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Abstract 

The mechanisms of gene regulation in the malaria parasite P. falciparum are not well 

known. However, the genome sequence and existing gene expression datasets are rich 

resources that can aid in identifying transcriptional regulatory elements. By comparing 

promoter sequences and expression data in the parasite’s intraerythrocytic developmental 

cycle (IDC) (Bozdech et al. 2003), we computationally identify 11 cis-regulatory 

sequence motifs whose appearance in promoters correlates with timing of expression. 

Defining motif activity profile as correlation of motif with expression, each motif has a 

sinusoidal activity profile with a period equal to that of the IDC.  In several cases, the 

equivalent motif on the reverse strand has an identical activity profile, while other motifs 

display orientation specific correlations. These motifs occur in the intergenic regions of a 

large fraction of the genes in the genome, suggesting that they govern a large proportion 

of the transcriptome.  Target gene predictions support this thesis, as a significant fraction 

of the 3518 genes transcribed periodically during the IDC can be matched to at least one 

of the 11 motifs.  Furthermore, these motifs appear to have strong co-occurrence biases, 

implying that regulation is frequently combinatorial. One motif was validated by a 

biochemical approach, and we call this motif the TG box motif. It is predicted to be 

involved in transcription of 20% of the periodically transcribed genes of the IDC. We 

have developed a partial purification protocol which yields a candidate polypeptide 

which is suggested to be the sequence specific transcription factor with affinity for the 

TG box motif.
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Chapter 1 : Introduction 

 

A historical perspective on malaria 

 

Malaria is a disease that has afflicted humankind since the dawn of civilization. The 

records of the Greek physician Hippocrates suggest that he witnessed the hallmark 

intermittent fevers of malaria among his patients. In addition, Chinese texts from the first 

millennium BC describe these symptoms (Sallares et al. 2004), and evidence of malaria 

has also been obtained from Egyptian mummies (Miller et al. 1994). Despite this long 

history between man and malaria, it was only in 1880 that Charles Louis Alphonse 

Laveran discovered that the disease is caused by a protozoan parasite (Guillemin 2002), 

now classified collectively in the genus Plasmodium. Soon thereafter, in 1898, Ronald 

Ross reported his discovery of avian plasmodia within Anopheles mosquitoes (Guillemin 

2002), and Giovanni Battista Grassi showed that human plasmodia are also transmitted 

between hosts via anopheline vectors. Interestingly, the etymology of the word malaria 

evinces the now retired belief that polluted swamp air (mal’aria is Italian for bad air) 

causes malaria, a popular belief prior to this microbial theory of disease. This folk 

understanding of malaria seems not to have been entirely incorrect when one considers 

that mosquitoes are prevalent in swamps, where they have ample standing water to lay 

their eggs. 
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Numerous species of plasmodia are recognized, but only four cause significant morbidity 

in humans. These include Plasmodium falciparum, P. vivax, P. ovale, and P. malariae. 

Of these, P. falciparum is most prevalent and most deadly. It was estimated that there 

were more than 500 million cases of P. falciparum malaria in 2002 (Snow et al. 2005) 

and 1 million deaths in 2000 (Hay et al. 2005). Although the percentage of the world’s 

population at risk for malaria has decreased in proportion from 77% at the turn of the 20th 

century to less than 50% in 1994 (Hay et al. 2004), the population growth during this 

same period has lead to a net increase in the global population at risk for malaria from 0.9 

to 3 billion (Hay et al. 2004). 

 

Recently, human civilization reached a landmark point such that for the first time, half of 

the human population lives in urban settings (Bettencourt et al. 2007), and urban lifestyle 

is negatively correlated with malaria incidence (Hay et al. 2005). In less urban and less 

economically developed countries, particularly those in sub-Saharan Africa, malaria 

continues to exert a tremendous human cost. Awaiting urbanization and development is 

not an adequate solution; a more direct and intentional solution to the problem of malaria 

control is needed. Many governmental and non-governmental programs are currently 

engaged in the global battle against malaria, whether it be through the distribution of 

insecticide impregnated bednets or through chemotherapeutics, but they are struggling 

due to inadequate financial support (Feachem et al. 2007). 

 

A history of malaria control 
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Armed with the knowledge of the identity of the plasmodial parasite and its vector host, 

many have embarked on memorable attempts to eradicate Plasmodium and its insect 

vector. For example, beginning in 1955, the WHO supported efforts to eradicate malaria 

through mass drug-administration campaigns via distribution of the anti-plasmodial drugs 

pyrimethamine and chloroquine in table salt (D'Alessandro et al. 2001). At the outset of 

these programs, it was not appreciated that patients would accumulate sub-therapeutic 

levels of drug in their blood stream, providing a perfect scenario for parasites’ evolution 

of drug resistance. For vector control, the discovery of the insecticidal properties of 

dichlorodiphenyltrichloroethane (DDT) during World War II had a significant impact on 

the global malaria burden. DDT is cheap to synthesize, and is chemically stable. Between 

1955 and 1969, the WHO recommended widespread use of DDT for mosquito abatement 

and some countries (such as Sri Lanka and India) saw a 99% reduction in malaria 

caseload (Attaran et al. 2000). The efficacy of DDT against various arthropods led to its 

global adoption in agricultural pest control, leading to large scale spraying. However, 

DDT also has a long half-life in vivo contributing to its deleterious effects in 

insectivorous avian populations. This fact was widely popularized by Rachel Carson in 

her 1962 book Silent Spring, leading to a backlash that culminated in a global ban on the 

use of DDT for agricultural purposes. The environmental cost of saving human lives 

through DDT use remains a controversial topic (Attaran et al. 2000), however in 2006, 

the WHO announced support for limited indoor spraying for mosquito control 

(Mandavilli 2006). 
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In addition to malaria prevention, medical treatment strategies have also been employed 

for much of human history. The pharmacological armamentarium can be divided into 

three main classes. These are the quinoline derivatives, the antibacterials, and the 

artemisinin derivatives.  

 

The quinoline derivatives are chemical cousins of quinine, a traditional anti-malarial drug 

extracted from the bark of the cinchona tree by natives of the east Andes slopes of the 

Amazonian jungle. A nearly mythological story relates the miraculous cure in 1638 of the 

countess of Cinchon by this native remedy (Honigsbaum 2002), and this anecdote led to 

the popularization of tonic water, an aqueous cinchona extract albeit much diluted in its 

current form due to dangerous drug interactions with the antihistamine astemizole 

(Klausner 1996). The acquisition of a reliable source of cinchona bark became a 

competitive goal of French, Spanish, British, and Dutch empires throughout the 17th and 

18th century. In 1820, two French chemists, Pelletier and Caventou, isolated quinine as 

the active anti-malarial ingredient of the cinchona extract (Kyle et al. 1974). Although 

they graciously shared their hard-won knowledge, the Dutch pursued cinchona for 

financial gain and created large plantations of high quinine content cinchona in Java, such 

that by 1930 they were producing 97% of the world’s quinine (Honigsbaum 2002). The 

occupation of Java by the Japanese Empire during World War II was motivation for the 

investment by the American military into research programs that led to the development 

of many synthetic chemical congeners of quinine (Kitchen et al. 2006). World War II had 

another effect on the history of anti-malarials: chloroquine, the best synthetic quinoline 

anti-malarial drug made to date, was first synthesized in 1934 by a German scientist 
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working at Bayer (Greenwood 1995), but this knowledge was not widely distributed until 

after the war. Today, the quinoline class of drugs includes chloroquine, as well as 

mefloquine, primaquine, halofantrine, lumefantrine, quinidine, quinacrine, and 

amodiaquine. The latter two drugs are indicated for the treatment of some arrhythmias, a 

use consistent with the cardiac effects of quinine at higher doses. The search for safer, 

more effective chloroquine derivatives continues (Madrid et al. 2005). 

 

In 1946, the nascent Centers for Disease Control (CDC) determined chloroquine (CQ) to 

be a safe and effective anti-malarial therapy (2004) and subsequent widespread use of CQ 

was followed by dramatic reduction in malaria caseload. However, since the first report 

of clinical cases of CQ-resistant malaria in Colombia (YOUNG et al. 1961), resistance 

has spread throughout the world. CQ-resistant strains are now widely endemic, and CQ is 

not effective in much of sub-Saharan Africa and south-east Asia (White 2004). The 

mechanism of drug resistance has been shown to involve the mutation of a 

transmembrane protein named Plasmodium falciparum chloroquine resistance transporter 

(PfCRT; (Fidock et al. 2000). Although other genetic loci were previously associated 

with CQ resistance ((Su et al. 1997); (Reed et al. 2000), this study was the first to show 

that expression of a drug-resistance associated allele of this gene could confer resistance 

to a previously drug-sensitive strain. Meanwhile, the molecular mechanism of action of 

the quinoline derivatives remains somewhat controversial. In vitro assays indicate that 

CQ is able to inhibit the polymerization of reactive free heme into the inert polymer 

hemozoin, a process allowing the parasite to detoxify the large quantities of hemoglobin-

derived heme released in the process of consuming hemoglobin. However, this result has 
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the caveat that the assay was performed with a CQ concentration of 100 μM, which is 

significantly higher than the mid nanomolar therapeutic concentration seen in the serum 

of patients treated with CQ ((Sullivan et al. 1996); (Sullivan et al. 1996)); it may be the 

case that the diprotonation of CQ in the acidic food vacuole increases the concentration 

of CQ to millimolar levels by preventing escape (Yayon et al. 1985). Another hypothesis 

suggests that CQ may modify of the pH of the digestive vacuole, which is an acidic 

compartment inside the parasite where the breakdown of hemoglobin is performed, 

although more recent data belie this finding(Hayward et al. 2006). 

 

CQ and hydroxychloroquine are also used in the treatment of various autoimmune 

diseases including rheumatoid arthritis, and recent work has indicated that its effect in 

abatement of autoimmunity may be due to its effect on suppression of the innate immune 

system through the toll-like receptor (TLR) pathway ((Kyburz et al. 2006); (Brentano et 

al. 2005)). It is unknown whether a component of the host immune response is a requisite 

growth cue for the malaria parasite, as has recently been documented for the trematode 

Schistosoma mansoni (Davies et al. 2001). 

 

Mefloquine (Larium) is well known for its psychiatric side effects, but is often prescribed 

as a prophylactic agent for travelers to malarious countries because of its long serum half-

life. Resistance to mefloquine is becoming a significant problem, particularly among P. 

falciparum in the Mekong peninsula, and it is associated with amplifications but not 

mutations of the multi-drug resistance transporter (PfMDR1; (Price et al. 2004)), but 

cross-resistance exists between members of this drug class as well as with artemisinin 
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(more below). It is interesting that a calcium channel blocking agent, verapamil, is able to 

reverse the CQ resistance of some strains (Lakshmanan et al. 2005), and that the 

proposed target of artemisinin is a calcium channel (more below). There may be room for 

speculation that some day there will be a unifying theory of the mechanism of action for 

multiple classes of anti-malarial action through disruption of parasite calcium 

homeostasis. Ultimately, more work is needed to improve the understanding of the 

mechanism of action of the quinoline class of drugs. 

 

Some anti-bacterial drugs are effective anti-malarials. This class of drugs includes the 

antifolate drugs sulfadoxine and dapsone that inhibit the enzyme dihydropteroate 

synthase (DHPS), as well as proguanil and pyrimethamine which target dihydrofolate 

reductase (DHFR). Other antibacterials in this class include the DNA gyrase inhibitor 

ciprofloxacin, the RNA polymerase inhibitor rifampicin, and the translational inhibitors 

thiotrepton and doxycycline (Dahl et al. 2006). Atovaquone was recently shown to work 

through disruption of uqibuinone regeneration (Painter et al. 2007). Much recent work in 

anti-malarial development has focused on the apicoplast as a drug target, given that this 

organelle is absent in human cells. The antibacterial fosmidomycin inhibits DXP 

reductoisomerase in the non-mevalonate pathway of isporenoid synthesis within the 

apicoplast (Jomaa et al. 1999), and triclosan may target fatty acid metabolism(Surolia et 

al. 2001), though the veracity of this latter study have recently come under question 

(Weisman 2007). 
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Artemisinins represent another promising class of anti-malarial drugs. The original 

member of this class of drugs, artemisinin, is a terpene extracted from the wormwood, 

Artemisia annua, a plant that grows as a weed in many parts of the world. In 1972, the 

Chinese military scientists determined the active ingredient of the ancient herbal remedy 

quinhaosu (Chinese for “active principle of green herb”) first described in Chinese 

medical texts dating to the second century BC (Klayman 1985);(Woodrow et al. 2005). 

By the time this knowledge was translated to western scientists, the Chinese had already 

synthesized the first two derivatives, artemether and artesunate, and conducted animal 

studies as well as trials in human patients(Bruce-Chwatt 1982). The activity of 

artemisinin was confirmed by Walter Reed Army Medical Center scientists who found 

artemisinin producing strains of A. annua growing near Washington D.C. (Klayman 

1985). Since then, other derivatives have been made including arteether, artelinic acid, 

artemisone, and dihydroartemisinin, which is the active metabolite of all artemisinin 

derivatives. The mechanism of action of the artemisinin is thought to be through the 

inhibition of the sarcoendoplasmic reticulum type Ca2+ ATPase (SERCA) 

PfATP6(Eckstein-Ludwig et al. 2003).  

 

Despite the lack of rigorous clinical trials for the artemisinins, an estimated 1-2 million 

patients had been safely treated with these drugs with particularly good effect against 

CQ-resistant P. falciparum as of 1997(Davis et al. 1997). Although neurotoxic in animal 

models (Brewer et al. 1994), such toxicity has not been a significant problem in human 

patients so far though a rare case has been reported (Miller et al. 1997). Consequently, in 

2001 the WHO began recommending artemisinin combination therapy (ACT) as first line 
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of treatment in countries where CQ resistant malaria is endemic; by 2004, 40 countries 

had begun to recommend ACTs as the first line treatment(Mutabingwa 2005). 

 

Currently, the main problems with artemisinin treatments are the high cost ($2.40 per 

dose compared to $0.1 for quinine; (Towie 2006)) and the short serum half-life (1 hour 

for artesunate and dihydroartemisinin; (Teja-Isavadharm et al. 2001). Due to the 

comparatively high cost, distribution of counterfeit artemisinin on the black market has 

become a significant problem, and it has been reported that 38-52% of the drugs sold as 

artemisinin in southeast Asia do not contain active artemisinin (Newton et al. 2007). 

Recent explorations of synthetic biology approaches to reducing drug cost are promising 

(Ro et al. 2006). However, the short serum half-life of drug demands a more frequent 

dosing regimen, which is associated with lower patient compliance. Poor adherence will 

expose parasite populations to sub-lethal doses of drug, and this mechanism virtually 

assures that monotherapy will meet with rapid emergence of drug resistance (White 

2004). In fact, in vitro studies suggest that a single amino acid change in PfATP6 may be 

sufficient to decrease the sensitivity by almost 300 fold (Uhlemann et al. 2005). In 2006, 

in vivo resistance to the combination artemisinin-mefloquine was first documented at the 

Cambodia-Thailand border, with 7.91 times the risk of recrudescence associated with 

parasite strains having greater than three copies of the PfMDR1 gene (Alker et al. 2007). 

So far, these studies implicating PfATP6 in the mechanism of artemisinin action and 

PfMDR1 in resistance have not been confirmed with the experimental gold standard of 

allelic replacement with mutant drug-resistant alleles. In the meantime, the WHO 

recommends combination therapies to stave off the arrival of resistance. Several 
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artemisinin combination therapies (ACTs) have been found to be safe and effective and 

are currently recommended by the WHO (Table 1; (WHO 2006)). Additional 

combination therapies (such as dihydroartemisinin-piperaquine) have been deemed safe 

and effective in recent clinical trials (Ashley et al. 2004), but are not officially 

recommended at this time due to poor availability of such formulations. Despite these 

problems, artesunate remains the best choice in the face of drug-resistant severe malaria, 

and the CDC announced this summer that it has allowed for an investigational new drug 

application (IND) to be filed for intravenous artesunate treatment for severe malaria, 

making the drug legally available in the US for the first time (Division of Parasitic 

Diseases 2007). 

 

Table 1 

 

WHO recommended artemisinin combination therapies 

artemether – lumefantrine 

artesunate – amodiaquine 

artesunate – mefloquine 

artesunate – sulfadoxine – pyrimethamine 

 
 

Although chemotherapy and chemoprophylaxis options have increased somewhat over 

the years, no effective vaccine has been made to date. There are currently more than 

thirty vaccine trials currently underway(Van de Perre et al. 2004). However, these trials 

target epitopes mapping to plasmodial surface proteins known to be highly variable from 
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strain to strain; it remains to be seen to what degree selection and evolution of vaccine 

resistance might become problems. 

 

Research in Plasmodium and malaria biology 

 

Despite all of the earnest attempts to control malaria, we appear to be somewhat distant 

from besting this disease. In the meantime, more research must be done to understand 

both the Plasmodium parasite and the disease, malaria. Critical advances in P. falciparum 

in vitro culture methods (Trager et al. 1976) laid the foundations for such work as 

described below. 

 

The parasite life cycle 

 

Like its human host, the Plasmodium lifecycle has a sexual and asexual component. The 

effects on human health are felt during the asexual stage, when the parasites are haploid. 

As described above, the parasites are transmitted between hosts by the Anopheles 

mosquitoes. The initial infection of the human host is carried out by a parasite in a motile 

stage called the sporozoite (reviewed in (Prudencio et al. 2006)); it has been estimated 

that 15-123 sporozoites are sufficient to ensure an infected host. Within 30 minutes of 

entering human tissue, the sporozoites migrate through the layers of the dermis until 

finding a capillary, then circulate until they are able to invade a hepatocyte via a gliding 

motility mechanism (Sultan et al. 1997). The recognition of the hepatocyte is mediated by 

several parasite surface proteins (Prudencio et al. 2006) including circumsporozoite 
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protein (CSP), thrombospodin-related anonymous protein (TRAP), and apical membrane 

antigen 1 (AMA-1). Heparan sulfate proteoglycans (HSPGs) on the surface of the 

hepatocyte seem to be a requirement for infection. HSPG is present on many cells in the 

human body, but is more highly sulfated in hepatocytes and the sulfation of HSPG has 

been shown to be essential for sporozoite adhesion (Prudencio et al. 2006). Inside the 

hepatocytes, the parasites develop into tissue schizonts which undergo successive rounds 

of replication to give rise to as many as 10,000 merozoite progeny. In a mouse model of 

malaria, P. berghei, they are released by the budding of host membranes derived 

merozoite-filled vesicles called merosomes(Sturm et al. 2006); whether this route of exit 

is used by the human malarias is currently under investigation. The merozoites are 

markedly different in morphology from the sporozoites.  

 

Merozoites are notable for the organelles at their apical end, including rhoptries, 

micronemes, and dense granules. These organelles are the defining feature of the family 

Apicomplexa, which include Plasmodium as well as the related intracellular parasites, 

Toxoplasma gondii, Cryptosporidium parvum, and Theileria parva. Much work has been 

done on the receptors used by P. falciparum merozoites for invasion. Through the use of 

numerous variants of (at least) two families of surface proteins including the Duffy 

binding protein family (erythrocyte-binding antigens, EBAs), as well as the reticulocyte 

binding protein family, the parasite is able to avoid immune clearance (Baum et al. 2005). 

  

The merozoite invasion of the host erythrocyte marks the beginning of the asexual intra-

erythrocytic developmental cycle (IDC; for background regarding the IDC, see (Waters et 
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al. 2004) and (Sherman 1998)). Each P. falciparum merozoite can invade a new 

erythrocyte, and within 48 hours, replicate itself into 16-32 progeny merozoites. During 

this IDC, several morphological changes can be noted by microscopy using Giemsa stain. 

Initially, the parasites are small and notable for a ring-like appearance where the circular 

demarcation of the parasite boundary is punctuated by a dot that corresponds to the 

compact nucleus. This stage is called the ring stage and for the approximately 20 hour 

duration of this portion of the IDC, the parasite has relatively low metabolic activity. In 

the second stage, a food vacuole begins to form due to active ingestion and catabolism of 

host hemoglobin (Goldberg 2005). After sufficient growth, the trophozoites begin the 

process of DNA replication and division, and this final stage of the erythrocytic parasite 

is called the schizont stage. Late stage schizonts are notable for fully formed individual 

merozoites contained inside the erythrocyte, awaiting release, and these parasites are 

often referred to as segmenters. Mechanisms controlling the progression through IDC are 

likely to be genetically encoded, but remain a very engaging scientific mystery at the 

heart of the motivation for my studies. 

 

The IDC is particularly unusual for its hybrid developmental and cell cycle. Unlike a 

classical cell cycle in which controlled DNA replication occurs once and only once 

(Alberts 2002), the Plasmodium IDC incorporates multiple rounds of DNA replication in 

a process called cryptomitosis (Merckx et al. 2003), in which the nuclear membrane 

remains intact, and the daughter genomes of the first replication continue to undergo 

further rounds of replication in a seemingly unsynchronized manner (Doerig et al. 2004). 

This asynchronous replication produces a distribution of genome copy numbers that 
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includes odd numbers, rather than the doublings of 1n, 2n, 4n, 16n, and 32n that would be 

expected for a fully synchronized process. The parasites utilize cyclins and cyclin-

dependent kinases (CDKs) that are homologous to those of other eukaryotic organisms 

(Doerig et al. 2002). 

  

At a frequency of less than 1% in in vitro culture (Eichner et al. 2001), some of these 

asexual forms undergo a switch to a distinct developmental program called 

gametocytogenesis leading to the development of male and female gametocytes. The 

commitment to these sexual stages is suspected to occur during the trophozoite stage of 

the previous cycle (Smith et al. 2000), but the full course of development to gametocytes 

takes 14 days. Gametocytes are also known to sequester, preferring to reside in bone 

marrow (Rogers et al. 2000). Recent work has shown that a calcium dependent protein 

kinase, CDPK4 (Billker et al. 2004), and a male-specific mitogen activated protein kinase 

2, Pfmap-2 (Rangarajan et al. 2005), are both required genetically for normal male 

gametocytogenesis. 

 

Upon completion of development, the gametocytes circulate until taken up by another 

anopheline host, at which point the final transformation happens: during this process 

known as gametogenesis, both male and female gametocytes shed their erythrocyte 

exterior and the male gametocyte undergoes exflagellation. It has been found that the 

drop in temperature, rise in pH, and the presence of xanthurenic acid in the mosquito 

midgut all contribute to the rapid transformation that leads to mating competency(Billker 

et al. 1998). Within 30 minutes, the two haploids mate, leading to fertilization and the 
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development of the zygote. The zygote then develops into the oocyst, which embeds in 

the wall of the host gut and undergoes asexual divisions once again, in a process called 

sporoogony to generate 1000~10,000 sporozoites (Beier et al. 1998). With the help of the 

Anopheles vector, these sporozoites are competent to invade a new host, thus closing the 

transmission cycle. 

 

A very brief description of the pathophysiology of malaria 

 

If one parasite were estimated to multiply by tenfold, a population of 10 parasites 

expands to approximately 108 parasites within 7 cycles, or 14 days (White 2004). 

Assuming 2L of packed erythrocytes per person, this parasitemia of 50 per uL is the 

detection limit by microscopy. Non-immune patients may report symptoms two days 

prior to this parasitemia, but between parasitemias of 1010 and 1011, most patients are 

typically symptomatic. Typical symptoms include the famous periodic fever, which 

corresponds to the host response to synchronized merozoite release as first described by 

Camillo Golgi (Muscatello 2007). Other common symptoms include mild anemia, 

fatigue, nausea, vomiting, headaches, myalgia, chills, sweats, diarrhea, and cough. 

Golgi’s suggestion that malarial fevers of differing periodicity correspond to infections 

by different species has been validated: P. falciparum, P. vivax, and P. ovale have an 

approximately 48 hour IDC duration, while P. malariae has a 72 hour IDC (Bray et al. 

1982). 
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Clinical observations reveal that parasites of the later stages are often not detectable in 

blood smears from patients, due to the adhesive properties of the trophozoite and schizont 

stages. Stage specific expression and surface presentation of key adhesion molecules by 

the parasites allow them to bind and sequester in the microvasculature through a process 

called cytoadherence. Sequestration from circulation, allows parasites to develop without 

the risk of splenic clearance, which is a major mechanism by which the host controls 

Plasmodium infection; splenectomized patients are at significantly increased risk for 

malaria (Bach et al. 2005). The adherent properties of plasmodia contribute to the 

complications of severe malaria including cerebral malaria (MacPherson et al. 1985) and 

placental malaria (Fried et al. 1996), in which parasites adhere to vasculature of the brain 

and placenta respectively. 

  

This host-parasite interaction has been defined at a molecular level; cytoadherence 

depends upon variants of the protein family Plasmodium falciparum erythrocyte 

membrane protein 1 (PfEMP1) ((Baruch et al. 1995); (Su et al. 1995); (Smith et al. 

1995)), encoded by the var genes present in roughly 100 copies per haploid genome (Su 

et al. 1995). The host molecules currently known to interact with PfEMP1 are several, 

including intracellular adhesion molecule 1 (ICAM-1; (Smith et al. 2000)), chondroitin 

sulfate A (Pouvelle et al. 2000), and CD 36 (Baruch et al. 1995). Each clone of parasite 

has been observed to rely on the expression of one var gene in a process called allelic 

exclusion ((Voss et al. 2006); (Deitsch et al. 2001)), and switching expression between 

the variant copies allows parasites (Horrocks et al. 2004) to utilize different surface 

proteins to accomplish adhesion, thereby evading the host immune response (Peters et al. 
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2002). Infected erythrocytes are known to use PfEMP1 to adhere to uninfected 

erythrocytes as well, in a process called resetting which has been suggested to mask the 

surface proteins of Plasmodium that are immunogenic, and simultaneously decrease the 

transit time for newly released merozoites to find fresh hosts (Rowe et al. 1997). 

  

The genome era of Plasmodium research 

 

Genome sequencing and functional genomics of P. falciparum 

 

Given the tremendous global health impact of the disease, P. falciparum was an obvious 

candidates for whole genome sequencing, and the completed sequence and annotation 

were released in a series of articles in 2002 ((Gardner et al. 2002); (Hall et al. 2002); 

(Hyman et al. 2002)). The haploid genome is 23 Mb and organized into 14 chromosomes, 

coding for approximately 5300 genes (summary of genome sequence : (Gardner et al. 

2002)). The sequence is 80% AT rich, rising to ~90% in non-coding regions. There are 

also two organellar genomes, both of which are circular. The mitochondrial genome is ~6 

kb and encodes only three open reading frames (ORFs), while the apicoplast genome is 

approximately 35 kb. Genome sequences, and data from functional genomics published 

to date are organized and curated at www.plasmodb.org (Bahl et al. 2003). 

 

With the information provided by the genome sequence, new approaches are available for 

the study of Plasmodium biology. A pioneering microarray study of the transcriptome of 

P. falciparum was published in 2000 by Rhian Hayward in collaboration with my thesis 
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advisor, Joseph DeRisi (Hayward et al. 2000). This study was done on a spotted 

microarray (Churchill 2002) of a genomic library from P. falciparum using a “shotgun” 

microarray strategy. Briefly, the library was constructed using a mung bean nuclease 

treatment, which preferentially cleaves AT-rich sequences, leaving the coding regions 

relatively intact. PCR products were generated from this library using universal primers 

flanking the inserts, and these PCR products were printed onto glass slides treated with 

poly-lysine to capture nucleic acid material using electrostatic interactions. cDNAs 

representing transcripts of different stages of parasites, then hybridizations were 

performed on this approximately 3648 feature microarray. Clones of interest were 

analyzed by followup sequencing. As part of my rotation project during the summer of 

2000, I sequenced some of the clones from this library that had not been previously 

annotated. This study corroborated previous work revealing stage-specific gene 

expression patterns for a small number of genes, and also found many new genes 

exhibiting distinct expression patterns between trophozoite gametocyte stages. 

 

The publication of the P. falciparum genome sequence allowed a more sophisticated 

approach to construction of the second generation P. falciparum microarray. This 

microarray was designed such that the identity of the printed spots would be known a 

priori, due to intentional design of oligonucleotide probes. This strategy was a significant 

advance compared to the “shotgun” microarray as it obviated the need for sequencing of 

clones post-hybridization for the determination of the association of an ORF to a spot on 

the array. The algorithm for microarray design was developed by Jing Zhu (Bozdech et 

al. 2003) and is based on computed thermodynamic energies of hybridization of 70mer 
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oligonucleotide probes. This array included oligos for 4,488 of the predicted 5,409 ORFs, 

allowing for a more thorough investigation of the IDC transcriptome culminating in the 

publication of a high resolution (1-hour resolution) time course of the 48-hour P. 

falciparum IDC (Bozdech et al. 2003). This landmark study afforded many observations 

regarding transcription in the P. falciparum IDC, including evidence that approximately 

60% of the genome is transcriptionally regulated during the asexual phase of the 

lifecycle, and that some 80% of these genes (or just under 50% of the entire genome) are 

expressed in a periodic manner through the course of the 48 hours of development. For 

comparison, analysis of the Saccharomyces cerevisiae genome displaying periodic 

transcription during a cell cycle comprised of only 3.8% of the genome. An analogous 

study was published by another group using a gene-specific microarray platform 

implemented by Affymetrix using proprietary photolithographic printing methods, 

confirming many of the observations made in our laboratory (Le Roch et al. 2003). Their 

study extended the breadth of its investigation to include expression from the gametocyte 

and sporozoite stages, although the IDC data were obtained with coarser time resolution. 

 

It is worth noting that the availability of genome sequence has also facilitated several 

non-microarray based functional genomics studies including proteomics (Florens et al. 

2002), yeast two hybrid (LaCount et al. 2005), as well as cDNA and EST sequencing 

projects (Watanabe et al. 2004), however they will not be discussed in detail here.  

 

The goal of this work 
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When I commenced the work described in the following chapters, it was my hope that 

these studies would provide a better understanding of how the transcriptional control of 

the development of P. falciparum is governed during the intraerythrocytic developmental 

cycle (IDC). In the near term, the goal of this project has been to discern the components 

of the molecular clock that dictate the periodicity of the intermittent malarial fevers. 

  

To begin, one can gain some insight about how to approach the problem by examining 

work done on various other biologically encoded clocks. The cell cycle is a well 

described molecular clock that has been analyzed with respect to gene expression in 

several model eukaryotes, including Saccharomyces cerevisiase (Spellman et al. 1998), 

Schizosaccharomyces pombe (Rustici et al. 2004), and human fibroblast cells (Cho et al. 

1998; Cho et al. 2001). In all of these examples, the developmental program utilizes a 

series of transcriptional cascades, in which stage-specific transcription factors (TFs) 

govern the expression of TFs controlling the succeeding stages. In addition, the 

dimorphic bacterial cell cycle of Caulobacter crescentus (Holtzendorff et al. 2004) and 

the metazoan circadian cycle (McDonald et al. 2001; Miller et al. 2007) also employ TFs 

as components of their oscillating regulators. Partly modeled on these systems, a 

completely synthetic transcriptional oscillator has been constructed de novo (Elowitz et 

al. 2000). On the other hand, there is a major post-transcriptional aspect of the cell cycle, 

wherein regulated proteolysis of cyclins determines the activity of their cyclin-dependent 

kinase (CDK) partners that have numerous substrates in the cell (Alberts 2002). Also, the 

cyanobacterial circadian clock was elegantly recapitulated in vitro using only the three 

central proteins, with the phosphorylation status of the KaiC protein acting as the 
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temporal state indicator (Nakajima et al. 2005). Although these two models differ in their 

molecular implementation, they can in theory be used to similar effect towards the 

construction of biological rhythm, and in fact they are not mutually exclusive. Given the 

timely availability of the transcriptome data of the P. falciparum IDC when I embarked, I 

chose to tackle the problem of IDC regulation at the level of transcription. 

 

Transcription is a good starting place for approaching this problem, given the primacy of 

transcription in eukaryotic gene expression. Some work has been done on the study of 

transcription in P. falciparum demonstrating the conservation of many of the basic 

principles learned from the study of other model eukaryotes (Alberts 2002). For example, 

genome sequence analysis reveals the presence of components for the three major 

polymerase complexes, RNA polymerase I, II, and III (RNAP I, II, III; (Coulson et al. 

2004; Callebaut et al. 2005; LaCount et al. 2005)). While RNAP I transcribes rRNA, and 

RNAP III transcribes tRNA and snoRNAs, the bulk of cellular mRNA is generated by 

RNAP II. Classically, RNAP II promoters contain a TATA-box in close proximity to the 

site of transcription initiation, and the binding of TATA-box binding protein (TBP) to a 

TATA-box leads to the recruitment of the RNAP II complex to these core promoters 

(Alberts 2002). Binding of a P. falciparum TBP in proximity to the transcription 

initiation sites of two promoters has been experimentally confirmed (Ruvalcaba-Salazar 

et al. 2005). The specificity of RNAP II is also mediated through interactions with 

general transcription factors (GTFs), and some of these were identified in the P. 

falciparum genome by bioinformatics as well (Callebaut et al. 2005). Interestingly, these 

authors report that one of the GTFs, TFIIA, is duplicated in the P. falciparum genome 
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(Callebout 2005); although duplication of this gene has not been observed in other 

genomes, existence of the duplication and subsequent acquisition of promoter-specific 

functions of the TBPs of animals has been documented (Holmes et al. 2000; Davidson 

2003). Another law of eukaryotic transcription is that short cis-regulatory elements called 

enhancers located at some distance from the core promoter are bound by sequence-

specific DNA binding proteins, called transcription factors (TFs), and these TFs can 

recruit the RNAP II complexes to specify transcription (Miesfeld et al. 1987). However, 

bioinformatics analyses have failed to find this class of regulators at expected 

abundances, implying they are relatively under-represented in the P. falciparum genome, 

or that they are evolutionary divergent from other eukaryotic transcription factors 

(Coulson et al. 2004). Regulation of mRNA stability represents an important means by 

which transcript abundance is controlled, and global stage-specific differences in mRNA 

half-lives was recently documented (Shock et al. 2007) but this mechanism of gene 

regulation will not be discussed in detail here. 

 

Another major mechanism of gene expression is through chromatin regulation. Several 

recent findings regarding var gene expression highlight the primacy of epigenetic 

mechanisms of antigenic gene regulation in this parasite:  

 

1) PfSir2, the histone deacetylase homolog of the yeast telomere silent information 

regulator, was demonstrated by ChIP to be associated with silenced subtelomeric var loci, 

while acetylated histone H4 was associated with expressed loci (Freitas-Junior et al. 

2005). 
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2) Genetic ablation of PfSir2 led to upregulation of a subset of var and rifin genes 

encoded in subtelomeric regions (Duraisingh et al. 2005). 

3) Trimethylation of histone H3 at lysine K9 was enriched at silenced var loci relative to 

actively transcribed ones (Chookajorn et al. 2007). 

 

Furthermore, work on the related Apicomplexan, Toxoplasma gondii, demonstrated that 

the histone deacetylase TgGCN5 from this organism associates with promoters in a stage-

specific manner, and that inhibition of the histone arginine methyltransferase TgCARM1 

using a chemical inhibitor AMI-1 results in decreased global H3 methylation which 

correlates with a change in the developmental course of the parasite (Saksouk et al. 

2005). Recruitment of chromatin by sequence-specific transcription factors is a long 

established mechanism of eukarotyic gene expression (Zaret et al. 1984). The possibility 

that a sequence-specific DNA binding protein interacts with nucleosomal proteins, 

thereby specifying the chromatin and transcriptional status, will be an intriguing 

hypothesis for future work contingent on the identification of the TGBF. 

 

The approach  

 

I have taken a two-pronged approach towards understanding the molecular clock of P. 

falciparum. The first approach is a computational analysis of the cis-regulatory elements 

correlating with transcription during the IDC. The second approach is a biochemical 

validation of one of these motifs demonstrating recruitment of a trans-acting factor that 

regulates the genome through binding of this motif. The computational analyses and the 
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initial validation experiments are described in detail in chapter 2. Work towards a 

purification strategy for the eventual identification of this factor and this work is 

described in chapter 3. 

  

Computational biology has seen a renaissance in parallel with the advent of large-scale 

DNA sequencing technologies. Many years of experimental work on determining the 

mechanisms of transcriptional regulation have shown that much of transcription is 

typically regulated by proteins, called transcription factors (TFs), which bind DNA with 

high affinity for specific sequences of small size. These transcription factor binding sites 

(TFBSs) are typically found enriched in the upstream regulatory sequences of genes, 

called promoters, and the binding of TFs to their TFBSs leads to the recruitment of the 

RNA polymerase to the promoter and subsequent transcription of that gene. These TFs 

have a remarkable ability to bind specific sequences of short length, with zinc-finger TFs 

discriminating sequences as short as three nucleotides (Rebar et al. 2002). It has also been 

observed that promoters regulated by a particular TF typically have multiple copies of a 

transcription factor binding site (TFBS) (Struhl 1982). Bioinformatics tools have been 

developed to capitalize on this property, and statistical analysis of the frequencies of 

small subsequences has been used to predict functional TFBSs. One early algorithm 

employed simple counting approaches to look for over-representation of discrete 

subsequences within promoter sequences of interest (van Helden et al. 1998). Another 

approach modeled TFBSs as a matrix of nucleotide probabilities, called a position weight 

matrix (PWM), to capture the information of TF affinities for related variants of discrete 

subsequences (Stormo et al. 1989). A widely used algorithm, MEME, was developed 
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based upon the PWM model using resampling of promoter sequences to build PWMs 

capturing the over-representation of the TFBSs (Bailey et al. 1995). With the availability 

of large genome-wide transcription datasets from microarray studies, an algorithm named 

REDUCE was developed that uses linear regression of motif copy number to microarray 

gene expression data (Bussemaker et al. 2001). I have used this last algorithm extensively 

in the analysis of the IDC transcriptome dataset. 

 

One motif predicted using the REDUCE algorithm was validated through the use of 

classical biochemical methods. The electromobility shift assay (EMSA) is a solution-

based assay used to demonstrate the existence of a TF with affinity for a particular 

sequence of DNA (Fried et al. 1981; Garner et al. 1981). Briefly, a binding site for a TF 

is radioactively labeled to create a probe, and then incubated with a TF suspected to bind 

this sequence. The mixture is then separated with electrophoresis through a 

polyacrylamide or agarose gel. If the TF binds to the DNA, it will retard the migration of 

the DNA, revealing a band distinct from that of the unbound DNA. The source of the TF 

can be a purified protein if such can be obtained, or a complex mixture derived from a 

cellular extract. This strategy has been utilized in the study of Plasmodium promoters in 

the past, taking native promoters and dissecting the sequence into smaller regions 

retaining sequence specific binding activity. The utilization of the computationally 

guided approach towards probe selection has allowed me to validate a short 

oligonucleotide likely to be a close approximation of the idealized binding site for one of 

the TFs regulating the IDC. 
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After developing an assay demonstrating the presence of a factor with sequence-specific 

DNA binding activity within extracts prepared from P. falciparum, I have explored the 

use of various chromatographic techniques to pursue the assembly of a purification 

strategy which would allow for the identification of this candidate TF predicted by 

bioinformatics analysis to regulate a significant portion of the transcription of the P. 

falciparum IDC. 
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Chapter 2 :  

cis-Regulatory Elements Controlling mRNA expression in the P. falciparum 

Intraerythrocytic Developmental Cycle 

 

Abstract 

The mechanisms of gene regulation in the malaria parasite P. falciparum are not well 

known. However, the genome sequence and existing gene expression datasets are rich 

resources that can aid in identifying transcriptional regulatory elements. By comparing 

promoter sequences and expression data in the parasite’s intraerythrocytic developmental 

cycle (IDC) (Bozdech et al. 2003), we computationally identify 11 cis-regulatory 

sequence motifs whose appearance in promoters correlates with timing of expression. 

Defining motif activity profile as correlation of motif with expression, each motif has a 

sinusoidal activity profile with a period equal to that of the IDC.  In several cases, the 

equivalent motif on the reverse strand has an identical activity profile, while other motifs 

display orientation specific correlations. These motifs occur in the intergenic regions of a 

large fraction of the genes in the genome, suggesting that they govern a large proportion 

of the transcriptome.  Target gene predictions support this thesis, as a significant fraction 

of the 3518 genes transcribed periodically during the IDC can be matched to at least one 

of the 11 motifs.  Furthermore, these motifs appear to have strong co-occurrence biases, 

implying that regulation is frequently combinatorial. One motif was validated by a 

biochemical approach, and we call this motif the TG box motif. It is predicted to be 

involved in transcription of 20% of the periodically transcribed genes of the IDC. 
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Introduction  

 

Malaria is a disease caused by parasitic protozoa, of which Plasmodium falciparum is the 

most deadly species, and is spread by mosquitoes of the genus Anopheles.  While the 

disease has been largely controlled in temperate regions of the world, it remains a 

massive health problem in many tropical regions (Hay et al. 2004).  Previously effective 

prevention and treatment strategies have also waned in efficacy, e.g. because of the 

realization of environmental side effects of DDT (Carson 1962) and the nearly 

concomitant emergence of drug resistance to chloroquine (Young et al. 1961).  

 

Functional genomics and bioinformatics may be particularly useful for studying P. 

falciparum, since their parasitic nature and unusual base composition can make them 

refractory to classical genetic manipulations.  An important recent genome-scale study is 

the characterization of the stage-specific transcription patterns for the genes associated 

with the intraerythrocytic developmental cycle (IDC) (Bozdech et al. 2003). At least 2714 

genes, or approximately 50% of all annotated P. falciparum genes, have been found to be 

expressed in the IDC in a simple sinusoidal program, in each case with a ~ 48 hour 

period, with variation in phasing. Functional groups of genes in the IDC have also been 

shown to be transcribed synchronously (Bozdech et al. 2003).  

 

Despite these recent strides, the molecular mechanisms of transcriptional regulation are 

not yet well understood in plasmodia. A handful of studies have experimentally dissected 

individual promoters to identify cis-regulatory sequence elements (Horrocks et al. 1999) 
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(Chow et al. 2003) (Lanzer et al. 1992; Voss et al. 2003). One recent work has also 

identified binding sites for the P. falciparium TATA-binding protein in the promoters of 

two independent genes (Ruvalcaba-Salazar et al. 2005). However, compared to the 

abundant gene expression data, knowledge of the cis-regulatory program is minute. 

 

Several works have suggested that the regulatory program of the IDC may be relatively 

simple, requiring only a handful of transcription factors (Bozdech et al. 2003; Coulson et 

al. 2004). This hypothesis is supported by the comparison of conserved transcription 

associated proteins across multiple eukaryotic genomes. Such analysis showed that 

approximately 10% of the gene repertoire of a typical eukaryote is dedicated to 

transcription associated proteins (Coulson et al. 2003), whereas P. falciparum utilizes a 

much smaller proportion, estimated at 3% (Coulson et al. 2004).  Furthermore, only 1.3% 

of the P. falciparum genome matches to the registered transcription factors in the 

TRANSFAC database, whereas S. cerevisiae has a 4.0% match rate. Experimental 

evidence for conservation of paired transcriptional cis- and trans-regulatory components 

between P. falciparum and non-plasmodial species exists only for the TATA box 

(Ruvalcaba-Salazar et al. 2005) and the Myb family of transcription factors (Gissot 

2005). Hence, understanding the mechanisms of gene regulation in the P. falciparum 

IDC, in addition to being important, may also be tractable. 

 

Given these motivations, we used computational approaches to identify candidate cis-

regulatory motifs associated with the IDC and validate them experimentally. In contrast 

to previous studies of single promoters, we made use of the genome-wide sequence and 
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IDC expression data to identify candidate core cis-regulatory motifs in the non-coding 

regions of the P. falciparum genome. These motifs were interesting because they occur in 

high copy number and tend frequently to co-occur. Furthermore, the motifs we have 

detected agree well with previously described protein binding sites.  We experimentally 

validated one of these motifs for binding of a nuclear factor through the IDC time course, 

and predict a broad role of this factor in the regulation of a large set of genes.  The 

similarity of our predicted motif with a trophozoite stage enhancer in the promoter of var 

gene introns suggests that the transcriptional silencing of var genes is integrated into the 

global transcriptional program of the IDC. 

 

Materials & Methods: 

 

Expression data pre-processing.   

 

We used the quality controlled expression data set from the 48-hour IDC timecourse 

(available at http://malaria.ucsf.edu) for analysis.  Negative expression ratios were 

filtered, and all data were log2 transformed.  Missing values were filled using KNN 

Impute with k=10 (Troyanskaya et al. 2001), and instances of data for multiple oligos 

mapping to single ORF were averaged, using the CAST algorithm to exclude outlier 

oligos below a cutoff threshold of 0.8 (Ben-Dor et al. 1999). 

 

Promoter sequence identification. 
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For each ORF, the 1kb upstream of the ATG was designated as the promoter sequence, 

using the ORF coordinates from the PlasmoDB annotation version 4.1. In cases where 

another ORF or contig break occurs in this 1kb (Milgram 2004), the promoter sequence 

was truncated at that point. 11 sequences were excluded because their predicted ORFs 

spanned contig breaks, and 19 sequences were excluded because their intergenic UTR 

lengths were 50 bases or less.  The final sequence file used for analysis contained 5304 

sequences; 3518 of these sequences were associated with expression data. 3’ intergenic 

sequences were extracted as well using the 1kb and ORF truncation/contig breakpoint 

criteria, with 2975 sequences associated with expression data. Promoters of up to 3 kb or 

up to 5kb were also extracted, with results similar to those for the 1kb analysis (data not 

shown).  

 

Motif detection and analysis. 

 

Promoter sequences and processed expression data from the IDC time series were 

analyzed for motifs using the REDUCE algorithm (Bussemaker et al. 2001). Given a 

single expression array, REDUCE searches for sequence motifs whose frequency of 

occurrence in promoters correlates with the expression level of the adjacent gene. 

REDUCE outputs a p-value for each motif, under the expectation that correlation values 

for non-functional motifs will be Gaussian distributed. 

 

Motifs detected using REDUCE were characterized over the IDC time course via their 

activity level:  
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   Smt = -(log10 p)mt * sign(m), 

 

where p is the REDUCE p-value, t is the time in the IDC, m is the motif, and sign(m) 

takes a value of +1 or -1, depending on whether the motif correlates with enhanced or 

repressed gene expression. S therefore measures the magnitude and direction of the 

motif’s effect on expression.  Motif activity profiles (the activity of a motif over all time 

points t) were sorted using an ordering by phase, analogous to the phase ordering of gene 

expression profiles described in Bozdech et al. 2003 (Bozdech et al. 2003).  

 

Motif comparisons and clustering 

 

REDUCE motifs longer than 3 nucleotides were compared pairwise for sequence 

similarity, in order to group motifs which are variants of the same transcription factor 

binding site.   For each pair of motifs a and b, with lengths la and lb, the two motifs were 

aligned in all possible frames in which the motifs overlapped. For a given frame, the 

score was evaluated as ),( ii

i

ba , with i indicating a position in the alignment for 

which both sequences have a base, and with the function s as described below. The 

overall score was taken to be the maximum score over all possible alignment frames, 

with a Bonferroni correction for the number of frames (-log(la+lb-1)). The values of s(a,b) 

were chosen to prevent biases toward long alignments of random sequences, i.e.  s(a,b) = 

log [P(a,b)/qaqb] (Durbin 1998). Here qa is the frequency of base a in random promoter 

sequence (qA = 0.4224, qC = 0.0620, qT = 0.4504, qG = 0.0652) and P(a,b) is the frequency 
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of the pairing of a and b in motifs which are variants of the same binding site. For motifs 

describing variants of the same transcription factor binding site, it was assumed that 

mismatches would occur at a rate g = 0.1 for unrelated motifs (P(a,b) = gqaqb)  and that 

matches would occur at a frequency proportional to that of the base in question (P(a , a ) 

= fqa). These constraints, along with the requirement that the P(a,b) values sum to unity, 

were sufficient to determine the score function.  

 

Motif similarity scores were then used to cluster motifs. Similarity scores were converted 

to distance scores via a linear transformation that mapped maximal similarity scores to a 

distance of zero and the minimal similarity to 1, and UPGMA clustering was performed 

via the program NEIGHBOR in the PHYLIP package (Felsenstein 2005). Note that 

although we assumed a particular value of g, the inferred clustering tree was insensitive 

to variations in g over a wide range (0.05 to 0.4). 

 

Prediction of target genes and flanking sequence information. 

 

The target genes of the significant motifs were predicted using the MODEM algorithm, 

which uses a maximum-likelihood approach to distinguish the subset of motif instances 

likely to be true targets for a transcription factor (Wang et al. 2005). MODEM takes a 

consensus core motif, promoter sequences, and a gene expression microarray dataset as 

inputs, and outputs a set of likely targets, as well as a position-specific weight matrix 

(PWM) describing the flanking sequence around true targets.  We modified the MODEM 

protocol to use the full time-course microarray data. Rather than use expression data from 
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an individual experiment, we used pseudo-expression values that measured the coherence 

of the motif activity with gene expression, i.e. pseudo-expression values were set to be 

the dot product of the motif activity profile and the mRNA expression time course for 

each gene.  In the MODEM inputs, the mean of the true target pseudo-expression values 

was initialized to be three standard deviations greater than the mean of the background. 

 

The following 11 core motif sequences were analyzed by this method: TGTG, TATAA, 

TATAGA, TGTCT, TGCA, TTGT, AATT, TTTT, TGTAG, CTTA, and GATAC. These 

representative sequences were chosen because, in any given sequence family, these 

sequences had the highest value of Smt over all time points. Note that, for four motifs 

(TGTG, TATAA, TATAGA, and TGTCT), the motif and its reverse complement had a 

similar activity profile and were clustered into the same family. For these motifs, both 

forward and reverse strand genomic sequence data were input into MODEM. For motifs 

without this strand symmetry property (e.g. AAAA, TTGT, TTTT, CTTA), only the 

forward strand data were used. For motifs that were equivalent to their reverse 

complement (TGCA and AATT), the sequence from the strand with the better PWM 

score was used. 

 

The flanking sequences of the predicted true targets were used to analyze co-occurrence 

of adjacent motifs. For each core motif, we tallied instances of other motifs in the 

adjacent 10 bases upstream and downstream. All co-occurring motifs (not just the 

representative sequences) were counted. A co-occurrence count between the core motif 

and each other family was assessed, based on the number of core motif true targets for 
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which at least one member of the co-occurring family was adjacent to the core motif. The 

significance of these co-occurrence counts was assessed by comparison to motif 

frequencies in 10000 randomly sampled 10mers within promoter sequences, using 

Poisson statistics. 

 

Positional Biases 

 

To identify positional biases of the 11 motif families, we tested whether any of the 

members of a motif family occurred at each position in each promoter. This yielded 

occurrence counts as a function of position for each motif family. Frequencies were 

calculated by normalizing for the number of promoters having sequence at each position. 

This number of promoters varies slightly by position because some promoters were 

truncated to be less than 1 kb (see above). Positional biases were assessed by comparing 

the occurrence rates of motifs near the ATG to those in the remaining sequence out to 

1000 bp. For example, the near region might consist of the binned region between 10 and 

50 bp, with the remaining sequence being the region from 50 to 1000 bp. Statistics were 

tabulated starting at 10bp to avoid issues associated with finite motif lengths. Statistical 

significance of the rate biases was assessed by considering the binomial probability 

(approximated by a Gaussian distribution) that the occurrence statistics, or anything more 

extreme, in the near region would be generated by chance given the occurrence rates in 

the far region. 

 

Parasite culturing and nuclear protein extraction 
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Strain 3D7 P. falciparum cultures were grown in RPMI media as described (Bozdech et 

al. 2003).  We made nuclear extracts from synchronized parasites harvested at 5 different 

time points of the Plasmodium IDC and tested them for sequence specific DNA binding 

activity.   

 

Electromobility shift assays 

 

We designed the probe sequences by using MODEM to define flanking sequences 

associated with the TGTGTG core motif. Based on this computational analysis, the core 

motif was flanked with poly-AT extensions such that the final oligo sequence was 

TATATATGTGTGTATATA for the forward strand and TATATACACACATATATA 

for the reverse strand (wt probe in Figure 5).  A non-specific probe was designed with the 

same GC content with changes in the core motif with the forward strand 

TATATAACTGACTATATA and the reverse strand TATATAGTCAGTTATATA (mut 

probe in Figure 5). Note that the flanking sequences of this control probe have been kept 

the same as the original probe and only the core motif has been scrambled.  

Oligonucleotides were purchased from IDT, and each oligo was labeled with T4 

polynucleotide kinase (NEB) in 10 ml reactions for 1 hour according to manufacturer’s 

instructions. Complementary strands were mixed, then heated to 1000C and slowly cooled 

to room temperature. Double stranded DNA (dsDNA) was purified from unannealed 

DNA on a native 15% polyacrylamide/1X TBE gel, and labeled dsDNA probe was eluted 

to TE pH 8.0 and kept at 40C.  Binding reactions were done using 5μg nuclear extract 
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from each time point, as determined by Bradford assay (Biorad).  Binding buffer was 

adapted from Voss et al. 2002 and consisted of 20mM Hepes pH 7.6, 10 mM KCl, 

0.67mM MgCl2, 1 mM EDTA, 1 mM DTT, 0.67 mM PMSF, 5% glycerol, 0.0067% NP-

40, 0.25 μg/μl BSA, 0.1 μg/μl salmon sperm DNA, and 0.2 μg/μl poly dI-dC.  Binding 

reactions were done by adding nuclear extracts to pre-mixed components including 

labeled probe, and allowed to bind for 15 minutes at room temperature, before loading to 

a 5% polyacrylamide/0.25X TBE gel. Typical binding reactions were done with 

10,000CPM of probe per 15 μl binding reaction, which represents approximately 1fmol 

of dsDNA probe. 

 

Results 

 

Identification of Motifs and Activity Profiles  

 

At least 2714 of the 5409 ORFs in the P. falciparum genome are transcribed during the 

IDC and exhibit a simple mRNA expression profile, in which the expression level peaks 

once during the 48 hour cycle. (Bozdech et al. 2003). This relatively simple expression 

pattern suggests that the regulatory program of the IDC may also be simple. We set out to 

understand this program from the viewpoint of cis-regulatory elements, by integrating the 

genomic sequence and IDC expression data to find the candidate transcription factor 

binding site sequences associated with P. falciparum gene expression during 

intraerythrocytic development.  
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To identify regulatory sequences, we analyzed a set of promoters from the P. falciparum 

genome sequence. A schematic for the information flow is available in Figure 1. We 

focused on the 1kb of non-coding sequence upstream of each annotated start codon, 

though sequences were truncated if they overlapped with any coding sequence. We then 

searched these promoters for sequence motifs likely to regulate the mRNA expression 

levels of the downstream genes. This search was performed using the REDUCE 

algorithm, a method which has been successful in integrating sequence and microarray 

expression data to predict regulatory motifs in Saccharomyces cerevisiae (Bussemaker et 

al. 2001). REDUCE identifies sequence motifs whose pattern of occurrence in promoters 

correlates significantly with the expression level of the adjacent gene (see Methods). 

Expression data were obtained from Bozdech et al (Bozdech et al. 2003). 

 

Motifs were identified for the 46 hourly time points in the IDC for which microarray 

expression data were available. Over the complete set of time points, this method 

uncovered 128 significant motifs.  No significant motifs were recovered when 3’ 

intergenic sequences were analyzed for correlations with expression, suggesting that 5’ 

sequences determine most of the changes in steady state mRNA levels in the IDC. Using 

the expression information at different time points, we were able to identify the changes 

in motif activity over time (see Materials & Methods). 

 

Next, these motifs were clustered on the basis of their activity profiles (their activity 

scores S over all timepoints), analogous to the common technique of clustering genes by 

their microarray expression profiles. The resultant pattern of motif activity (Figure 2B) 
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was reminiscent of the gene expression pattern (Figure 2A, obtained with permission 

from (Bozdech et al. 2003)).  That is, activity profiles were sinusoidal with a period equal 

to that of the IDC. All stages of the IDC were predicted to have at least one motif 

associated with positive activity. 

  

Motifs with similar activity profiles were often found to be similar in sequence, 

suggesting that some predicted motifs are biologically tolerated variants of the same 

transcription factor binding site. To confirm this observation, we clustered the motifs by 

their sequence (see Methods) into major motif families. This motif clustering was 

performed on the 100 motifs with reasonable copy number ( > 50 genes) and length ( > 3 

bases long).  Four motifs were not classified into these families, as they appeared to be 

outliers. The resulting sequence similarity tree (Figure 3A) yielded a set of 11 major 

motif families, comprising 96 individual motifs.  As expected, we found that motifs 

within sequence clusters tended to have similar associated transcriptional activity profiles 

(Figure 3B-3D). For each family, we identified a representative motif, chosen on the 

basis of having the strongest REDUCE p-value, when all timepoints for all motifs within 

the family were considered.  For each of these representative motifs, the maximal 

REDUCE p-value was p= 10-4 or better.  

 

The eleven representative motifs from these families are TGTG, TATAA, TATAGA, 

TGTCT, TGCA, TTGT, AATT, TTTT, TGTAG, CTTA, and GATAC, in the order of 

their statistical significance (Table 1). These predicted motifs were robust to the sequence 

set used : we repeated predictions using 3kb or 5kb of upstream sequence and in each 
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case recapitulated a similar set of motifs. The activity profiles of the motifs in three of 

these families are shown in Figure 3B-D. The complete list of representative motifs, as 

well as the activity profile for each motif, is available in Table 1. Note that, for seven of 

these families, motifs have been clustered together with motifs that appear to be 

equivalent binding sites on the reverse strand. For these seven cases, the forward and 

reverse complement versions were found to have similar activity profiles (see next 

section). 

 

Reverse complementarity 

 

It is known that many transcription factors can promote transcription when bound on 

either the forward or reverse strand of a promoter sequence. Consistent with this 

mechanism, seven of our core motifs were found to have similar activity profiles on the 

forward and reverse strands.  Two examples are shown in Figure 3: TATAGA/TCTATA 

(Figure 3B), TGTG/CACA (Figure 3C). In both of these cases, the main motif clearly has 

a similar activity profile to its reverse complement, supporting the veracity of the motifs. 

The complete set of strand-symmetric motifs (with an example reverse complement motif 

having a similar activity profile) are: TGTG/ACACA, TATAA/TTATA, 

TATAGA/TCTATA, TGTCT/AGACA, TGTAG /TCTACA, GATAC/TATC, and 

CTTA/TAAG. 

 

The remaining four core motifs did not show strand symmetry.  For example, the variants 

of the TTTT motif as well as the TTGT motif had much stronger REDUCE p-values 
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when the T-tract occured on the forward strand. This effect is shown for TTGT in Figure 

3D. The activity values are strong in the forward direction (reddish curves), but the motif 

activity values are significantly less for the reverse complement versions, such as 

ACAAC (greenish curves). Two motifs (AATT and TGCA) were equivalent to their 

reverse complement, making the strand symmetry issue undefined in these two motifs. 

 

Positional Biases 

 

Several of our predicted motifs also showed positional biases within promoters, as would 

be expected if they play a functional role. For example, the motif AATT has 10922 

copies in the region between 10 and 50 bp, which is ~ 600 more than what would be 

expected, based on the statistics of the region between 50 and 1000 bp (p=1.0 10-8). 

Similarly, the motifs TTTT (p<1.0 10-300), TGTG (p=1.3 10-5), TTGT(p=1.3 10-41), and 

TGTAG (p=2.9 10-6) all have an excess of copies in the region between 10 and 50 bp. 

Conversely, the motif TATAA is strongly underrepresented between 10 and 50 bp, 

having 2200 fewer copies than would be expected based on the more distant regions 

(p=2.7 10-62). The most striking example of a positional bias is for AATT, which is 

strongly overrepresented in the region between 10 and 50 bp, but is underrepresented in 

the region between 50 and 150 bp (Supplemental Figure 1). 

 

Motif Targets 

 

High Frequency 
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One unusual aspect of these predicted motifs is their high frequency throughout the 

genome. Table 1 shows the number of occurrences of exact matches to the representative 

members of each motif family, and the number of genes in which they appear. The motifs 

TATAA, TTGT, AATT, and TTTT each appear in nearly all of the 3518 ORFs for which 

we analyzed the promoter sequences. TTTT is the most abundant of these, occurring 

239556 times, in 3511 promoters, an average of ~70 times per promoter. This contrasts 

with yeast, for which the cell cycle regulatory motifs typically occur only 1-2 times per 

promoter (Bussemaker et al. 2001). Other malaria motifs also appear more often per 

promoter than the yeast motifs, such as TGTG (~3 copies), TATAA (~14 copies), TTGT 

(~ 6 copies), AATT (~14 copies), and CTTA (~3 copies).  The high occurrence 

frequencies of motifs suggest that copy number could have a stronger role in transcription 

in malaria than it does in yeast. Still, a few IDC motifs (TATAGA, TGTCT, TGTAG, 

and GATC) have only 1-2 copies per gene, indicating that this copy number phenomenon 

may only be relevant for a few transcription factors. 

 

Target Refinement Using MODEM 

 

It is well known that a core motif alone does not contain enough information to 

sensitively and specifically identify the target genes of a transcription factor. Given the 

high copy number of these motifs, it seemed particularly important to refine to the set of 

most likely target genes. We therefore separated motif instances into true targets and false 

positives using a modification of the MODEM algorithm (Wang et al. 2005), which 
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applies a likelihood-maximization approach to separate motifs on the basis of flanking 

sequence and gene expression data. Normally the MODEM algorithm uses expression 

data from one experiment, but we altered it to incorporate the expression data for the 

complete IDC timecourse (see Materials & Methods).  An auxiliary output of the 

MODEM algorithm is a position specific weight matrix for sequences flanking motif 

occurrences within true target genes, as well as another matrix for sequences flanking 

false positives. 

 

The MODEM analysis significantly reduced the number of likely target genes. The large 

discrepancy between observed motif instances and true targets suggests other features, 

such as combinatorial control or chromatin structure, could be particularly important for 

determining which motif instances are active. A complete list of MODEM predicted 

targets is available upon request. 

 

Motif Co-occurrence 

 

Since MODEM also yields flanking sequence information for motif instances, we were 

able to test whether motifs act combinatorially. The small number of transcription factor 

binding sites and small number of known transcription factors would suggest that 

combinatorial control is necessary to create specific transcription patterns. 

 

Consistent with the hypothesis of combinatorial control, we observed that flanking 

sequences of our representative motifs are often enriched for instances of other motifs. 
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An example is shown for the sequence flanking the TGTG representative motif (Figure 

4B, 4C). The TGTG motif has a strong bias to have extra instances of itself in close 

proximity on both the left (p=10-19) and the right (p=10-9) side.  The TGCA motif (Figure 

4C) is also associated with the TGTG core motif, but only on one side (p=10-10).  

Conversely, an analysis of the TGCA motif (Figure 4D, 4E) shows it to be associated 

with the TGTG motif on the left side.  

 

Other examples of motif associations include the association of the TTGT motif with 

copies of the TTTT motif on both sides, as well as itself.  The AATT motif is associated 

with poly-A tracts on the left side and poly-T tracts to the right side.  The TGTCT motif 

has high co-occurrence with poly-T motifs only. 

 

Experimental verification 

 

Although several experiments in the literature confirm the existence of our predicted 

motifs within fragments of DNA shown to bind nuclear factors, the presence of multiple 

motifs within these previously defined sequences precludes precise interpretation of such 

experiments.  We chose to validate the TG repeat motif for experimental validation 

because of its breadth of target genes and its strong correlation with expression.  By using 

a synthetically designed binding site free of other motifs, we were able to observe 

sequence-specific binding of a nuclear factor throughout all IDC stages tested (Figure 5), 

confirming that the TGTGTGT sequence is sufficient for sequence specific binding of a 

nuclear factor.  
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Discussion: 

 

The prevailing patterns of the P. falciparum IDC transcriptional program have been 

described, however the cis- and trans-acting regulatory determinants of the 

transcriptional program are poorly understood.  Many of the components involved in 

transcription in other eukaryotes are missing in Plasmodium (Coulson et al. 2004; 

Callebaut et al. 2005), suggesting that there may be global characteristics of transcription 

specific to Plasmodium. While the global transcriptional program encompasses the 

majority of the genome, the incorrect timing of expression of specific genes could have 

important phenotypic consequences, as exemplified by several studies showing that 

proper temporal encoding at the promoters may be necessary for proper localization of 

secretory cargos (Kocken et al. 1998; Triglia et al. 2000; Rug et al. 2004).  Understanding 

the program of transcriptional regulation of the Plasmodium IDC may afford us an 

insight into how the organism has adapted to its particular parasitic lifecycle. 

 

Our approach to this problem is through the identification of potential cis-regulatory 

motifs on a genome-wide scale. Based on correlations of motif abundance in promoter 

regions with expression, we identified 11 motif families.  This low abundance of 

regulatory elements is consistent with previous suggestions that the IDC is regulated by a 

small number of transcriptional regulators (Bozdech et al. 2003; Coulson et al. 2004). We 

have also shown that 3’ UTR sequences do not correlate with expression, implying that 

the bulk of regulation of the relative mRNA levels in P. falciparum occurs through the 
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families of 5’ motifs we have characterized. We note that 5’ intergenic sequences tend to 

be longer than 3’ intergenic sequences, with 5’ sequences having a median length of 

~1.2kb  and 3’ UTR sequences having a median length of ~500bp (Supplemental Figure 

2), consistent with a greater proportion of information being encoded in promoters rather 

than 3’UTRs. On the other hand, Coulson et al. reported the expansion of protein families 

encoding RNA binding proteins in P. falciparum (Coulson et al. 2004). A recent genome-

wide study of mRNA half-lives in P. falciparum revealed global differences in the 

distribution of mRNA half-lives in different stages of the IDC suggesting that mRNA 

stability may also contribute significantly to the regulation of steady state mRNA levels 

(Shock 2007). The relative contribution of production versus destruction of mRNA in 

gene expression in P. falciparum remains an open question. 

  

The activity profiles of the motifs are sinusoidal and consistent with a simple program of 

gene regulation.  Motifs clustered by their activity profiles were found to have similar 

sequences (Figure 2) and conversely, motifs clustered by sequence had similar activity 

profiles (Figure 3).  Eleven major motif families emerged from these data, all but one  

with best p-value scores better than 10-10 suggesting that these motifs are functionally 

relevant (Supplemental Figure 3). The 11th motif family GATAC is predicted as several 

independent oligonucleotide words, however the significance score for this motif family 

was weakest of all of the motif families (p-value < 10-4).  Six of these motif predictions 

were bolstered by detection of orientation independence of correlation with transcription, 

and several motif families show a positional bias.  Also, many of the motifs can be found 
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within probe sequences used for EMSA by previous researchers, though many of these 

experiments have not analyzed binding as a function of developmental stage. 

 

Each motif profile is a score correlating motif copy number with relative abundance of 

the transcript.  Our analysis does not allow us to infer directly whether a motif is acting as 

a positive or negative regulatory motif.  However, if we assume that the motif is acting 

positively, we can infer from the motif profiles that the period of the IDC with upward 

slope represents the window of time in which activators are inducing target genes.  

Conversely, if we assume that the motif is a repressor-binding site, the duration of time 

when the slope is negative should represent the period during which the motif is silencing 

transcription.  If all motifs are assumed to be activators, we find that the points of upward 

inflection span the period of time when the parasite is known to be the most 

transcriptionally active (Martin et al. 2005) suggesting that these motifs may represent 

most of the key regulatory motifs governing the IDC.  Interestingly, this interpretation 

suggests that the TATAA motif is the last motif to activate transcription of the IDC, at a 

stage when the activity of most other motifs begins to decline, suggesting that the late 

stage transcripts may be more dependent on TBP (see below). 

 

Descriptions of motifs 

 

Polymer-like motifs 

Many of the binding sites we predicted are consistent with some known cis-regulatory 

sites. One of our predictions is the poly-T motif.  Several previous reports have shown 
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that the number and length of homopolymeric streteches of DNA are associated with 

changes in transcription of downstream genes (Porter 2002; Polson et al. 2005), and we 

add to this concept the idea that homopolymeric stretches encode stage-specific temporal 

information as well, in an orientation-dependent manner. The motif AATT also is 

predicted in our analysis to be associated with expression when present at the boundary 

between poly-A and poly-T tracts.  The mechanism of transcriptional regulation by these 

homopolymeric DNA could be through sequence specific DNA binding proteins, or it 

may be mediated by structural differences of the DNA which provide for differential 

nucleosome binding (Zaret et al. 1984). Recently, it was shown that in S. cerevisiae, a 

7bp poly-T stretch following a binding site for the transcription factor Reb1 defines a 

combinatorial cis-regulatory element that specifies placement of variant histone H2A.Z at 

promoter regions in the genome (Raisner et al. 2005). Our detection of the poly-T motif 

suggests this mechanism may be at play in P. falciparum as well, and the transcript 

abundance of the H2A variant histone of P. falciparum (PFC0920w) exhibits trophozoite 

stage enrichment in the IDC transcriptome dataset that would be consistent with a role of 

the H2A variant in regulation via this motif if one assumes a 4-6 hours of lag for protein 

accumulation following changes in transcription (Le Roch et al. 2004). 

 

The G-doped poly-T motif is one of the motifs detected in our analysis, and its 

correlation with expression seems to be strongly strand-specific (Figure 3D).  We 

propose two possible mechanisms of activity for this motif.  In the first model, this 

sequence represents a functional homolog of the G-doped poly-T tracts reported recently 

in yeast studies that found these sequences to be associated with nucleosome-free regions 
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of the genome (Rando et al. 2006).  In the second model, the strand-specificity of this 

motif is a consequence of its function at the level of RNA.  A TATTTTTTGTTT 

sequence found at the 5’ termini of two transcripts from the Plasmodium yoelii 

mitochondrial genome has been suggested to be a mitochondrial promoter sequence 

(Suplick et al. 1990), and it is a possibility that our detection of this motif stems from the 

fact that the IDC microarray data derives from a total RNA hybridization series which 

presumably includes RNA from the mitochondria. 

  

TGTCT  

 

The core motif TGTCT is detected with expression correlation in both orientations 

suggesting that it is a binding site for a transcription factor.  Flanking nucleotide analysis 

of this motif using MODEM yields base biases indicating that these sequences are often 

flanked on both sides by poly-T tracts (Supplemental Figure 4).  The TGTCT sequence is 

present in a promoter fragment from P. gallinaceum that binds a sequence specific DNA 

binding activity, suggesting that the binding site may be conserved across distantly 

related plasmodia. 

 

TATAGA, TGTAG 

 

The motif TATAGA is predicted with high confidence, though our current MODEM 

analysis indicates that the number of target genes with expression profiles similar to the 

motif profile is a small set (33 genes).  This prediction set is a conservative estimate: this 
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motif may represent an activator of late stage expression based on the motif profile since 

the time point of upward inflection has a more sharp transition than at the downwardly 

inflected time point. If the motif is primarily active only as an activator, the use of 

pseudo-expression projections of the entire time course of motif and expression profiles 

may reduce the signal to noise ratio for the MODEM analysis, allowing only the most 

resilient correlations to be observable. A MODEM analysis using only expression data 

from timepoint 35 yielded far more target genes than currently reported here. Thus, these 

33 genes represent the most conservative predictions set.  Variants of this motif family 

are noted to occur within a block of DNA conserved in promoters of var genes located in 

subtelomeric as well as chromosomally internal regions as well.  Since these classes of 

promoters have been described as being significantly divergent at the nucleotide level, 

this block of conservation has been suggested to play a regulatory role (Voss et al. 2000).  

Furthermore, a third class of var gene promoters was found among parasite strains 

derived from cases of placental malaria, and while these promoters are divergent at the 

nucleotide level from the abovementioned two classes of var gene promoters, instances 

of this motif are abundant in this promoter class as well (Vazquez-Macias et al. 2002). 

Our top scoring predicted target genes do not include the var genes, which is not 

surprising given that the sequences used for the microarray design derive from the 

reference 3D7 strain, and the var loci are significantly polymorphic from the HB3 strain 

used for the expression study (Bozdech et al. 2003). However, many other genes known 

to be involved in merozoite invasion are predicted to be targets of this motif.  

Glycophorin binding protein (Gbp-130, plasmoDB ID: PF10_0159) is one example of a 

gene with an essential role in invasion, and it is significant to note that experimental 
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dissection of this promoter has shown that a 5bp change in the promoter can abolish 

expression as well as the binding of the nuclear factor (Horrocks et al. 1999).  This 5bp 

mutation changes the first nucleotide of an instance of this motif and it would be 

interesting to verify the stage specificity of this transcriptional activity.  This motif may 

have been overlooked in the prediction set of van Noort et al. because it may regulate P. 

falciparum specific antigenic genes of recent origin not conserved in P. yoelii (van Noort 

et al. 2006).   

 

The TGTAG motif family has a motif profile similar in timing to the TATAGA motif 

profile.  The KAHRP gene, involved in the production of knob structures on the infected 

erythrocyte surface, has a promoter that  has been analyzed and a region of the promoter 

containing the TGTAG motif has been shown to bind nuclear factors with stage and 

sequence specificity (Lanzer et al. 1992).  However, this oligo contains instances of other 

motifs we have predicted, precluding a clear interpretation of which particular sequence 

may be dictating binding (see below). 

 

TATA 

One of the most significant and most abundant motifs resembles a canonical TATA box 

and is present at 49002 copies in 3512 genes for an average of 14 copies per gene, and 

the temporal pattern of the motif profiles of this motif family correlate with the 

expression profile of the P. falciparum TATA-binding protein (PfTBP, plasmodb ID: 

PFE0305w), as well as a second TBP homolog PF14_0267.  Although TBP is typically 

considered to be a general transcription factor, our analysis suggests that TBP may act as 
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a developmental regulator. Recently, PfTBP was shown to bind to sequences proximal to 

transcription start sites of two promoters (Ruvalcaba-Salazar et al. 2005), and our EMSA 

of one of these sequences indicates that the sequence specific binding activity is most 

abundant in schizont stage parasites (data not shown).  The high prevalence of the 

TATAA motif variants suggests that there are additional determinants of promoter 

specificity, and some of that specificity may be achieved through TATAA copy number. 

We also find that the density of the TATAA motif is correlated with expression, as 

MODEM predicted true targets of TATAA tend to have another copy of the motif within 

10bp of each other (p < 10-20). If our interpretation that the trough of the motif profiles 

correlate with the time in the IDC when the motifs begin to contribute to the relative 

transcript abundance of target genes, PfTBP or its homolog PF14_0267 likely regulates a 

subset of the genome specifically based on TATAA frequency and density.   

 

TGTG, TGCA 

The TGTG motif has the strongest correlation of frequency with expression in the IDC.  

We obtained further information about this motif by examining the correlation of 

extended versions of this motif using MODEM (see Materials & Methods).  The 

extended motif predicted by MODEM is suggested to be involved in the periodic 

transcription of approximately 20% of the 3518 genes with periodic transcription during 

the IDC (Table 1). By averaging the flanking sequence biases of the best scoring 

instances of the motifs in the predicted target genes, we obtained an extended motif 

which is the average of these high scoring predicted target sites.  This extended motif has 

a repeated polymer of AT repeats flanking the core motif (Figure 4A).  We 
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experimentally validated this in silico predicted synthetic motif and showed that a nuclear 

factor with sequence specificity for this double stranded DNA sequence exists throughout 

most of the IDC, consistent with our analysis suggesting that it represents an activator 

sequence with activity from 12 hours post invasion (hpi) to 35hpi. The idealized version 

of the motif was computed through the EM procedure of MODEM, and this analysis 

predicts that repeats of TG on both sides of the core motif have stronger correlation with 

expression. Thus the nuclear factor we showed to bind to our probe may have preference 

for binding to multimeric repeats of the TGTG sequence (Figure 4A). The detection of 

TG repeats in the TGTG PWM is also corroborated by the motif co-occurrence analysis, 

which shows that instances of TGTG associated with expression have an over-

representation of secondary copies of TGTG in both left and right flanking regions 

(Figure 4B).  Calderwood et al. showed that an imperfect TG polymer within the intronic 

promoter of the var gene has a trophozoite stage specific enhancer activity (Calderwood 

et al. 2003).  By our conservative estimate, this motif is responsible for the regulation of 

at least 736 genes in the genome, suggesting that the var gene silencing program is an 

integrated part of the IDC regulatory program. One study The PfCAM promoter used in 

many P. falciparum transfection studies also has 3 copies of this motif, and the PfDHFR 

promoter has two copies (Crabb et al. 1996), although none of these instances are 

polymeric.  This observation is consistent with our experimental results showing that one 

monomer is sufficient for sequence specific binding of a nuclear factor.  It will be 

interesting to determine experimentally, whether longer polymers of TG repeat units will 

allow for cooperative binding of the factor, resulting in stronger promoters. 
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The flanking motif analysis of the TGTG motif also indicates that many functional 

instances are present with proximal copies of other motifs.  The TGTG motif is often 

flanked by another copy of the TGTG motif within 10 bp (Figure 4B, 4C).  The TGCA 

motifs is also associated with the TGTG motif, but with much greater preference on one 

side (Figure 4C).  The KAHRP gene promoter fragment mentioned above may be an 

example of a complex binding site, with instances of TGTG, TGCA, and TGTAG 

encoded within a 14-bp window.  Although several stage specific bands were observed 

using this oligo in an EMSA, the presence of multiple predicted binding sites within this 

oligo make the precise explanation of this result in the context of our motif predictions 

difficult.  It should be noted that a band specific to the ring stage and a separate band 

specific to schizont stages were observed with this native promoter fragment (Lanzer et 

al. 1992), and it would be interesting to revisit this experiment by altering nucleotides to 

test the contribution of each of the three motifs to nuclear factor binding independently. 

 

The TGCA motif is predicted independently of the TGTG motif by REDUCE, and 

flanking sequence analysis using the TGCA motif as the core motif yields the reciprocal 

enrichment of the TGTG motif on the left side of the TGCA motif (Figure 4D).  Instances 

of TGCA are also over-represented on the left side of the TGCA motifs, and consistent 

with this observation, a tandem repeat of TGCA has been isolated from a var gene 

promoter and shown to bind a nuclear factor with temporal and sequence specificity 

(Voss et al. 2003).   
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The similarity of the motif profiles of the TGTG and the TGCA motifs, coupled with 

their high co-occurrence may call into question whether these motifs are in fact 

independent motifs.  However, we prefer the interpretation that the upward inflection 

point of the motif profiles indicates the time in the IDC when the motifs become active, 

and in this model, the TGTG motif controls activation approximately 9 hours earlier than 

the TGCA motif (Supplemental Figure 5). There are two possible scenarios for how these 

two sequences interact.  In the first scenario, these motifs represent binding sites for two 

different transcription factor complexes, and the overlapped instances represent examples 

of combinatorial control. An example of this mode of regulation is the overlapped 

specificity and competition between Sum1p and Ndt80 in S.cerevisiae in middle 

sporulation genes (Wang et al. 2005).  In this model, a hybrid site such as that observed 

in the var gene promoter (TGTGCA) is bound a TGTG binding factor initially, but later 

by a TGCA binding factor possessing higher affinity for the hybrid site.  The second 

explanation for these observations is that the TGTG motif and TGCA motif are 

recognized by one transcription factor with different affinities.  In this scenario, temporal 

information is encoded in binding site sequence variations, coupled with increasing 

concentrations of the binding factor throughout the IDC.  Consistent with this hypothesis, 

the TGBP is expressed more abundantly later in the IDC (data not shown, Materials & 

Methods), and the timepoint at which the TGTG motif and TGCA motifs no longer 

correlate with transcript increase are approximately the same.  A testable hypothesis from 

this model is that the TGTG motif and the TGCA motif will compete for binding, but that 

the TGTG motif will have a higher affinity than the TGCA motif.  The lambda phage, 

one of the earliest genetic circuit to be studied in molecular detail, utilizes such an 
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affinity-based encoding strategy (Ptashne et al. 2002); Drosophila embryo segmentation 

also achieves encoding of 8 stripes by two transcription factor gradients (Clyde et al. 

2003).  This mode of encoding regulatory information is efficient in that fewer 

transcription factors are required to encode multiple output states.  Given the 

concordance of transcription factor scarcity and low diversity of expression profiles, this 

model certainly is attractive.  We are currently testing these predictions. 

  

Hypotheses on regulatory design strategy 

 

We also note that many of the motifs we detect are part of simple sequence repeats 

(AATT, poly-T, G doped poly-T, and TG repeat).  It is interesting to speculate that the 

use of repetitive sequences as regulatory elements affords P. falciparum with a high 

degree of evolvability with respect to attaining desirable gene expression patterns, 

through DNA replication slippage or recombination at these repeat tracts.  Simple repeat 

sequence polymorphisms have been associated with variation in gene expression patterns 

in antigenic phase variation in pathogenic bacteria (reviewed in (Bergman et al. 2006)) 

and with oncogenesis in humans (reviewed in (Brandt et al. 2006)). Larger repeat units 

ranging from 60bp to 300bp have been described in some P. falciparum promoters of 

genes with clinical consequence including those involved in antigenicity (Vazquez-

Macias et al. 2002), RBC invasion (Horrocks et al. 1999), and gametocytogenesis (Alano 

et al. 1996).  Naturally occurring polymorphisms in copy number of these blocks have 

been observed in clinical isolates for two types of these repeats (Vazquez-Macias et al. 

2002) (Sallicandro et al. 2000).  PfMDR1, a gene associated with drug resistance, has 
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also been reported to have a polymorphic promoter and specifically, one common 

deletion spans a region which appears to be part of a G-doped poly-T tract (Myrick et al. 

2005).  Our analysis suggests that further study of Plasmodium promoter polymorphisms 

may shed light on the basis of variation in clinical outcome in malaria infections. 
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MODEM

REDUCE motifs cluster motifs by sequence

motif tree

motif families

Figure 1. Information flow chart.
The expression dataset used for analysis is from Bozdech, et al. 2003.
REDUCE (Bussemaker, et al. 2001) is an algorithm for regulatory element detection 
which incorporates expression data using a linear regression.
MODEM (Wang, et al. 2005) is a companion algorithm for taking core motifs along
with expression and sequence data to perform an integrated EM procedure 
to obtain further information content in flanking sequences of high scoring motifs
and target gene predictions.

expression data

intergenic sequence

representative motifs

target gene predictions
experimental validationextended motif profile
motif co-occurrence analysis
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Figure 2  Motifs detected with the REDUCE algorithm. 
(A) expression profiles of ~3500 Plasmodium genes during the 48 hour IDC, from Bozdech
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Figure 5
P. falciparum nuclear extracts were prepared from
synchronized parasites obtained with 8 hour time
resolution from one IDC. Time points are represented
here as hours post invasion (hpi). Extracts were tested
for DNA binding activity against our predicted motif, as
well as a mutant sequence in which only the core motif
was altered.
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Motif 
number of 
occurrences 

number of genes 
with motif analysis mode 

number of 
MODEM 
targets 

TGTG 8074 2883 both strands 736 
TATAA  49002 3512 both strands 1736 
TATAGA  2093 1461 both strands 33 
TGTCT 806 643 both strands 124 

TGCA 4330 2362 
self-
complement 275 

TTGT 21721 3468 one strand 533 

AATT  50407 3511 
self-
complement 1132 

TTTT 239556 3511 one strand 950 
TGTAG  1542 1231 both strands 133 
CTTA  10199 3239 one strand 20 
GATAC  929 787 both strands 99 

 

Table 1
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Supplemental Figure 2A.
Intergenic sequences upto the next adjacent ORF or contig break
was obtained for each gene (5ʼ in blue, 3ʼ in red). Sequence lengths
were binned and plotted as a histogram (lengths >5000bp not shown).
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The x-axis is hours post invasion of  the P. falciparum IDC, and
the y-axis represents motif  scores (see Materials & Methods).
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Supplemental Figure 4
Flanking motif co-occurrence analysis was carried out on two core motifs : A) TTGT and B) TGTCT.
Here, only the 10 best of the 11 motif families were included for the analysis of these two motifs.
Note the two sets of plots for the two core motifs are not plotted to scale.
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Chapter 3 :  

Towards the biochemical purification of the P. falciparum TG binding factor implicated 

in the IDC clock 

 

Abstract 

 

Gene regulatory networks have been found to be central to the regulation of several 

periodic biological behaviors. We have been interested in determining the molecular 

components of the periodic transcriptome of the 48-hour intraerythrocytic developmental 

cycle of the malaria parasite, Plasmodium falciparum. Using bioinformatics methods, we 

discovered 11 cis-regulatory elements enriched in the promoter regions of the genes 

demonstrating cyclic transcript abundance, and one motif that we call the TG box motif 

was suggested to be involved in the coordination of 20% of these genes. The presence of 

a sequence-specific DNA binding activity in P. falciparum protein extracts was 

demonstrated. The breadth of the genome regulated by this factor underscores the 

importance of this protein in the lifecycle of the parasite, and here we describe our pursuit 

of the biochemical purification this factor we call the TG binding factor (TGBF) for its 

eventual identification. Our current best strategy employs ammonium sulfate 

precipitation, anion exchange, cation exchange, and sequence-specific DNA affinity 

chromatography. One highly purified fraction retained DNA binding activity that may be 

sequence-specific, and this fraction contained one polypeptide of approximately 12 kD 
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that was purified to greater than 90% homogeneity. Future improvements to the strategy 

will be discussed. 

  

Introduction 

 

Malaria is caused by parasitic protozoa of the genus Plasmodium. The four species of 

Plasmodia that cause human malaria include P. falciparum, P. vivax, P. ovale, and P. 

malariae, with P. falciparum causing the most morbidity and mortality. The famous 

physician-scientist Camillo Golgi is credited for having first suggested that the 

differences in period lengths of the recurrent fevers of malaria are associated with 

infection by different species of plasmodia (Muscatello 2007).  This hypothesis has been 

confirmed; P. falciparum, P. vivax, and P. ovale have an approximately 48-hour 

intraerythrocytic developmental cycles (IDCs), while P. malariae has a 72-hour IDC 

(reviewed in Bray 1982). Furthermore, several mouse malaria species have 24-hour IDCs 

including P. chabaudi and P. vinckei, while P. berghei and P. yoelii are reported to have 

IDCs of 21 and18 hours respectively (Landau et al. 1998). The molecular nature of the 

clock that regulates the periodicity of the plasmodial IDC remains elusive. 

 

Recent work from the DeRisi lab has shown that during the P. falciparum IDC, 

approximately 50% of the genome is transcribed in a periodic manner, with most genes 

demonstrating one peak of mRNA abundance. However, the molecular mechanism for 

this global periodicity of transcriptional regulation remains unknown. A pertinent 

observation made by a bioinformatics survey of transcription factors is that there is a 
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paucity of DNA binding proteins in the P. falciparum genome (Coulson 2004). 

Speculating that the molecular components of the IDC clock coincide with the gene 

regulatory network governing the IDC, we have pursued the determination of the 

architecture of this network. In work described in chapter 2, we have applied the 

bioinformatics method REDUCE to the IDC transcriptome dataset to predict 11 cis-

regulatory motif families which correlate with the expression of the downstream genes. 

One motif, which we call the TG box motif, was predicted to be involved in the 

transcription of 20% of the periodic IDC transcriptome, and validated by electrophoretic 

mobility shift assay (EMSA) to bind a factor in P. falciparum nuclear extract with 

sequence-specificity. A similar bioinformatics study corroborated our detection of this 

motif (van Noort et al. 2006). As of yet, none of the trans-acting factors governing the 

periodic transcription of the IDC have been determined. This chapter details work 

towards the determination of the molecular identity of the trans-acting factor specific for 

the TG box motif. 

 

Having previously developed an electrophoretic mobility shift assay (EMSA) for a factor 

with specificity for the TG box motif, we have employed this assay for the eventual 

biochemical purification of this factor, which we refer to as TG binding factor (TGBF). 

Several different variants in purification strategy have been tried. After investigation of 

many candidate strategies, the currently most promising route for the purification 

employs ammonium sulfate precipitation, followed by anion exchange chromatography, 

cation exchange chromatography, and DNA affinity chromatography. The cation 

exchange chromatography and the DNA affinity chromatography steps are likely to 
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benefit significantly from further optimization. One of the elution fractions from the 

cation exchange chromatography has been purified further via sequence-specific DNA 

affinity chromatography, yielding an elution which contains a protein purified to greater 

than 95% purity, as determined by absence of other bands in a silver stain of PAGE. 

Furthermore, this fraction demonstrated DNA binding activity against a probe containing 

the TG box motif. However, the sequence specificity of this fraction could not be 

determined with confidence at this time. Directions for improvements for future attempts 

will be discussed. 

 

Materials and Methods 

 

Tissue culture 

 

P. falciparum cultures were maintained in human erythrocytes obtained from volunteers, 

including myself, as per UCSF IRB requirements. Infected erythrocytes were grown as a 

suspension culture of approximately 2% hematocrit in RPMI media supplemented with 

Albumax II as described (Bozdech et al. 2003). Typically, parasites were harvested at a 

time in the IDC close to the developmental boundary of the ring and trophozoite stages. 

 

Oligonucleotides used for electrophoretic mobility shift assay and for construction 

of affinity chromatography substrate 
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All oligonucleotides were obtained from (www.idtdna.com) and resuspended to 50 or 

100 μM in TE pH 8.0. The sequences of the various oligos used are listed below. 

 

noMotifCompetitor  CGCAACGCAACGCAACGCAACGCAACGCAACGCAACGCAA 

f1v2monoClampF GGGGTATATGTGTGTATAGGGG 

f1v2monoClampRC CCCCTATACACACATATACCCC 

f1v2monoClampScF GGGGTATACTTCAGTATAGGGG 

f1v2monoClampScRC CCCCTATACTGAAGTATACCCC 

TGTGv6F TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 

TGTG-v6RC CACACACACACACACACACACACACACACA 

TGTGv6sc1F TCCCTTTCCCTTTCCCTTTCCCTTTCCCTT 

TGTGv6sc1RC AAGGGAAAGGGAAAGGGAAAGGGAAAGGGA 

SalazarG29F GAATAAAATGTAAGCAGAAAAGGAATGGT 

SalazarG29RC ACCATTCCTTTTCTGCTTACATTTTATTC 

f1v2monoClamp2F GGGGTATATGTGTGTATAGGGC 

f1v2monoClamp2RC GCCCTATACACACATATACCCC 

f1v2monoClampSc2F GGGGTATACTTCAGTATAGGGC 

f1v2monoClampSc2RC GCCCTATACTGAAGTATACCCC 

family1-5merV2-F TATATATGTGTGTATATATGTGTGTATATATGTGTGTATATATGTGTGTATATATGTGTGTATATA 

family1-5merV2-RC-4lig ATATATATATACACACATATATACACACATATATACACACATATATACACACATATATACACACAT 

bio-family1-5merV2-F bio-TATATATGTGTGTATATATGTGTGTATATATGTGTGTATATATGTGTGTATATATGTGTGTATATA 

 

Electrophoretic mobility shift assay (EMSA) 
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f1v2monoClamp probe was made by labeling f1v2monoClampF and f1v2monoClampRC 

separately by T4 PNK in 20 μl volume reactions containing 5 pmol oligo, 20 nmol  32P 

ATP (MPI catalog number 3502002), and 20 units T4 polynucleotide kinase (PNK; NEB 

M0201S) using the buffer supplied. Phosphorylation reactions were allowed to proceed 

for 1 h at 370C, then the labeled complementary oligos were mixed into one tube, placed 

on a 900C heat block, and allowed to cool over 3 hours to room temperature to anneal.  

This annealed probe was purified on a 15% polyacrylamide gel in 1X TBE buffer and 

eluted and stored in TE pH 8.0 at 400C. Specific activity was determined by a 

scintillation counter to be typically in the range of 4-10k CPM per fmol. 

f1v2monoClamp2 probe was constructed similarly, from separately labeled 

f1v2monoClamp2F and f1v2monoClamp2RC. The nomenclature of the probes used in 

these studies is organized such that the probes are named by removing the last 1-2 

characters of the oligo name specifying the strand of the probe design. Thus, probe 

f1v2monoClamp2 derives from the annealing of f1v2monoClamp2F and 

f1v2monoClamp2RC. The sequences of various oligonucleotides used are detailed in the 

section below. Unlabeled competitor probes were generated in a manner similar to the 

radiolabeled probe, by annealing 5pmol of unlabeled oligo, and annealing as per above in 

1X T4 PNK buffer (NEB M0201S). All experiments were documented by drying gels 

and exposing to phosphorimager plates, followed by scanning on a Typhoon 9400 (GE 

Healthcare Life Sciences) imaging system. All image quantitations were done using 

ImageJ version 1.36b and pixel intensities of scans were squared, to correct for 

normalization of the .gel file standard. 

75



 

 

The EMSA reported in Figure 1 was done in binding buffers containing 20 mM Hepes 

pH 7.6, 41 mM KCl, 1 mM EDTA, 1mM DTT, 0.5 mM PMSF, 5% glycerol, 0.03% NP-

40, 0.125 μg/μl BSA, 0.15 ug/ul dI-dC (Roche cat #1 219 847), and 15 fmol/μl 

noMotifCompetitor oligo (www.idtdna.com). Separation was done on a 5% 

polyacrylamide gel in 0.25X TBE at 85V for 3 hours. Approximately 2.5 fmol of double 

stranded f1v2monoClamp probe were used for this assay in the presence of 500 fmol of 

various unlabeled competitors. All reagents including radiolabeled probe were pre-mixed 

prior to addition of 5 μg of nuclear extract, which was prepared in a fashion similar to the 

method described in Chapter 2.  

 

Later competitor EMSA experiments were performed with extract pre-incubated with 

higher amounts of cold competitor for 15 minutes at room temperature, prior to addition 

and 15 min incubation with probe, as this gave better signal to noise discrimination of the 

TGBF. Some assays were also done in 5% polyacrylamide in 0.5X TBE gels since these 

conditions allowed better migration of complexes in cases when chromatographic 

fractions were in salt concentrations greater than 0.2 M KCl. 

 

The EMSA depicted in Figure 2 are from fractions from various steps from the 

purification series depicted in Figure 2. Competitor EMSAs were done by pre-binding of 

extract to 5000 fold molar excess of probe (f1v2monoClamp2), or a mutant probe 

(f1v2monoClampSc2), to allow the determination of the presence of TGBF sequence-

specific binding, in an internally consistent manner (comparisons between samples 
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should be made with caution, as different quantities of protein in slightly different 

binding buffers were loaded in this experiment). Inputs to EMSA are described in volume 

equivalents, relative to the flowthrough fraction from the HiPrep 16/10 Q FF (described 

below). Volume equivalents were determined by dividing the volume of extract used per 

EMSA by the total volume of the fraction, then normalizing to the Q sepharose 

fastflow/flowthrough fraction. Two fractions of flowthrough were tested, as the UV 

monitor of the AKTA suggested some breakthrough may have occurred during this 

chromatographic run. Separation was on a 5% polyacrylamide/0.5X TBE gel run at 90V 

for 2 hours. 

Fraction Relative volume 
equivalents assayed 

approximate [KCl] in 
binding reaction 

35% ammonium sulfate/supernatant 0.38 0.05M KCl buffer A 

35% ammonium sulfate/pellet 0.54 0.225M KCl buffer A 

HiPrep 16/10 Q FF/flowthrough 1.0 0.15M KCl buffer A 

HiPrep 16/10 Q FF/flowthrough 2 1.0 0.15M KCl buffer A 

HiPrep 16/10 Q FF/0.3M-0.5M KCl elution 1.2 ~0.2M KCl buffer A 

HiPrep 16/10 Q FF/0.5M-0.8M KCl elution 10. 0.1M KCl buffer A 

 

The EMSA depicted in Figure 3 was done with samples dialyzed to 0.2M KCl buffer C 

(see section below on Whole cell extraction of parasite protein), with input protein 

quantities normalized by BCA estimates to 1 μg. The EMSA depicted in Figure 4 was 

done with samples in 0.4M KCl buffer C in a 5% polyacrylamide/0.5X TBE gel, except 

the eluate fraction which was in approximately 0.25M KCl buffer C. Input volumes were 

determined in relative volume equivalents. 
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Fraction Relative volume 
equivalents assayed 

approximate [KCl] in 
binding reaction 

Streptavidin-only/load 1 0.2M 

Streptavidin-only/flowthrough (=affinity/load) ~1 0.2M 

Streptavidin-only/eluate ~10 0.2M 

Streptavidin-DNA/flowthrough ~2 0.4M 

Streptavidin-DNA/wash 1 ~2 0.4M 

Streptavidin-DNA/wash 2 ~2 0.4M 

Streptavidin-DNA/elution ~4 0.25M 

 

The poly dI-dC concentrations varied slightly between the fractions in this series, with 

wash 1 and wash 2 containing 10 ng/μl, and the elution fraction 0.2 ng/μl. Separation was 

done in 5% polyacrylamide/0.5X TBE. The experiments of Figure 3 and Figure 4 were 

performed with 5000 fold molar excess of cold competitor probes prior to addition of 

radiolabeled probe. 

 

Construction of DNA affinity chromatography template 

 

A substrate for DNA affinity chromatography was made via a ligation and PCR strategy 

resulting in the construction concatamers of TG boxes. Briefly, 600 pmol of family1-

5merV2-F and family1-5merV2-RC-4lig were phosporylated independently with 50 units 

of T4 PNK in 1X ligase buffer in 100 μl reactions, then incubated for 2 hours at 370C. 
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The two oligos were mixed and annealed by heating to 1000C followed by slow cooling 

over 3 hours. These oligos are designed to anneal such that in their optimal conformation, 

they create a duplex with a 5 bp overhang. The annealed oligos were loaded on a 

microcon-30 microconcentrator (Millipore 42409) at 40C to buffer exchange with fresh 

cold 1X ligase buffer, to replete ATP and remove ADP. Annealed oligos were ligated in a 

200 μl volume in 1X ligase buffer with 4000 units of ligase for three days at 160C. 

Ligated material was elecrophoresed on a 1% agarose gel in 1X TBE, and products in the 

range of 1.5kb were excised and electroeluted. This material was ethanol precipitated, 

then resuspended in 400 μl in TE pH 8.0. The material was used as input to a standard 20 

ml PCR reaction volume, using the bio-family1-5merV2-F and family1-5merV2-RC-4lig 

as primers using a cycling program of 940C 30” - 560C 30” - 720C 30”,  repeated for 40 

cycles, followed by a final 720C extension for 5 minutes. PCR product was pooled, and 

extracted with a 25:24:1 mix of phenol:chloroform:isoamyl alcohol (Ambion AM9732) 

prior to ethanol precipitation. The DNA pellet was resuspended in 1 ml of TE pH 8.0 

yielding a total of 8 mg of biotinylated DNA consisting of concatamerized TG box motifs. 

This material was bound to Dynal streptavidin beads (Invitrogen 112-06D). 5 ml of resin 

containing 5 mg of streptavidin sites bound approximately 360 μg of DNA. After use, 

resin was washed in buffer consisting of 10 mM Tris pH 8.0, 1M NaCl, 1 mM EDTA, to 

remove residual binding proteins. 

 

Whole cell extraction of parasite protein 
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Cultures of infected erythrocytes (iRBCs) were grown at 2% hematocrit as described 

above, drained of excess media, then washed with pre-warmed media in a 1:1 ratio of 

resuspended iRBC to fresh media. The iRBC suspensions were then centrifuged at 500 x 

g in a Beckman GS-6R rotor at room temperature for 5 minutes without brake. Selective 

lysis of erythrocyte membranes was achieved by resuspending the iRBC pellet in ice cold 

0.05% saponin (Sigma S-2149) in 1X PBS solution, using a ratio of 0.05% saponin/1X 

PBS to pellet exceeding 10:1. This material was centrifuged again in the GS-6R rotor at 

2000 RPM at 40C for 10 minutes without brake, pelleting free parasites. To reduce 

hemoglobin contamination, these parasite pellets were washed by two more rounds of 

resuspension in ice cold 0.05% saponin/1X PBS solution followed by centrifugation, then 

frozen in liquid nitrogen and stored until later protein extraction. 

 

Starting material consisted of parasite pellets from 2.3 L of culture volume, with an 

average stage distribution of 5.5% rings, 9.6% trophozoites, and 0.5% schizonts for a 

total average parasitemia of 15%. Using 90 fL as mean corpuscular volume of 

erythrocytes, this leads to an approximation of 8x1010 parasites. Frozen parasite pellets 

were thawed into 20 ml of ice cold extraction buffer consisting of 20 mM Hepes pH 7.6, 

1 M KCl, 1 mM EDTA, 1 mM DTT (Sigma D9779-10G), 1 mM PMSF, 1X complete 

protease inhibitor cocktail (Roche 11873580001), 0.05% Igepal (Sigma 56741-250ML-

F), and 10 mM spermine (Sigma 85605-5G). The parasite pellets were resuspended 

thoroughly, and sonicated using a Fisher Scientific Sonic Dismembrator Model 500, set 

to 20% amplitude, with alternation of 1 second pulses with 1 second rests for 20 seconds. 

This material was allowed to stand for 20 minutes at 40C with periodic agitation, and 
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centrifuged for 10 minutes at 20,000 x g in a Sorvall SLA-1500 rotor. The supernatant 

was dialyzed into 500 ml of precipitation buffer consisting of 20 mM Hepes pH 7.5, 100 

mM KCl, 1mM EDTA, 1mM DTT, 1mM PMSF, and 1X complete protease inhibitor in a 

12-30 ml Slide-a-lyzer cassette with a 20 kD molecular weight cutoff (MWCO) 

membrane (Pierce 66030). The pellet was re-extracted two more times as described 

above, but with only 5 ml of extraction buffer in these subsequent extractions, and these 

extracts were also pelleted and supernatants pooled with the initial extract into the 

dialysis cassette. Similar experiments suggested that further extraction from pellets yield 

negligible TG binding factor (TGBF). 

 

After more than 2 hours of dialysis into precipitation buffer with three buffer changes, 

extracts were re-centrifuged at 20,000 x g for 1 hour to yield an insoluble brown pellet 

surrounded by a glassy halo. Prior iterations of this method indicated that the pellet did 

not contain detectable TGBF. The supernatant was brought to 35% saturation of 

ammonium sulfate over 30 minutes on ice, with stirring to prevent local over-

precipitation. Upon addition of the last of the ammonium sulfate, the extracts were 

allowed to precipitate for another 30 minutes prior to centrifugation in a Sorvall SLA-

1500 rotor at 20,000 x g for 1 hour at 40C. 

 

The ammonium sulfate precipitate was resuspended in a total of 20 ml of buffer A (20 

mM Hepes pH 7.5, 0.1 M KCl, 1 mM EDTA) with 1 mM DTT, 1 mM PMSF, and 1X 

complete protease inhibitor cocktail, then dialyzed in a 20kD MWCO slide-a-lyzer 

cassette for 30 minutes into 500 ml of 0.1M KCl buffer A three times, then for 30 
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minutes into 500 ml of 0.3M KCl buffer A twice, with 1 mM DTT, 1 mM PMSF added 

fresh. 1X complete protease inhibitor cocktail was added to the extract upon completion 

of dialysis, prior to loading on a 20 ml HiPrep 16/10 Q FF (GE 17-5190-01) pre-

equilibrated to 0.3M KCl buffer A with 1mM DTT at 100C on an AKTA Explorer 

system. Extract was loaded at 0.5 ml/min, and 1 column volume of flowthrough was 

collected in two halves, using the UV monitor to determine return to baseline. Washing 

was done with 2 column equivalents of 0.3M KCl buffer A, and elution was performed 

with step gradients between 0.3M-0.5M KCl and 0.5M-0.8M KCl, yielding 20 ml and 5 

ml of material respectively. The latter fraction was dialyzed to 0.2M KCl buffer A for 

analysis. 1X complete protease inhibitor cocktail was added to elutions soon after they 

were obtained. At this point, the 0.3M-0.5M KCl elution fraction from the anion 

exchange was confirmed to contain the detectable majority of the TGBF. 

 

Prior to a second round of spermine precipitation of the 0.3M-0.5M KCl elution, the 

fraction was dialyzed using a 20kD MWCO Slide-a-lyzer cassette into a buffer consisting 

of 20 mM Hepes pH 7.5, 0.1M KCl, 1 mM EDTA, and 5% glycerol. The precipitation 

was done by addition of spermine to 10 mM, followed by a 30 minute incubation and 

centrifugation at 20,000 x g for 1 hour. The supernatant was dialyzed using a 20kD 

MWCO Slide-a-lyzer cassette into a buffer of 25 mM citrate pH 5.0, 1mM EDTA, and 

10% glycerol in a 20 kD slide-a-lyzer cassette (Pierce 66012) for two hours. Dialysates 

were clarified by centrifugation at 20,000 x g for 1 hour, prior to loading on to a 6 ml 

Resource S column (GE 17-1180-01). Extract was loaded at 0.2 ml/min and 1 column 

volume was collected. Washing was in 2 column volumes of 0.0M NaCl buffer B, and  
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elution fractions were obtained as NaCl step gradients in buffer B at 0.15M NaCl, 0.3M 

NaCl, 0.6M NaCl, and 1.0M NaCl. A final elution was also obtained using a non-acidic 

buffer, 0.2M KCl buffer C (20 mM Hepes pH 8.0, 0.2M KCl, and 10% glycerol). All 

Resource S fractions were dialyzed in 20kD MWCO Slide-a-lyzer cassettes in 500 ml of 

buffer C with 1 mM DTT added fresh for 1 hour. Protein quantitations were done by 

BCA (Pierce), and EMSA was performed on 1 μg of protein in the presence of 0.1 μg dI-

dC similar to described above. 1 μg of protein from each fraction was also analyzed by 

Coomassie staining of PAGE, with 1 μl of Benmark ladder (Invitrogen 10747-012) and 1 

μl of Novex ladder (Invitrogen LC5801) for comparison.  

 

Finally, the 0.6-1.0M NaCl fraction and the 0.2M KCl buffer C fractions from the 

Resource S chromatography were pooled to a 5 ml volume containing approximately 100 

mg protein, and this starting material for the affinity purification series of experiments 

constitutes 1X for the determination of volume equivalents used for subsequent analysis. 

The pooled S fractions were first loaded on a 10 ml bed volume of immobilized 

streptavidin-agarose resin (Pierce 20353). The flowthrough from this pre-clearing step 

was approximately 12 ml, and a 300 μl aliquot was re-concentrated to 1X using a 

microcon-30 and used for EMSA and PAGE analysis. Elutions were obtained from the 

streptavidin-resin column using 1.0M KCl buffer C, and the 22 ml of elution from this 

column was dialyzed to 0.2M KCl buffer C in a 20kD MWCO Slide-a-lyzer in 500 ml for 

2 hours, prior to concentration with a 50kD MWCO Amicon Ultra concentrator 

(Millipore UFC 9 050 08) to a final volume of 0.5 ml. By adding 2 ml of 1.6M KCl 

buffer C to the flowthrough of the pre-clearing step, the KCl concentration was adjusted 
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to 0.4M prior to binding on approximately 300 μg of concatamerized TG box bindings 

sites bound to 10 mg of streptavidin on Dynal beads (see Materials & Methods). Binding 

was allowed to proceed for 12 hours at 40C with nutation, then washed twice with 2.5 ml 

of 0.4M buffer C in the presence of 25 μg of poly-dIdC, then washed twice more in 0.4M 

buffer C without poly-dIdC, and eluted to 1.0M buffer C to a final volume of 300 μl. 5 μl 

of the final eluate was analyzed by EMSA by dilution with 15 μl of 0.0M KCl buffer D 

(see above section).  

 

Approximately 240 μl of the elution from the affinity series was precipitated by methanol 

precipitation (Wessel 1984) and resuspended in 30 μl of 1X sample loading buffer 

(Invitrogen NP0008). 15 μL was loaded on the PAGE shown in Figure 4F. The quantities 

of the other fractions loaded on the PAGE in Figure 4F are 1/20 of the amounts used for 

the EMSA gels of Figure 4B and 4C, except for the Streptavidin-only/load fraction (the 

pooled S fractions) which was 1/400 of the amount used in EMSA. The Benmark ladder 

(Invitrogen 10747-012) is loaded at an equivalent of 0.02 μl, and at this volume, bands in 

the ladder are approximately 2ng. 

Fraction Relative volume 
equivalents assayed 

Streptavidin-only/load 0.05 

Streptavidin-only/flowthrough (=affinity/load) ~1 

Streptavidin-only/eluate ~10 

Streptavidin-DNA/flowthrough ~2 

Streptavidin-DNA/wash 1 ~2 
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Streptavidin-DNA/wash 2 ~2 

Streptavidin-DNA/elution ~30 

 

Protein analysis 

All protein gels were Invitrogen NuPAGE Bis-Tris gels of 4-12% acrylamide (Invitrogen 

NP0323, NP0321), run in 1X MOPS buffer. Silver staining of the gels was done using the 

Invitrogen SilverQuest Kit (Invitrogen LC6070). Protein quantitations were done using 

the BCA assay (Pierce 23223, 23224), and standard curves were made by triplicate 

measurements of BSA (NEB) dilution series.  

 

Chemicals 

All common chemicals were obtained from Sigma or Fisher unless otherwise specified. 

 

Results 

 

Cold competitor EMSA with an improved probe containing the TG box motif 

 

Previously, we had demonstrated sequence-specific binding of the TG box motif by a 

factor present in P. falciparum protein extracts (see Chapter 2). During the course of 

multiple experiments using this probe, it was observed that the short length of the probe 

and the high AT-content lead to the disassembly of the duplex over several days. To 

stabilize the probe in a duplex, we added GC-rich flanking sequences to both sides of the 

probe used in Chapter 2 producing in the f1v2monoClamp probe. A competitor EMSA 
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was performed with the f1v2monoClamp probe in which extract was bound to probe in 

the presence of 200 fold molar excess of various competitor DNAs (Figure 1). These 

results confirmed the presence of a sequence-specific DNA binding activity with 

preference for our MODEM predicted binding site, through a slightly different 

experimental approach and a slightly different probe than used previously (Chapter 2). 

Furthermore, the stabilized probe proved reliable for a longer period than the probes used 

in Chapter 2. 

 

Although computational analysis had suggested the possibility that the TG box motif may 

be part of a polymeric repetitive DNA of TG repeats, we found that a pure TG polymer 

consisting of 15 repeats of TG was not able to compete against the monomeric probe 

under these conditions (Figure 1, lane 1). This result does not rule out the possibility that 

in vivo binding sites may be arranged with multiple TG box instances in close proximity 

(see Discussion).  

 

Given the recent report that Plasmodium falciparum TATA-binding protein (PfTBP) 

binds to a non-canonical TATA box (Ruvalcaba-Salazar et al. 2005) similar in sequence 

to our predicted TG box motif, we also tested the ability of this non-canonical TATA box 

sequence (SalazarG29 probe, see Materials and Methods Oligo Table) to compete against 

our predicted binding site probe. At 200-fold molar excess, this non-canonical TATA box 

probe did not compete noticeably against our probe for the TG box motif (Figure 1, non-

canonical TATA box).  
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More thorough investigation of the properties of the f1v2monoClamp probe indicated 

that the extra nucleotides appended to the motif for in vitro stability affected the labeling 

of the oligos in a sequence-dependent manner, specifically that the T4 PNK had lower 

activity against oligos with a 5’ end cytosine followed by three guanines (data not 

shown). Sequence preference has been previously documented for T4 PNK (Lillehaug et 

al. 1975). In order to obtain more equivalent labeling of the oligos, a variant of the initial 

clamped probe was designed such that all 5’ nucleotides are guanosine; these probes 

exhibited more similar labeling properties. Experiments in which extracts were allowed 

to pre-bind to competitor probes prior to the addition of radiolabeled probe demonstrated 

better signal to noise discrimination for the TGBF and subsequent experiments employed 

this variant of the competitor EMSA. 

 

Towards a purification strategy for the identification of the TGBF 

 

Using this cold competitor EMSA, we pursued the development of a purification strategy 

aimed towards the identification of the TG binding factor (TGBF). In the initial approach, 

parasites were released from erythrocytes via saponin lysis, treated with hypotonic lysis, 

and centrifuged to separate nuclear and cytoplasmic fractions. Using the cytoplasmic 

fraction from this method as starting material for ammonium sulfate precipitation at 45% 

saturation, the pellet was resuspended and separated by anion exchange chromatography 

and DNA affinity chromatography producing a fraction that retained sequence-specific 

binding activity for the TG box motif. This fraction was notable for three faint bands of 

protein visible by silver staining when separated by PAGE, however there was not 
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sufficient yield for identification of the protein by mass spectrometry (Falick 2006). 

Subsequent work focused on use of whole cell extraction methods, yielding more starting 

material with greater ease. 

 

The most promising approach attempted so far is described here in detail. Frozen parasite 

pellets obtained from saponin lysis of 2.3L of infected RBCs from parasite culture grown 

at 2% hematocrit were thawed into a high salt extraction buffer containing 10 mM 

spermine for whole cell protein extraction. This material was then precipitated at 35% 

ammonium sulfate saturation, which reproducibly precipitates all detectable TGBF from 

extracts prepared by this method (data not shown). The pellet from this precipitation was 

then resuspended in 0.3M KCl buffer A (see Materials and Methods) and quantitated by 

BCA protein assay to be approximately 200 mg of protein. The sample was then loaded 

on to a HiPrep Q Sepharose Fast Flow column. Elution between 0.3M and 0.5M KCl in 

buffer A yields most of the TGBF, and eliminates a highly abundant non-specific DNA 

binding activity enriched in the ring stage extracts (Chapter 2, Figure 4) into the flow 

through fraction (Figure 2B). The 0.5M-0.8M elution retains no detectable TGBF, 

indicating that this elution protocol is nearly optimal in this buffer system. Total protein 

yield in the 0.3-0.5M KCl fraction was approximated however, interference from 

contaminants made this value unreliable. Further work needs to be done to quantify this 

fraction carefully. 

 

The efficacy of nucleic acid precipitation by spermine has been noted to be significantly 

improved at lower salt concentrations (Murphy et al. 1999). To ensure complete nucleic 
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acid removal prior to cation exchange chromatography, the 0.3-0.5M KCl eluate from the 

anion exchange step was dialyzed to 20 mM Hepes pH 7.5, 0.1M KCl, 1 mM EDTA, 

5% glycerol, and precipitated again with 10 mM spermine for 30 minutes. 1 hour of 

centrifugation at 20,000 x g yielded a glassy yellow precipitate, however agarose gel 

analysis of this resuspended pellet suggested that there was no remaining nucleic acid in 

this sample, indicating that this step may have been unnecessary. 

 

In preparation for loading on a cation exchange column, the extract was dialyzed into an 

acidic buffer consisting of buffer B (see Materials & Methods). After equilibration, 

extract was clarified by centrifugation, then loaded onto a 6 ml Resource S column pre-

equilibrated to buffer B. Elutions were performed by step elutions of 0.0M-0.15M NaCl, 

0.15M-0.3M NaCl, 0.3M-0.6M NaCl, and 0.6M-1.0M NaCl in buffer B. A final elution 

was performed in 0.2M KCl buffer C. Fractions were dialyzed to 0.2M KCl buffer C, 

quantitated by BCA, and analyzed by EMSA to determine approximate specific activities 

for fractions. Previous work had indicated that elution of TGBF occurs on a 5 ml HiTrap 

S column in this buffer system between 0.4 and 0.6M NaCl. However, on this particular 

Resource S column, the TGBF eluted in a distribution across most fractions; the elution 

fraction between 0.3M and 0.6M NaCl possessed the highest specific activity (Figure 

3D), as may be anticipated based on previous experiments. The elution fraction between 

0.15M and 0.3M NaCl possessed the second highest specific activity among the eluates. 

Subsequent, PAGE analysis using 1 μg of protein, as estimated by BCA, revealed that the 

BCA protein quantitation for the 0.15M-0.3M NaCl fraction was a significant 

overestimate (Figure 3F), possibly due to low concentration of protein, or the presence of 
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a contaminant. A qualitative estimate of the protein quantity of the 0.15M-0.3M fraction 

based on Coomassie band intensities suggests that the BCA-based quantitation of specific 

activity is likely a 5-10 fold underestimate. The protein concentration of the 0.0M-0.15M 

NaCl fraction also was overestimated by BCA, though this fraction does not seem to have 

detectable TGBF (Figure 3F). 

  

To assure the best probability of success with the DNA affinity chromatography method, 

the most promising fraction spanning the 0.15M-0.3M NaCl elution was frozen for later 

study, while a pilot study was carried out with the 0.6M-1.0M fraction pooled with the 

0.2M buffer C elution fraction. This pooled fraction was loaded onto a 10 ml bed volume 

of streptavidin-conjugated agarose beads. Previous attempts had indicated that many P. 

falciparum proteins bind to streptavidin-conjugated resins even in the absence of 

immobilized DNA, and this step removes much protein with non-specific affinity for the 

DNA-free resin. Following pre-clearing of extract on the streptavidin-only resin, the 

flowthrough was mixed with 5 mg of Dynal beads previously bound with approximately 

300 μg of concatamerized TG box motifs (Materials & Methods) and equilibrated to 

0.4M KCl buffer C at 40C. Binding was carried out at 40C for 12 hours with nutation, and 

two washes were performed with 2.5 ml of 0.4M KCl buffer C containing 25 μg poly dI-

dC, followed by two more washes of 2.5 ml of 0.4M KCl buffer C without poly dI-dC. 

Elution was done in a final volume of 300 μl of 1.0M buffer C, which represents a 16 

fold concentration of the material initially loaded on to the streptavidin-agarose pre-

clearing column. Thus, 5 μl of the final 300 μl eluate was analyzed by EMSA in Figure 

4C lanes 7-9, which constitute 4-fold volume equivalents, as compared to 20 μl of the 
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original 5 ml starting volume loaded into lanes 1-3 of the EMSA in Figure 4B. This 

elution fraction demonstrated DNA binding activity (Figure 4C), and quantitative 

analysis of the appropriate regions of the image indicated that the relative intensities are 

consistent with the presence of TGBF in this fraction (Figure 4 D, E). On the other hand, 

the high background and low intensities of the bands in these gels due to sample 

underloading qualify this conclusion, and this experiment demands replication. It should 

be noted that the relatively high background in lane 2 and lane 3 of Figure 4B contribute 

to the seemingly poor sequence-specificity of the competitor probe assays in the 

quantitative analysis shown in Figure 4D. 

 

To estimate the purity of the elution obtained from the affinity chromatography series, 

approximately 100 μL of the eluate volume was concentrated by methanol precipitation, 

separated by PAGE, and silver stained according to manufacturer’s suggestions (10 

minute developing) demonstrating the existence of a protein of approximately 12kD 

purified to 90% purity in this fraction. The yield of this protein was approximately 1 ng, 

based on comparison to the standard protein ladder.  

 

Discussion 

 

Previous bioinformatics work described in Chapter 2 indicated that a high density of TG 

box motifs correlates with transcription during the IDC. Two models may explain this 

correlation. In the first scenario, a TG polymer acts as the functional regulatory sequence, 

leading to detection of extended TG box motif instances (Chapter 2 Figure 4A) correlated 
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with transcription. Previous work in mammalian transcription has documented the role of 

the TG polymer repeat on gene expression (Hamada et al. 1984), although the mechanism 

of regulation has not been explored in detail. An alternate model is that the TG box 

functions as a short motif of two to three TG repeats, and that multiple instances of the 

TG box motif cluster together in native promoters to contribute to transcription. 

Homotypic clustering of transcription factor binding sites is a long recognized feature of 

functional promoters (Donahue et al. 1983). To test the first model, we performed a 

competitor EMSA using pure TG polymers to compete against a probe consisting of a 

monomeric TG box motif. While 200-fold molar excess of unlabeled monomeric TG box 

could compete against probe for the binding activity, 200-fold molar excess of unlabeled 

pure TG polymers of similar length did not compete to an appreciable degree. This result 

favors the second model, that in vivo binding sites are clusters of short monomeric TG 

box motifs. Their bioinformatics detection in high density suggests they may interact 

cooperatively on transcription. In fact, var gene intronic promoters have been observed to 

have TG box motifs organized in imperfect repeats (Calderwood et al. 2003). Further 

evidence for cooperative binding of the TGBF at promoters could be obtained through 

quantitative binding studies of dimeric TG box motifs, as compared against monomeric 

motifs. However, such studies require purified protein to be able to rule out effects of 

uncharacterized players in crude cell extracts. 

 

Interest in the abovementioned model of transcriptional regulation in P. falciparum, as 

well as several other observations motivated us to seek the purification of the TG binding 

factor (TGBF). For one, TG box motifs correlate with 20% of the periodic transcription 
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during the IDC. Another motivation is the observation that this motif plays a part in the 

transcription of var genes, the main antigenic gene family in P. falciparum (Calderwood 

et al. 2003; Voss et al. 2003). Regulation of this class of genes displays several 

interesting properties, including allelic exclusion (Freitas-Junior et al. 2005; Voss et al. 

2006)reminiscent of vertebrate immunoglobulin and odorant receptor genes, var 

switching (wherein the actively transcribed version changes between generations;), and 

mitotic recombination (Freitas-Junior et al. 2000). Given our interest in understanding the 

molecular mechanism of the IDC clock, as well as the nature of the link between IDC 

gene expression and var gene expression, we pursued a purification strategy for the 

TGBF employing, ammonium sulfate precipitation, anion exchange chromatography, 

cation exchange chromatography, and DNA affinity chromatography.  

 

We believe that the early steps of the purification described in Figure 2 have been 

reasonably optimized, since this method reproducibly deposits TGBF in the elution of the 

anion exchange with little detectable activity in the other fractions. Determination of 

TGBF yields and specific activities for these steps are forthcoming. 

 

Currently, the cation exchange chromatography and the DNA affinity chromatography 

steps require further optimization. To date, cation exchange chromatography has not 

resulted in reproducibly high yields after elution, and in the particular experimental series 

reported here, the use of a potentially damaged Resource S column may have led to the 

broad elution of TGBF observed. Residual spermine may have also competed for binding 

on the column leading to overloading, and contributing to the broad elution profile. On 
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the other hand, the second elution fraction between 0.15M and 0.3M NaCl yielded a high 

specific activity fraction, and Coomassie stained PAGE of this fraction showed it to be 

devoid of a doublet bands seen in the higher salt elution fractions of the series (lane 7-9 

in Figure 3F). These high molecular weight proteins have been a persistent contaminant 

in many of the purifications attempted so far, and the lack of correlation of TGBF activity 

in EMSA with these bands in PAGE suggests that these are highly abundant 

contaminants that can be removed using this method. 

 

The sequence-specific DNA affinity chromatography step is also not fully optimized yet, 

and previous quantitation of EMSA gel results of similar experiments revealed that the 

recovery of TGBF in the elution fraction is less than 10% of the starting material. Several 

problems could contribute to poor recover of TGBF in the elution of such affinity 

chromatography attempts. One explanation is that P. falciparum extracts contain excess 

amounts of non-specific DNA binding proteins with higher DNA affinity, or slower off 

rates, than TGBF, such that the binding sites are occupied by contaminant proteins prior 

to binding of TGBF in significant quantity. In fact, TGBF from crude nuclear extracts did 

not bind to the DNA affinity chromatography substrate at all, and use of non-specific 

competitor nucleic acids in the mobile phase of affinity chromatography during binding 

as well as washes represents an attractive solution to this problem (Kadonaga 1991)  

which we have explored with some promising results. Proteins with affinity for the 

streptavidin resin may also represent another class of undesired contaminant proteins. 

Others have commented that actin can bind non-specifically to streptavidin (Gadgil et al. 

2001), as can abundant nuclear proteins such as mRNA processing factors, splicing 
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proteins, and ribosomal proteins (de Boer et al. 2003), suggesting that pre-clearing 

extracts on streptavidin-resin may be an effective route to depleting undesired high 

abundance proteins that can bind streptavidin. It is of potential relevance that a protein 

with sequence similarity to bacterial BirA was recently observed in the P. falciparum 

genome (Müller et al. 2007), and if this protein is a functional homolog of BirA, there 

may be multiple covalently biotinylated proteins in Plasmodium extract that would be 

expected to bind to the streptavidin-based affinity resins as well. 

  

Other possible explanations for the current poor yield of the sequence-specific DNA 

affinity chromatography could be due to resin re-use, which would be affected by 

residual contaminant proteins bound to the column, or by the action of contaminating 

nuclease activity reducing the binding capacity of the column with each subsequent use. 

Reliance on freshly made affinity reagents may increase the reproducibility and binding 

capacity in future experiments. Kinetic parameters, ionic strength, temperature, and pH 

also represent orthogonal axes affecting binding of proteins to DNA, as each protein has 

a somewhat distinct optimal condition for binding to its target DNA. 

Continued exploration of these parameters presents valid directions for further study. 

 

Finally, the 12kD protein eluted from the affinity chromatography series shown in Figure 

4F deserves some attention. A low molecular weight protein in the size range observed 

from this experiment has been previously observed in a DNA affinity chromatography 

experiment (data now shown). Furthermore, the 0.3M-0.6M NaCl elution from the 

Resource S chromatography was further separated by DNA affinity chromatography as 
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well, without the benefit of a pre-clearing step on streptavidin-agarose. This experiment 

revealed the presence of numerous bands by silver stain, as compared to the elution 

shown in Figure 4F, confirming the utility of removing proteins that interact non-

specifically with the affinity resin. However, the approximately 12kD low molecular 

weight band constituted the most prominent band. Quantitative analysis of the EMSA 

shown in Figure 4C suggested the presence of the TGBF in the elution fraction (Figure 4 

E), but the low signal intensities preclude confident interpretation of this data, and this 

result demands replication. In future iterations, EMSA of a larger proportion of the final 

elution may increase the signal to a range that credibly demonstrates that this band 

represents the TGBF. Currently, it remains a real possibility that the DNA binding 

activity in this fraction reflects a non-specific contaminant. To improve signal to noise in 

the EMSAs for highly pure protein, reduction of amounts of competitor nucleic acids 

used in the final EMSA should be considered. Using crude extracts, a 5000 fold molar 

excess of unlabeled probe gives clear evidence for sequence-specific DNA binding 

activity (Figure 2B), but when the protein sample is sufficiently purified, it may be the 

case that using only1000 fold molar excess will be more optimal for demonstrating 

sequence specificity, while suppressing the signal to a lesser degree. The binding buffers 

used throughout these studies also contain 1000-fold molar excess of a single-stranded 

DNA oligo stripped of all of our predicted binding sites, the purpose of which is to 

suppress probe binding by the P. falciparum Replication Protein A (PfRPA) that has been 

described to be a major contaminating non-specific nucleic acid protein in P. falciparum 

extracts (Voss et al. 2002). In the case of highly purified protein, as in Figure 4F, the 

presence of this competitor oligo is likely superfluous, and detracts from the signal. 
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Future replicates of this experiment will avoid the use of extraneous competitors for 

EMSA analysis of highly purified fractions obtained this late in the purification. Some 

transcription factors have proven difficult to purify due to loss of activity upon separation 

from obligate co-factors, and this possibility should be considered here as well. 

 

Obtaining sufficient quantities of material for analysis is a major obstacle for all 

biochemical purifications. Early transcription factor purification strategies which led to 

successful identification have utilized as much as 120 g of whole cell extract from 6x1010 

cells in the case of NF-1 purification (Rosenfeld et al. 1986), and 3 g of nuclear extract in 

the case of hypoxia inducible factor-1 (HIF-1; (Wang et al. 1995)). Octamer binding 

protein was first purified from 100 mg of nuclear protein extracted from 1x1010 cells 

(Wang et al. 1987), and human lymphoid specific octamer-binding protein (OTF-2) 

identification required 770 mg of nuclear extract (Scheidereit et al. 1987). Advances in 

mass spectrometry have lowered the amounts of material needed to perform successful 

purifications, and the approximate number of parasite nuclei used here (8x1010 parasites) 

is in the range of many of these studies, suggesting that this approach could eventually 

yield the identity of the TGBF. However, more work is required to optimize the later 

steps of the purification strategy described here, as the yield of material obtained at the 

final step is not sufficient to compellingly correlate the 12kD protein purified with 

sequence-specific DNA binding activity. On the other hand, the identity of the protein 

purified in Figure 4F may yet be determined by mass spectrometry, as the band has been 

cut from the gel, destained, and preserved for later analysis at the time of this writing. 

The same size band from the DNA affinity chromatography performed on the 0.3M-0.6M 
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NaCl eluate of the Resource S column has been preserved as well. Although the 

similarity of the TG box motif and the non-canonical TATA box-like motif described 

recently (TGTAA; (Ruvalcaba-Salazar et al. 2005)) had raised the possibility that the 

motifs were variants of the same transcription factor binding site, the experiments of 

Figure 1 in combination with the predicted molecular weights of the two predicted PfTBP 

ORFs (PFE0305w : 38kD, PF14_0267 : 42kD) make it unlikely that this 12kD band will 

be one of these PfTBP proteins. 

 

Although a classical biochemical approach has been undertaken here towards the 

identification of the TGBF, other approaches may represent valid routes to the answer as 

well. The yeast one hybrid screen represents a powerful tool for the discovery 

transcription factors, and the paucity of DNA binding proteins in the P. falciparum 

genome makes attainable a candidate expression approach. Recent works by other lab 

members are aimed at exploring these strategies. In particular, the demonstration of 

efficient in vitro transcription/translation of P. falciparum proteins by wheat germ extract 

has provided an important step forward for the latter strategy (Rathod 2007). However, 

there are some potential benefits of pursuing a biochemical purification strategy over 

these other approaches. For one, proper biological activity may require post-translational 

modifications that may be difficult or impossible to recapitulate in heterologous 

expression systems. Another consideration is that many transcription factors derive 

sequence specificity from the dimerization of two polypeptides, and one hybrid screens 

and candidate expression strategies may overlook DNA binding activities that require the 

interaction of two components. On the other hand, biochemical purification is fraught 
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with caveats as well. Biochemical interaction does not necessarily correlate with in vivo 

function, and the biological function of candidate transcription factors identified through 

any of these methods should be corroborated with in vivo evidence, be it conditional 

genetic ablation of the candidate regulator or a chromatin immunoprecipitation assay. 

The road to understanding the Plasmodium molecular clock remains an exciting one 

whose terminus has not yet come into sight.  
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