation sequencing outcomes 

Next generation sequencing technologies were used to interrogate the alleles and 

haplotypes present in the three gene targets from P. falciparum outlined above. Data 

were analyzed from raw FASTQ files without any modification. The rationale for the use 

of next generation sequencing technology in these aims is discussed followed by process 

outcome metrics such as read numbers, coverage depth, base call quality and false 

discovery rate. A brief comparison of the performance of two sequencing technologies 

was made and presented. 
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Figure 36 Number of reads assigned to each barcode in field-collected 
parasites 

Number of reads assigned to each barcode within field-collected parasitemias 
utilizing FastX toolkit. 
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Figure 37 Number of reads assigned to each barcode in mock polyclonal 
parasitemias 

Number of reads assigned to each barcode within control mixtures utilizing 
FastX toolkit. 

 

6.3.1 Rationale for technology use 

The rationale for using deep sequencing technology in place of more common 

PCR approaches outlined above is that NGS allows the ability to scale studies to 

examine many samples simultaneously. In addition, next generation sequencing allows 

multiple gene targets to be queried in the same sample. Finally, these approaches allow 

for repeated sampling of genomic DNA from the same parasitemia allowing for 

interrogation of polyclonal infections. 



 

 

129

 

6.3.2 Comparison of Illumina and Ion Torrent 

This study was initially conducted using both Illumina and Ion Torrent next 

generation sequencing technologies. A comparison was made between the two 

technologies with the mock infection controls in which there was an expected frequency 

of each allele based upon varying concentrations of known strains of P. falciparum. 

Figure 6.6 shows the concordance rates for observed SNP frequencies for the two 

technologies. Both pf-csp and pf-ama1 are shown whereas pf-k13 is not due to its lack of 

SNPs in the control strains. The observed SNP frequencies correlate highly with 

expectation in every situation, however observed SNP values for one of the six control 

pools contained false positives at an unacceptably high rate of 5-10%. We assess that this 

is possibly due to cross contamination between this control sample and another control 

sample but cannot conclude this. Thus, we chose to use the dataset generated by 

iontorrent to avoid this potential error. 

 

6.3.3 Read numbers and characteristics 

Raw sequencing reads output as a FASTQ file were first trimmed of sequencing 

adaptors, filtered to remove reads of less than 150 bases using FastX toolkit, and then 

partitioned by unique barcode using the FastX barcode splitter. We allowed reads 
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lacking the first 2 nucleotides of the 11mer barcode sequence as the algorithm that trims 

adaptors sometimes trimmed these two nucleotides when they formed a 

homopolymeric run, but censored reads that harbored other deletions or substitutions in 

the barcode sequence. Barcodes and linker sequences were then trimmed from the 5’ end 

of reads using the FastX toolkit trimmer program, and all reads were mapped to 

reference sequences for pf-csp (GenBank: XM_001351086.1), pf-ama1 (XM_001347979.1), 

or pf-k13 (XM_001350122.1) using BWA-MEM with parameters to favor the mapping of 

high quality reads with allowances for indels and mismatches, including a minimum 

seed length of 19, minimum quality score to output of 30, and mismatch penalties of 4 

and indel penalties of 6 (126). Indels were censored later during analysis. Mapped reads 

were input to Samtools MPILEUP to calculate the number of reads containing reference 

or alternate nucleotides at each position in the aligned reads.  

 

We first examined allele frequencies of pf-csp, pf-ama1, and pf-k13 variants in 

reads derived from mocked control parasitemias. From these parasitemias, the number 

of mapped sequences was 60,548 for pf-csp, 10,904 for pf-ama1, and 17,595 for pf-k13. 

Overall, of 102,783 reads that were identified by barcode, 89,047 could ultimately be 

mapped to one of the three reference sequences. 
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6.3.4 Base call quality parameters 

Within mapped reads, we censored individual nucleotides with quality score <30 

as well as indels, owing to the expected absence of these in the gene targets. Allele 

frequencies were defined as the proportion of all mapped reads at a locus that harbored 

a reference or mutant allele. 

 

6.3.5 False discovery rate 

To estimate the specificity of this new genotyping approach for variant allele and 

haplotype detection, we estimated false discovery rates (FDRs) from the Variant Calling 

Files (VCF) generated by the allele analysis. We computed these using reads derived 

from the mocked polyclonal parasitemias separately for each gene target. FDRs were 

calculated from VCF files by summing the number of nucleotide positions containing a 

previously unidentified alternate allele while allowing for minor allele frequencies 

(MAFs) of 0.1%, 0.5%, 1%, 2%, 5%, and 10% (Figure 38). A very low MAF of 0.1% would 

have returned an average of 93 (pf-csp), 36 (pf-ama1) or 85 (pf-k13) false alleles per 

amplicon. In contrast, at a MAF of 2% the FDR for each gene target was less than 1 

nucleotide per amplicon (Figure 38). Therefore, consistent with prior deep amplicon 

sequencing studies of P. falciparum (124), we enforced for subsequent analyses an MAF 
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lower limit of 2%. FDR results were expressed as the number of false positive SNPs per 

individual. 

 

Figure 38 False discovery rates at varying minor allele frequencies for reads 
from each gene target 

Calculated false discovery rate in number of false positive nucleotide calls per 
read for each of the 3 gene targets at varying minor allele frequencies. Pf-csp is in blue 
circles, pf-ama1 is in red squares and pf-k13 is in green triangles. 

 

6.4 Deconvolution of data set into individual patients 

In contrast to pooled deep sequencing approaches (130,131) overlap extension 

barcoding generates sequencing data can be disaggregated and assigned to individual 

patients. While pooled deep sequencing approaches allow ecological studies of the 

genetic epidemiology of parasites (130,131), they cannot link parasite genotypes with 

clinical phenotypes of drug response, virulence, or transmission. Overlap extension 
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barcoding is a logical way to broaden the utility of next generation sequencing to allow 

for individual-level comparisons between individuals within the population based upon 

clinical and demographic criteria. 

 

6.4.1 Variability in read depth 

We sequenced PCR products in a single Ion Torrent reaction from three gene 

targets generated from 192 gDNA templates: six mocked multiclonal parasitemias in 

duplicate and 180 field parasitemias. The mocked parasitemias comprised gDNA of up 

to six P. falciparum reference lines in varying proportions (Table 4). The combined 

sequencing run initially yielded 4,966,891 raw reads, of which 839,340 were ≥ 150bp. Of 

these, 102,783 reads derived from mocked control templates and 154,106 reads derived 

from field parasites; the balance of reads failed criteria for barcode matching. The 

median number of mapped reads was 8,836 (range 2485-12,268) for mocked control 

parasitemias (Figure 37) and 363 (range 14-1,916) for field parasites (Figure 36). 

6.4.2 Distribution of gene targets in data 

When mapped to reference sequences for pf-csp, pf-ama1, or pf-k13 and 

considering only base calls with high quality, base coverage varied substantially both 

between and within amplicons. The median (IQR) coverage was 747 (724-784) for pf-csp, 
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344 (155-379) for pf-ama1, and 746 (729-753) for pf-k13 (Figure 6.7), likely owing to 

erroneously identified deletions that were prevalent around homopolymeric stretches. 

 

6.5 Assignment of alleles 

SNPs were observed by determining if reads mapped to reference sequences 

diverged at particular bases from the reference. The frequency of alternate alleles was 

noted and this information was used to gauge the false discovery rate of the assay, the 

concordance between observed and expected rates, catalog the prevalence of drug 

resistance SNPs and assemble variant alleles for use in inferring haplotypes. The 

haplotypes we will discuss are a collection of SNPs in linkage disequilibrium with one 

another and serve as an indication that the parasites bearing them arose from a common 

ancestor. 

 

6.5.1 SNP frequencies in mock infection controls 

We compared the expected and observed frequencies of alleles and haplotypes in 

the reads obtained from mocked polyclonal parasitemias using Pearson product-

moment correlation coefficients. The divergence from this perfect concordance was 

analyzed with 95% confidence intervals and two-tailed P tests demonstrated significance 

at p<0.0001 for all comparisons. 
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The frequency of observed SNPs was calculated at each position in the pf-csp, pf-

ama1 and pf-k13 amplicons for each of the control pools. We observed allelic variation at 

expected sites in pf-csp and pf-ama1 consistent with known haplotypes in the reference 

parasite lines; in contrast, pf-k13 demonstrated no variation in the control parasitemias, 

owing to invariant K13 templates in the reference parasite lines. 

 

We compared expected and observed allele frequencies at each variant position 

in pf-csp and pf-ama1 (Figure 39, 42, and 43). The correlations were high for each target 

between expected and observed allele frequencies for variant gene targets (each 

p<0.0001 by Pearson’s PMCC), with r-values of 0.9532 (pf-csp) and 0.8387 (pf-ama1). We 

did observe outliers in observed frequencies of alleles, which were not associated with 

specific mixtures, reference lines, or homopolymeric segments of the gene targets. 

Overall, therefore, this laboratory and analytic approach provided precise quantitation 

of variant alleles in multiple targets present in complex templates. 



 

 

136

.  

Figure 39 Concordance between observed SNP frequencies in mocked 

infection controls using Illumina and Iontorrent next generation sequencing 

technologies.  

 Illumina SNP frequencies are on the x-axis and Iontorrent observed frequencies 
are on the y-axis. Each control mixture pool is designated by a different color. Data for 
pf-csp and pf-ama1 gene targets are both presented for all control mixtures. 
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The overlap extension barcoding and next-generation sequencing approach 

precisely and sensitively quantified SNPs in multiple gene targets in complex mixtures 

of parasites. The sensitivity of this approach is evidenced by the low false discovery rate 

that identified fewer than one incorrectly called SNP per gene target when allowing for 

minor allele frequency of 2%. In addition, the precision of this approach is supported by 

the high concordance (p<0.0001 and r=0.9532 for pf-csp) between expected and observed 

frequencies of SNPs in the mock-infected samples (Figure 42 and 43). This high 

analytical sensitivity and specificity is important because, in high transmission areas, 

most parasitemias comprise many unique parasite genomes (105,107,108,128) and 

traditional genotyping approaches may either fail to generate analyzable data owing to 

complex templates or fail to capture minority variant subpopulations; these minority 

variant populations can harbor clinically-important genotypes (129). The parallel 

processing of specimens and gene targets allows overlap extension barcoding to 

genotype and sequence parasites without the inconsistency and cost of traditional 

approaches (119,120,121). 
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Figure 40 Number of reads assigned to each barcode in field-collected 
parasites. 

Read depth across amplicons for all 3 gene targets. Control mixtures from each 
pool are shown in different colors. d. indicates pf-csp, e. indicates pf-ama1 and f. indicates 
pf-k13. 
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6.5.2 Role of homopolymers in contributing error 

Base coverage within amplicons varied reproducibly between libraries when 

low-quality base calls were censored, likely owing to reduced quality scores in 

homopolymeric segments of each amplicon (Figure 40). Homopolymeric stretches are 

known to be poorly sequenced by iontorrent sequencing due to technological constraints 

related to difficulty in rounding of electric charge changes after multiple of the same 

nucleotide. 
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Figure 41 Positions and frequency of SNPs in mock-infected controls for each 
gene target 

Positions and frequencies of all SNPs recovered in control mixtures for all 3 gene 
targets. Each control mixture pool is indicated by a different color. Paired control 
mixtures have the same color but symbol is open or closed.  



 

 

141

6.5.3 Prevalence of drug resistant genotypes 

The sensitivity and specificity of this approach allowed for the rapid 

measurement in field-collected P. falciparum samples of SNPs that are directly relevant 

to treatment and prevention. Artemisinin resistance in Southeast Asian P. falciparum is 

conferred by SNPs in the pf-k13 gene target, and surveillance for pathogenic mutations 

in parasite populations is underway (124,134,135). In our study, the resistance-

conferring Y493H, R539T, and C580Y substitutions were absent, which is consistent with 

prior studies (124,134). Surprisingly, we did not observe the pf-k13 variation that has 

been reported in other studies (124), despite the large diversity of pf-csp and pf-ama1 

alleles.
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Figure 42 Performance of multiplex amplification and sequencing of mocked 
polyclonal parasitemias 

Expected and observed SNP allele frequencies in control mixtures for pf-csp. 
Expected frequencies are on x-axis while observed frequencies are on y-axis. Spearman 
correlation used to test for statistical correlation. 
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Figure 43 Performance of multiplex amplification and sequencing of mocked 
polyclonal parasitemias 

Expected and observed SNP allele frequencies in control mixtures for pf-ama1. 
Expected frequencies are on x-axis while observed frequencies are on y-axis. Spearman 
correlation used to test for statistical correlation. 

 

6.6 Rationale for inferring haplotypes and population genetics 
approaches 

While it is important to gain an appreciation for which SNPs are present in each 

sample and prevalent at a population level, it is also valuable to link allele variation 

together and infer haplotypes. This ability allows for dissection of transmission of the 

parasite and an estimation of multiplicity of infection which ultimately provide an 

appreciation for the diversity of infection. This diversity underlies the extent of disease 

burden in an area and provides a framework for investigating clinical and demographic 
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factors that might modify the prevalence and composition of strains infecting a 

population. 

 

6.6.1 Inferring Haplotypes from alleles 

Quality-filtered reads were mapped to the reference sequences using the map2 

algorithm from the TMAP alignment suite (default parameters).  The alignment result 

for each read was processed to remove any homopolymers that may have arisen during 

sequencing by removing nucleotides that TMAP identified as insertions from the read.  

Haplotypes were then inferred based on the combination of nucleotide differences 

between the read and the reference sequence. The proportion of reads determined the 

prevalence of haplotypes within each individual as identified by their barcode sequence 

(127). For this analysis, we defined variant positions empirically as those demonstrating 

polymorphism in the preceding allele variant analysis, to mitigate the risk of false-

positive haplotype inference resulting from base-calling error in homopolymers. To 

avoid minority variants in highly sequenced parasitemias being over-represented, any 

individual whose number of haplotypes was greater than three standard deviations 

from the mean was censored. 
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Variant positions identified in allele frequency analysis were then used to 

construct haplotypes of each gene target. Overall, the mocked infection control samples 

produced a total of 90,766 reads from 3 gene targets (pf-ama1: 10,904, pf-csp: 62,650, pf-

k13: 17,650); the median number of reads per mocked infection were 1,007 (pf-ama1), 

5,234 (pf-csp) and 1,273 (pf-k13). Expected and observed haplotype frequencies were 

highly correlated for the two polyclonal gene targets (pf-csp and pf-ama1 each p<0.0001) 

with r-values of 0.7333 (pf-csp) and 0.8085 (pf-ama1) (Figure 44 and 45). These lower r-

values (compared to those for the cognate allele-based analysis) indicate greater 

deviance from expected frequencies for haplotypes than for alleles, possibly owing to a 

lower number of observations input into the haplotype analysis 
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Figure 44 Expected vs observed frequency of haplotypes in reads of pf-csp. 

Expected and observed haplotype frequencies in control mixtures for pf-csp. 
Expected frequencies are on x-axis while observed frequencies are on y-axis. Spearman 
correlation used to test for statistical correlation. P values are p<0.0001 and r-values are 
r=0.7333 
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Figure 45 Expected vs observed frequency of haplotypes in reads of pf-ama1 

Expected and observed haplotype frequencies in control mixtures for pf-ama1. 
Expected frequencies are on x-axis while observed frequencies are on y-axis. Spearman 
correlation used to test for statistical correlation. P-values are p<0.0001 and r-values are 
r=0.8085. 

 

We used validated variant allele in each gene target to assign gene-specific 

haplotypes using the same approach as that used for mocked parasitemias.  For 

consideration in this analysis, a minimum of 10 reads was required to support each 

individual haplotype. Using this approach, we observed 35 pf-csp haplotypes within a 

subset of 45,817 reads and 13 pf-ama1 unique haplotypes among 526 reads. Differences 

between targets in the abundance of analyzable reads for haplotypes resulted from 

fewer overall reads obtained for pf-ama1, possibly resulting from lower amplification 

efficiency.  



 

 

148

 

We recovered high quality haplotypes in 135 individuals for pf-csp and 56 

individuals for pf-ama1. Among these individuals, more than one unique haplotype was 

identified in 64% of the individuals (n=86) at pf-csp and in 18% (n=10) at pf-ama1; the 

median number of observed haplotypes per individual was 2 (range 1-18) for pf-csp and 

1 (range 1-12) for pf-ama1 while the remaining individuals contained haplotypes that 

were not supported by our quality criteria (Figure 46) 

 

The number of individuals bearing each of the 35 pf-csp haplotypes were 

calculated for all shared haplotypes (Figure 47). The median number of patients sharing 

each haplotype was 10 (range 2-31). Of the 35 pf-csp haplotypes that we observed, 3 

haplotypes were present in only 2 individuals, 4 haplotypes were present in only 4 

individuals and 28 haplotypes were present in 5 or more individuals. The composition 

of these haplotypes was determined and the percent of reads supporting each haplotype 

for each individual was calculated (Figure 48) 
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Figure 46 Number of unique pf-csp haplotypes contained in field-collected 
parasitemias by individual 

Measurements of number of haplotypes contained in parasitemias for each 
individual in the sample set. All individuals without recovered haplotypes were 
omitted. 
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Figure 47 Number of individuals bearing each pf-csp haplotype 

Number of individuals sharing each pf-csp haplotype in field-collected samples. 
All 35 haplotypes recovered for pf-csp are shown. 
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Figure 48 Distribution of pf-csp haplotypes among field-collected 
parasitemias. 

Each color indicates a different haplotype. Each column is a different individual. 
Size of bars indicate the proportion of parasitemia derived from each haplotype. 

 

6.6.2 Numbers and distribution of haplotypes in population 

Overlap extension barcoding followed by NGS allowed for the inference of 

haplotypes for both artificial mixtures of parasite genomes and field-collected 

parasitemias. In the mixtures of control parasitemias, we observed high correlation 

between expected and observed frequencies of haplotypes for both pf-csp and pf-ama1 

(Figure 44 and 45). For field-collected parasitemias, pf-csp contained 35 haplotypes, 
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composed of SNPs that were identified by allele analysis, and both semi-private 

(haplotypes limited to only 2 patients) and highly shared haplotypes were noted (Figure 

47). Given 1) the ability to sensitively and precisely quantitate diverse haplotypes in 

polyclonal parasitemias, 2) the observed diversity of pf-csp in the field-collected 

parasitemias, and 3) the high degree of haplotype sharing between infected individuals, 

this approach can be useful to interrogate polymorphic markers to characterize the 

population structure of P. falciparum. The rapid surveillance of P. falciparum population 

structure can enable efficient monitoring of malaria control program effectiveness, 

detection of imported genotypes, and parasite population expansion (136). 

 

6.6.3 pf-csp vs pf-ama1, limitations of inferring haplotypes with fewer 
reads 

The pf-csp gene target generated five times more reads than the pf-ama1 and pf-

k13 gene targets in both the illumina and iontorrent datasets. This is likely due to the 

increased efficiency of PCR using the pf-csp primers compared to the other two gene 

targets. Indeed, bands on TBE gel electrophoresis of products from pf-csp were 

dramatically more intense than the bands from the other gene targets (figure 49).  
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Figure 49 Amplification of gene targets from mock infection controls 

Electrophoresis of multiplexed gene target amplification. Multiplexed reaction 
shows less intense band corresponding to pf-k13. 

 

This difference in read abundance had an impact on the interpretability of data 

derived from the pf-ama1 and pf-k13 gene targets. The median number of haplotypes 

present in each patient for pf-csp was 3 but the median number of haplotypes present in 

each patient for pf-ama1 was 2. This difference may be due to undersampling for the pf-

ama1 gene targets or it may be due a legitimately reduced amount of genetic diversity at 

this locus. Thus, interpretation of data from this method is limited for gene targets with 

low sequencing coverage. However, this limitation could be mitigated by further 

optimization of PCR primers if there is freedom in allele sites or greater sequencing 

coverage gained by using higher capacity sequencing chips.  
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6.7 Connecting haplotypes with clinical subpopulations 

Given clinical and demographic information (Table 6), we could separate the 

patients into biologically meaningful groups such as location, age, gender, sampling 

date and symptomaticity (Figure 50, 51, and 52). Using haplotype inference at pf-csp as 

an index of MOI, we observed higher MOI values in asymptomatic individuals and 

variation in MOI values based on sampling date. The increase in MOI is consistent with 

the observation that rainfall is highly correlated with malarial disease burden in this 

region and the months associated with the highest MOI values correlate with the 

heaviest rainfall in this area (137,138). In a broader sense, information about MOI may be 

useful for estimating molecular force of infection which estimates overall disease burden 

in an area and thus is useful as a surrogate of transmission intensity (139,140,141). This 

method might then be useful for examining the associations between drug response and 

clinical phenotype, transmission studies or differentiating post-treatment reinfection 

from relapsing or fresh infection. Thus, by disaggregating patient data into biologically 

meaningful groups, we might be able to draw conclusions about between these factors 

and transmission patterns of malaria. 
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Figure 50 MOI values by symptomaticity 

Number of haplotypes for each individual stratified by whether they expressed 
symptoms defined in table 6. P-values generated by Student’s two-sided T-test. 

 

6.7.1 Asymptomaticity and carriers 

Using these pf-csp haplotypes as an index of MOI, we compared MOI values 

between clinical and demographic groups. There were no discernable differences in 

MOI between participants based on gender, age, or geographic location (Figure 50). 

However, median MOI was significantly higher in asymptomatic (median=3) than in 

symptomatic (median=2) participants (Mann Whitney U test p<0.0001 and Kruskal 

Wallis Test p<0.0001). This is important because it suggests that the asymptomatic 
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patients have higher parasite diversity and thus may serve as a reservoir of parasites to 

infect others. 

 

6.7.2 Seasonality as predictor of haplotypes 

We observed significant differences in median MOI across sampling dates, with 

the highest median MOI in May and July and the lowest in April, August and 

September (p < 0.0001), suggesting that this rapid approach to haplotype inference may 

be useful for tracking parasite populations as a surveillance tool over time (Figure 51). 

This is consistent with previously observed phenomena and most likely correlates with 

the wet seasons and the breeding periods of the anophelene vector mosquito (143).
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Figure 51 MOI values by sampling date 

Number of haplotypes present in each individual stratified by date of collection. 
P-values generated by Student’s two-sided T-test. 

 

6.7.3 Emergence of vaccine resistant haplotypes 

We genotyped parasites at pf-csp, which is targeted by the partially-effective 

RTS,S/AS01 monovalent P. falciparum vaccine: because pf-csp is very diverse and only 

the 3D7 haplotype is included in the vaccine, the greatest protection is conferred against 

parasites with matching (i.e. 3D7) haplotypes (125). Of the 135 parasitemias from which 

we successfully inferred pf-csp haplotypes, only 13 participants (9.6%) harbored the 3D7 

pf-csp haplotype; this prevalence is like that in other settings (125), and indicates a high 
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prevalence of potentially vaccine-resistant P. falciparum strains (125). Future 

applications of this modular approach to parasite genotyping may include additional 

markers for drug- and vaccine-resistance to enable more efficient deployment of control 

measures and program assessment.
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Figure 52 MOI values by age, gender and location 

Number of haplotypes present in each individual stratified by age, gender, and 
location. P-values generated by Student’s two-sided T-test. 
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6.8 Summary 

Large-scale molecular epidemiologic studies of Plasmodium falciparum parasites 

have provided insights into parasite biology and transmission, can identify the spread of 

drug resistance, and are useful in assessing vaccine targets. The polyclonal nature 

infections in high transmission settings is problematic for traditional genotyping 

approaches. Next-generation sequencing approaches to parasite genotyping allow 

sensitive detection of minority variants, disaggregation of complex parasite mixtures, 

and scalable processing of large samples sets. Therefore, we designed, validated, and 

applied to field parasites a new approach that leverages sequencing of individually 

barcoded samples in a multiplex manner. We utilized variant barcodes, invariant linker 

sequences and modular template-specific primers to allow for the simultaneous 

generation of high-dimensional sequencing data of multiple gene targets. This 

modularity permitted a cost-effective and reproducible way to query many genes at 

once. In mixtures of reference parasite genomes, we quantitatively detected unique 

haplotypes comprising as little as 2% of a polyclonal infection. We applied this 

genotyping approach to field-collected parasites collected in Western Kenya to 

simultaneously obtain parasites genotypes at three unlinked loci. We utilized those 

genotyping data to infer haplotypes which in turn allowed us to make conclusions about 
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seasonality and symptomaticity in impacting infection. In summary, we present a rapid, 

scalable, and flexible method for genotyping individual parasites that enables molecular 

epidemiologic studies of parasite evolution, population structure and transmission. 
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7. Final Summary 

Mosquito borne illness accounts for a staggering toll on human health 

throughout the world. Interventions to avoid this impact consist of prophylactic and 

treatment efforts. Surveillance efforts augment the prophylaxis of mosquito borne 

disease. In this document, we have presented development of potential treatments for 

dengue virus and genetic surveillance of Malaria parasites, both mosquito borne 

pathogens which cause substantial morbidity and mortality worldwide. The first 

sections, a novel drug target for the treatment of dengue virus is identified and 

validated. The biochemical activity of this potential drug target is explored and 

characterized and then used to search for inhibitors which ultimately limit the infection 

of live mosquitoes infected by dengue virus. In the latter section, the population genetics 

of malaria parasites in field samples from western Kenya is explored through next 

generation sequencing and population genetics. These efforts at drug development and 

molecular epidemiology for mosquito borne pathogens are part of a continued effort 

towards stemming the impact of infectious disease on human health. 
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Table 1 Human DVHF Homologs in Huh7 Screen 

Sessions infAB infCD Rank Rank SR 
ATP6V0C 1.95 1.5 233 229 462 

ATP6V0D1 2.99 1.57 367 234 601 
ATP6V1B2 0 6.94 5 1145 1150 
FLJ20254 5.49 4.63 791 690 1481 
ATP6V0B 6.57 5.3 990 824 1814 

PHF2 9.14 14.03 1540 2749 4289 
ATP6AP1 9.91 14.42 1722 2857 4579 

ATP6V1G3 8.69 26.57 1453 5719 7172 
ATP6V0A4 29.4 10.5 6298 1923 8221 
ATP6AP2 33.89 6.31 7343 1016 8359 
ATP6V1D 15.55 25.99 3050 5578 8628 

MUC2 30.9 11.84 6676 2221 8897 
ATP6V1H 22.12 20.4 4612 4295 8907 

PRR12 27.88 20.14 5921 4239 10160 
GCH1 44.2 3.42 9787 492 10279 

SEC61B 14.5 36.17 2824 7808 10632 
FOXB1 39.06 14.68 8561 2913 11474 

DIAPH3 41.92 12 9220 2261 11481 
GALNT10 21.37 33.92 4436 7342 11778 

STX12 12.18 49.7 2269 10904 13173 
ATP6V1C2 18.72 42.99 3831 9352 13183 
SYNGR1 55.96 4.7 12569 708 13277 
NDUFB3 20.44 49.35 4247 10819 15066 

DDC 5.31 64.75 759 14622 15381 
PRG4 44.7 28.86 9918 6236 16154 
TAZ 40.04 34.12 8765 7392 16157 

EXDL2 48.99 24.96 10883 5345 16228 
ATP6V0E2 13.26 62.2 2519 13950 16469 

HRNR 43.63 32.98 9652 7129 16781 
MAK10 35.69 42.61 7776 9261 17037 

ATP6V0E1 39.89 39.63 8739 8576 17315 
GANAB 45.78 33.74 10165 7298 17463 
CNOT2 35.62 50.11 7757 10994 18751 
DCST2 58.84 28.76 13291 6217 19508 

FASTKD5 30.16 63.97 6485 14424 20909 
ZBTB41 73.9 20.96 17221 4455 21676 

PHOSPHO2 30.41 66.88 6553 15136 21689 
PNLIPRP1 10.32 85.1 1819 19919 21738 

STX4 23.06 74.19 4824 17082 21906 
ATP6V1G2 15.53 82.97 3045 19354 22399 
SLC5A12 96.36 0 22533 118 22651 

FH 69.41 33.49 15968 7241 23209 
ATP6V1B1 29.28 77.28 6264 17922 24186 

LRIG3 37.54 76.49 8181 17716 25897 
NRG1 60.53 56.87 13689 12638 26327 
TBX20 53.07 70.22 11880 16029 27909 
TRIP11 72.99 53.89 16964 11926 28890 

ATP6V0A2 74.1 61.97 17283 13904 31187 
NPR2 41.39 94.96 9075 22150 31225 
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Percentage of cells infected in wells treated with siRNAs from pool AB or CD. 
Rank indicates ordinal position of gene in hit list sorted by magnitude of effect. Sum 
rank is the rank of the gene in pool AB and CD. 

ZNF91 93.11 49.21 21983 10783 32766 
CHRNA2 51.55 94.96 11496 22147 33643 
UBE2E3 64.32 81.77 14632 19082 33714 

SMPDL3B 69.13 79.37 15900 18451 34351 
GSX1 86.42 64.64 20510 14598 35108 
BTD 83.67 94.39 19828 22054 41882 
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Table 1 LOPAC Controls 

 

Arbitrary fluorescent units shown for each plate for two replicates. High mean 
values correspond to “no EDTA” control and low mean values correspond to “EDTA” 
controls. 

Plate 1_1 1_2 1_3 1_4 2_1 2_2 2_3 2_4 
high mean 1797932 1730878 1723067 1767511 1699867 1713687 1782085 1729400 

high sd 55240 54301 63991 74644 103448 90105 58473 58907 
high cv 3% 3% 4% 4% 6% 5% 3% 3% 

low mean 588141 577836 580088 581161 584140 566381 580374 565313 
low sd 13853 18855 10151 12590 11564 14415 7042 16266 
low cv 2% 3% 2% 2% 2% 3% 1% 3% 

Z’ score 0.83 0.81 0.81 0.78 0.69 0.73 0.84 0.81 
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Table 2 LOPAC Assay Hits 

  
Run 1 

 
Run 2 

 
  

Plate Compound Raw % Raw % Name Class 
1.1 UNC10100114A 628648 97 565914 102 Aurintricarboxylic acid Apoptosis 
1.1 UNC10100136A 619467 97 549030 103 Apomorphine 

hydrochloride hemihydrate 
Dopamine 

1.1 UNC10100210A 824663 80 590024 100 Bromoenol lactone Lipid 
1.2 UNC10100243A 589640 99 588331 98 Bay 11-7085 Cell Cycle 
1.2 UNC10100335A 565371 101 599802 97 4-Chloromercuribenzoic 

acid 
Biochemistry 

1.1 UNC10100463A 613070 98 606978 98 Dephostatin Phosphorylation 
1.1 UNC10100466A 861700 77 594611 99 R(-)-N-

Allylnorapomorphine 
Dopamine 

1.1 UNC10100505A 576764 101 549776 103 R(-)-2,10,11-
Trihydroxyaporphine 

Dopamine 
1.1 UNC10100515A 608672 98 577969 101 R(-)-2,10,11-Trihydroxy-N-

propylnoraporphine 
Dopamine 

1.2 UNC10100583A 549469 103 548747 102 Phenserine Neurotransmission 
1.2 UNC10100601A 601400 98 600545 97 Ebselen Leukotriene 
1.2 UNC10100635A 570787 101 542260 102 Hydroquinone Leukotriene 
1.2 UNC10100644A 800351 81 688105 89 Dopamine hydrochloride Dopamine 
1.2 UNC10100687A 559957 102 575351 99 NSC 95397 Phosphorylation 
1.2 UNC10100692A 643149 94 637688 94 Hispidin Phosphorylation 
1.3 UNC10100743A 580745 100 555125 102 Aurothioglucose Phosphorylation 
1.3 UNC10100793A 592318 99 593691 99 BBMP Cell Stress  
1.3 UNC10100798A 580651 100 577950 100 Myricetin Phosphorylation 
1.3 UNC10100837A 863111 75 615149 97 Mitoxantrone DNA Metabolism 
1.4 UNC10100934A 590033 99 585266 98 Nordihydroguaiaretic acid 

from Larrea divaricata 
Leukotriene 

1.4 UNC10100972A 652333 94 625278 95 Piceatannol Phosphorylation 
1.4 UNC10100993A 867095 76 617189 96 PPNDS tetrasodium P2 Receptor 
1.4 UNC10101003A 574253 101 578292 99 PD 404,182 Biochemistry 
1.3 UNC10101055A 606756 98 572655 101 Quercetin dihydrate Cyclic Nucleotides 
1.3 UNC10101074A 596296 99 574630 100 Bay 11-7082 Phosphorylation 
1.3 UNC10101089A 824868 79 638963 95 Ammonium 

pyrrolidinedithiocarbamate 
Nitric Oxide 

1.3 UNC10101110A 585118 100 580094 100 Reactive Blue 2 P2 Receptor 
1.3 UNC10101127A 531527 104 510242 106 Ruthenium red Ion Pump 
1.3 UNC10101128A 571894 101 558641 102 Rolipram Cyclic Nucleotides 
1.3 UNC10101134A 610741 97 609832 98 SCH-202676 hydrobromide G protein 
1.3 UNC10101163A 596796 99 577602 100 SKF 89626 Dopamine 
1.4 UNC10101220A 585606 100 575251 99 Tetraethylthiuram 

disulfide 
Biochemistry 

  
LOPAC library compounds that reduce arbitrary fluorescent units by greater 
than 3 standards of deviation. For each compound, plate and in-house 
compound number are listed. The raw AFU value and % reduction shown for 
both replicate runs. Compound names and classes are included.
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Table 3 Composition of control pools 1-6 from lab strains 3D7, DD2, HB3, 7G8, 
K1 and FCR3 

 3D7 DD2 HB3 7G8 K1 FCR3 
Control1 100% 0% 0% 0% 0% 0% 
Control2 17% 17% 17% 17% 17% 17% 
Control3 1% 6% 81% 12% 0% 0% 
Control4 20% 80% 8% 2% 15% 75% 
Control5 31% 21% 21% 21% 5% 1% 
Control6 10% 20% 40% 30% 0% 0% 

  

The percentage of each pool that is composed of each reference Plasmodium 
falciparum strain. Darker gray squares indicate higher percentage of pool arising from 
that reference strain.  
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Table 4 SNP identities for various positions of pf-csp in each lab strain of 
Plasmodium falciparum. 

 3D7 DD2 HB3 7G8 K1 FCR3 
G862A G G G A G G 
G902A G A A A A A 
C905A C C C C A C 
A949G A G G G G G 
G952C G C C C C C 
C963G C G G G G G 
C970A C C A C C C 
A973T A A A A T A 
C979A C C A C C C 

A1054G A A A G G G 
A1055G A A A G A A 
C1060T C C C T C C 

 

Nucleotide present at each position for each reference strain of Plasmodium 
falciparum. Each nucleotide is colored in a different shade of gray. 
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Table 5 Clinical and Demographic Information for All Patients 

ID Date Sex Age Location RDT Symptomatic 
BC13 4/2014 male <10 maraka positive 

 BC14 4/2014 male <10 Ndivisi positive 
 BC15 4/2014 female <10 Misikhu positive 
 BC16 4/2014 male <10 Misikhu positive 
 BC17 4/2014 female <10 Misikhu positive 
 BC18 4/2014 male >10 Misikhu positive Yes 

BC19 4/2014 male <10 Misikhu positive 
 BC20 4/2014 

 
<10 Sitikho positive 

 BC21 4/2014 male <10 Misikhu positive 
 BC22 4/2014 female >10 Webuye positive 
 BC23 4/2014 female <10 Webuye positive Yes 

BC24 4/2014 female <10 Webuye positive 
 BC25 4/2014 female >10 Sitikho positive 
 BC26 4/2014 male >10 Sitikho positive Yes 

BC27 5/2014 female <10 Miendo positive 
 BC28 5/2014 male <10 Miendo positive Yes 

BC29 5/2014 male <10 Miendo positive 
 BC30 5/2014 female <10 Misikhu positive 
 BC31 5/2014 male <10 Misikhu positive 
 BC32 5/2014 male >10 Misikhu positive Yes 

BC33 5/2014 
 

<10 Sitikho positive 
 BC34 5/2014 female <10 Sitikho positive Yes 

BC35 9/2014 male <10 Sitikho positive 
 BC36 9/2014 female <10 Sitikho positive 
 BC37 9/2014 female >10 Sitikho positive Yes 

BC38 9/2014 male <10 Sitikho positive Yes 
BC39 9/2014 male <10 Sitikho positive 

 BC40 5/2014 male <10 Maraka positive 
 BC41 5/2014 male <10 Sitikho positive 
 BC42 4/2014 male <10 Yalusi positive 
 BC43 9/2014 

 
<10 Muji positive 

 BC44 9/2014 male <10 Sitikho positive 
 BC45 5/2014 male <10 Matulo positive 
 BC46 5/2014 male <10 Matulo positive Yes 

BC47 5/2014 male <10 Matulo positive Yes 
BC48 9/2014 female <10 Sitikho positive 

 BC49 9/2014 female >10 Sitikho negative 
 BC50 5/2014 male <10 Muchi positive 
 BC51 5/2014 male <10 Muchi positive Yes 

BC52 5/2014 male <10 Webuye positive 
 BC53 

 
female <10 Makemo positive 

 BC54 4/2014 female <10 matulo positive 
 BC55 9/2014 

 
<10 Maraka positive 

 BC56 9/2014 female >10 Maraka positive 
 BC57 9/2014 female <10 matulo positive 
 BC58 

 
female <10 Maraka positive 

 BC59 5/2014 
 

<10 Webuye positive 
 BC60 

  
<10 Muji positive 

 BC61 5/2014 female <10 Webuye positive 
 BC62 5/2014 male <10 Miendo positive 
 BC63 5/2014 male <10 Misikhu positive 
 BC64 5/2014 male <10 Maraka positive 
 BC65 

 
female <10 Maraka positive 

 BC66 5/2014 female >10 Muchi positive Yes 
BC67 5/2014 female <10 Muchi positive Yes 
BC68 5/2014 female <10 Muchi positive Yes 
BC69 5/2014 female <10 Muchi positive Yes 
BC70 5/2014 male <10 Ndivisi positive 

 BC71 5/2014 female <10 Ndivisi positive Yes 
BC72 5/2014 female <10 Webuye positive 

 BC73 5/2014 male <10 Sitikho positive 
 BC74 5/2014 male >10 Misikhu positive Yes 
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BC75 
 

male >10 Sitikho positive Yes 
BC76 

 
female <10 Sitikho positive 

 BC77 
 

female >10 Sitikho positive 
 BC78 

 
female >10 Sitikho positive 

 BC79 
 

female <10 Matisi positive 
 BC80 

 
female >10 Matisi positive 

 BC81 7/2014 male <10 Webuye positive 
 BC82 7/2014 

 
<10 Webuye positive 

 BC83 7/2014 female >10 Webuye positive 
 BC84 7/2014 male <10 Maraka positive 
 BC85 7/2014 female <10 Sitikho positive 
 BC86 7/2014 female <10 Sitikho positive Yes 

BC87 7/2014 female <10 Misikhu positive 
 BC88 7/2014 male <10 Matulo positive 
 BC89 7/2014 female <10 Sitikho positive 
 BC90 7/2014 female <10 Sitikho positive Yes 

BC91 7/2014 female >10 Sitikho positive Yes 
BC92 7/2014 female >10 Sitikho positive Yes 
BC93 

 
male <10 Misikhu positive Yes 

BC94 7/2014 male <10 Muchi Positive 
 BC95 7/2014 

 
<10 Muchi Positive 

 BC96 7/2014 female <10 Sitikho positive 
 BC97 7/2014 male <10 Sitikho positive yes 

BC98 7/2014 female >10 Sitikho positive yes 
BC99 7/2014 female <10 Chetambe positive 

 BC100 9/2014 
 

<10 Sitikho positive 
 BC101 

  
<10 Webuye positive 

 BC102 
 

female >10 Webuye positive 
 BC103 

 
female >10 Webuye positive Yes 

BC104 
 

female <10 Webuye positive 
 BC105 9/2014 male <10 Webuye positive 
 BC106 

 
male <10 Maraka positive Yes 

BC107 
 

female <10 Maraka positive Yes 
BC108 

 
male >10 Maraka positive Yes 

BC109 
 

female >10 Maraka positive Yes 
BC110 9/2014 male <10 Matulo positive 

 BC111 
 

male >10 Miendo positive Yes 
BC112 9/2014 male >10 Sitikho positive 

 BC113 7/2014 female >10 Webuye positive Yes 
BC114 7/2014 male <10 Webuye positive Yes 
BC115 

 
female <10 Chetambe positive Yes 

BC116 7/2014 male >10 Sitikho positive 
 BC117 

 
female >10 Mihuu positive Yes 

BC118 
 

male <10 Mihuu positive Yes 
BC119 9/2014 male >10 Sitikho positive 

 BC120 9/2014 female <10 Matulo positive 
 BC121 9/2014 female >10 Matulo positive Yes 

BC122 9/2014 male <10 Matulo positive Yes 
BC123 

 
female >10 Maraka positive Yes 

BC124 
 

female <10 Maraka positive Yes 
BC125 

 
male <10 Maraka positive Yes 

BC126 9/2014 female <10 Sitikho positive Yes 
BC127 8/2014 male >10 Misikhu positive 

 BC128 8/2014 male >10 Sitikho positive 
 BC129 8/2014 male <10 Sitikho positive 
 BC130 8/2014 female <10 Sitikho positive Yes 

BC131 8/2014 male <10 Sitikho positive Yes 
BC132 8/2014 male >10 Sitikho positive 

 BC133 8/2014 
 

<10 Sitikho positive Yes 
BC134 8/2014 female >10 Sitikho positive 

 BC135 7/2014 male <10 Misikhu positive Yes 
BC136 

 
female >10 Mihuu positive Yes 

BC137 
 

female >10 Mihuu positive Yes 
BC138 

 
female >10 Mihuu positive 

 BC139 
 

female <10 Misikhu positive 
 BC140 

 
female <10 Misikhu positive 

 BC141 7/2014 female >10 Sitikho positive 
 BC142 7/2014 female >10 Sitikho positive 
 BC143 7/2014 male >10 Sitikho positive 
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BC144 8/2014 male <10 Misikhu positive Yes 
BC145 8/2014 female >10 Misikhu positive Yes 
BC146 7/2014 female <10 Sitikho positive Yes 
BC147 7/2014 male <10 Sitikho positive Yes 
BC148 7/2014 male >10 Sitikho positive Yes 
BC149 

 
female >10 Misikhu positive Yes 

BC150 
 

female <10 Misikhu positive Yes 
BC151 

 
female <10 Misikhu positive Yes 

BC152 7/2014 male >10 Misikhu positive 
 BC153 7/2014 female <10 Misikhu positive 
 BC154 7/2014 female <10 Misikhu positive 
 BC155 7/2014 female >10 Matulo positive Yes 

BC156 7/2014 female >10 Matulo positive 
 BC157 7/2014 male >10 Matulo positive 
 BC158 8/2014 female >10 Sitikho positive Yes 

BC159 8/2014 female <10 Maraka positive Yes 
BC160 8/2014 male >10 Maraka positive Yes 
BC161 8/2014 female >10 Misikhu positive Yes 
BC162 8/2014 male >10 Misikhu positive Yes 
BC163 8/2014 male <10 Webuye positive Yes 
BC164 8/2014 female >10 Sitikho negative 

 BC165 8/2014 female >10 Sitikho positive Yes 
BC166 8/2014 female >10 Sitikho positive Yes 
BC167 7/2014 female >10 Sitikho positive Yes 
BC168 7/2014 male <10 Sitikho Positive 

 BC169 7/2014 male <10 Sitikho positive Yes 
BC170 

 
male >10 Sitikho positive 

 BC171 
 

male >10 Sitikho positive 
 BC172 

 
female >10 Maraka positive Yes 

BC173 
 

female <10 Maraka positive Yes 
BC174 

 
female <10 Webuye positive Yes 

BC175 
 

male >10 Sitikho positive Yes 
BC176 

 
female >10 Sitikho positive Yes 

BC177 
 

male >10 Sitikho positive 
 BC178 7/2014 male >10 Sitikho positive Yes 

BC179 7/2014 female >10 Sitikho positive Yes 
BC180 8/2014 female >10 Matulo positive Yes 
BC181 8/2014 male >10 Matulo positive 

 BC182 8/2014 female >10 Matulo positive Yes 
BC183 8/2014 

 
<10 Matulo positive 

 BC184 8/2014 female <10 Matulo positive Yes 
BC185 7/2014 

 
<10 Muchi positive 

 BC186 7/2014 female >10 Muchi negative 
 BC187 7/2014 female >10 Muchi positive Yes 

BC188 7/2014 female <10 Muchi positive 
  

ID indicates patient identifier by barcode number. Date refers to the date of 
collection of blood sample. RDT status indicates whether they tested positively by the P. 
falciparum antigen HRP2 (Standard Diagnostics SD Bioline Malaria Ag Pf (HRPII)) 
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