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        Babesia bovis is an intraerythrocytic protozoan which causes severe disease in cattle 

following the transmission by its vector tick. It can persist life-long in animal hosts which 

survive acute infection. Cytoadhesion of parasite-infected red blood cells (IRBC) to the 

endothelium of host deep organs, and periodic antigenic variation of the adhesive ligands on the 

infected erythrocyte surface are two major survival strategies. Previous work had identified the 

heterodimeric variant erythrocyte surface antigen 1 (VESA1), which is encoded by ves1α/β gene 

pairs among the ves multigene family, as a key bifunctional virulence factor due to its 

involvement in both cytoadhesion and antigenic variation. In the B. bovis C9.1 clonal line, the 

locus of active ves transcription (LAT) of ves1α/β gene pairs has been revealed, and segmental 

gene conversion has been demonstrated to contribute greatly to B. bovis antigenic variation. The 

unique gene organization of the LAT, which contains two closely juxtaposed, divergent ves1α/β 

genes sharing overlapping 5’untranslated regions (UTR), also exists at many other non-expressed 

ves gene loci. It is unknown how the LAT acquires its distinctive active transcription state among 

ves genes. To determine whether stable, higher order structure exists at the LAT which may be 

related to its active transcription, in vivo 3-dimensional DNA structural characteristics were 

examined initially through a combination of structure-protective genomic DNA extraction and 
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DNA two-Dimensional (2-D) gel electrophoresis. In vivo psoralen crosslinking was also tried to 

stabilize LAT-associated higher-order DNA structure. Some higher-order DNA structures were 

detected with both structure-preserving methods and could most likely be associated with the 

LAT regarding active transcription although other evidences are essential to substantially prove 

and interpret their significance. In addition, an in vitro study also supported the potential of ves 

intergenic regions (IGr) to form higher-order structures when induced by thermal remodeling 

(TR). Several nucleases were used to further investigate the chromatin structural characteristics 

of ves genes. Several locus-specific nucleosomal repeat lengths were estimated found 

indistinguishable from bulk chromatin. In contrast, the LAT adopts an unusual chromatin 

structure featuring 5 MNase-hypersensitive sites (MH sites) in the IGr rather than three, and two 

protected IGr-flanking regions. The rates of hybridization signal losses from different gene loci 

upon the treatment with different concentrations of MNase or DNase I were estimated. Both 

enzymes produced three highly repeatable patterns of ves nuclease sensitivity. The LAT is 

significantly more sensitive than are some non-expressed ves genes or even the active B. bovis β-

tubulin and glyceraldehydes-3-phosphate dehydrogenase (GADPH) genes, consistent with their 

active state. In contrast, among non-expressed ves genes two populations may be defined: genes 

which are relatively insensitive to digestion, and those which are intermediate insensitivity 

between the LAT and the insensitive ves loci. All those facts suggested that different chromatin 

structures explain the differential transcriptional status among ves genes, which could be 

mediated by differential epigenetic modifications such as acetylation/methylation of histone H3. 
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CHAPTER 1 
INTRODUCTION 

B. bovis Life Cycle and Pathogenesis 

B. bovis is a protozoal hemoparasite that invades mammalian erythrocytes, establishing an 

infection through ixodid tick transmission. The disease caused by B. bovis infection occurs 

mainly in animals like cattle and buffalo (Bock et al., 2004). Bovine babesiosis accounts for 

significant cattle loss in subtropical and tropical areas (Calvo de Mora et al., 1985; Kjemtrup and 

Conrad, 2000; Krause et al., 2008). The parasite life cycle is composed of two major stages: an 

asexual stage in mammalian hosts, and a sexual stage in ticks. The asexual stage starts with the 

invasion of host erythrocytes by infectious sporozoites, which are introduced into host tissues at 

the site of the bite of an infected tick. The parasites rapidly find their way into the host 

bloodstream. After successful entry via the vector blood meal, the sporozoites multiply in 

erythrocytes through binary fission to produce two daughter cells called merozoites, which 

rupture erythrocytes and thus are released into host bloodstream where they have the opportunity 

to invade new erythrocytes (Freidhoff, 1988).  The merozoites can be ingested by non-infected 

ticks during the taking of a blood meal, and in the tick’s midgut they start the sexual cycle by 

forming gametocytes and developing into ray bodies thereafter.  Then, ray bodies experience 

multiplication and division to become gametes, two of which merge to form a zyote. 

Furthermore, zygotes infect the gut tissue of tick and develop into kinetes through a series of 

complicated events, which get chance to invade tick oocytes to start new round of schizogony. 

As a consequence of larval tick attachment, sporozoites begin to form and invade mammalian 

host thereafter (Bock et al., 2004).  

The parasites can alter the membrane of parasitized erythrocytes morphologically and 

antigenically in adaptation to the new living environment (Aikawa et al., 1985; Allred et al., 
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1993). Some “ridge-like” structures can be developed on the surface of IRBCs. This 

modification assists in the cytoadhesion to the capillary endothelium of some deep organs, 

including the liver, kidney and brain, and thereby the sequestered parasites can avoid being 

eliminated during spleen passage by host innate immune mechanisms (Aikawa et al., 1992; 

O'Connor et al., 1999). In addition, emerging variant antigens on IRBCs appear to go 

unrecognized by pre-existing host humoral immunity, so that IRBCs expressing novel isoforms 

are not targeted for elimination (Allred et al., 1994). Most hosts can survive acute babesiosis, 

which is characterized by a variety of symptoms including high fever, severe anemia, 

hemoglobinuria, coagulatory disturbances, circulatory, respiratory, and sometimes cerebral 

complications, but sometimes death can occur, especially in the immunocompromised host 

(Yeruham et al., 2003; Krause et al., 2008). However, the parasites cannot be easily cleared from 

the infected host, hence long-lasting persistent infection is established and maintained, which 

features density fluctuation of parasitemiae and is often asymptomatic (Calder et al., 1996; 

Krause et al., 1998).  

Antigenic Variation in B.bovis  

B. bovis has a very complicated life cycle, which requires two hosts: ticks and mammalian 

hosts. To invade and proliferate asexually within mammalian erythrocytes is crucial for the 

completion of life cycle. In spite of the development of parasite-resistant host immunity, those 

who survive acute infection often have persistent and relapsing infection established within their 

bodies, which features extremely long duration and fluctuating parasitemiae by several orders of 

magnitude (Calder et al., 1996; Allred et al., 2000).  

Both structural and morphological modifications are made on the IRBC surface to facilitate 

parasite survival within erythrocytes and expansion in the host. One important morphologic 

change is the development of short, ridge-like structures on the IRBC surface, which are similar 
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to the knobs that are formed on human erythrocytes infected with another related Apicomplexan 

hemoparasite, Plasmodium falciprum (O’Connor et al., 1997). The rapid antigenic variation of 

VESA1 protein on the IRBC surface and cytoadhesion of IRBCs to the capillary and post-

capillary venous endothelium are pivotal for successful parasite long-term persistence in hosts. 

Antigenic variation may contribute to parasite persistence in at least two aspects: host immune 

antibodies responding to the prior parasite populations fail to effectively recognize and thereby 

eliminate the emerging parasite populations occurring temporally later during the life-long 

infection; and, structural variability of the cytoadhesion-associated VESA1 also permit the 

IRBCs to cytoadhere to variable host cell ligands. VESA1 protein possesses dual roles in 

mediating both antigenic variation and cytoadhesion (O’Connor and Allred, 2000), and can be 

looked upon as a bifunctional virulence factor, analogous to the variant erythrocyte membrane 

protein 1 (PfEMP1) family in the malarial parasite, P. falciparum (Baruch et al., 1997; Scherf et 

al., 1998). Therefore, it would be of great value to investigate the molecular mechanism of 

antigenic variation in VESA1 protein, which would be very helpful in seeking novel strategy to 

reduce parasite persistence in the mammalian host preventing the prevalence of bovine 

babesiosis. 

VESA1 Protein and C9.1 ves1α/β LAT  

VESA1 is a size-polymorphic, parasite-derived, heterodimeric protein that is trafficked to 

and expressed on the IRBC surface. VESA1 protein is a key parasite-derived virulence factor, 

playing crucial roles in antigenic variation, cytoadherence and subsequent sequestion of IRBCs 

(Allred et al., 1993; Allred et al., 1994). Previous studies on isogenic clonal parasite lines 

indicated that the two VESA1 subunits, 1a and 1b, differ in both sizes and antigenicity. Similar 

amino acid composition and some common proteolytic digestion fragments shared between them 

suggested genetic relatedness (O’Connor et al., 1997). Currently, available evidence indicates 
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that these two polypeptides are encoded by two distinct genes, ves1α and ves1β respectively, 

belonging to two divergent but closely related branches of the ves multigene family (Allred et al., 

2000; Al-Khedery and Allred, 2006; Xiao, Y and Allred, DR; unpublished data).  

The ves1α gene encoding the VESA1a subunit belongs to a large polymorphic multigene 

family, ves. Most members of this gene family seem to be invariant over time among several 

isogenic parasite lines (Allred et al., 2000). The LAT has been demonstrated and validated on the 

B. bovis chromosome 1 in the C9.1 clonal line (Al-Khedery and Allred, 2006). In the C9.1 LAT, 

an actively transcribed ves1α gene is juxtaposed divergently with an actively transcribed C9.1 

ves1β gene. Furthermore, these two head-to-head apposing active genes share the 5’ untranslated 

region (5’ UTR) upstream of their respective transcription start codons. This intergenic region is 

highly conserved among ves genes and averages approximately 433 bp long. It features two 

highly conserved pairs of quasi-palindromic sequence segments. This unique gene organization 

pattern at the LAT also exists many non-expressed ves gene loci (Al-khedery and Allred, 2006; 

Brayton et al., 2007). However, those loci have variable combinations of genes apposing each 

other, as ves1α-ves1β or ves1α-ves1α. Some of the genes are actually pseudogenes, although 

most appear not. It was shown that, in the Texas T2Bo strain 24 ves gene loci have the same 

gene organization and a length similar to the LAT (Brayton et al., 2007). 

Segmental gene conversion involving many ves sequence donor genes has been 

demonstrated to be one important mechanism of antigenic variation in B. bovis. Sequence 

patches can be donated from ves donor loci to the LAT, which can cause the LAT to become 

variable and mosaic (Al-khedery and Allred, 2006). However, it is poorly understood how 

segmental gene conversion occurs at the LAT. The IGrs of the C9.1 LAT and many ves loci 

harbor two pairs of highly conserved palindromic segments (Al-Khedery and Allred, 2006). 
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Moreover, some preliminary evidence shows that the IGrs in the LAT and some non-expressed 

ves loci possess potent promoter activity (Wang, X and Allred DR; unpublished data). The entire 

IGr is essentially symmetrical regarding GC content and conserved sequence patches. Based on 

this information, I hypothesized that different levels of higher order DNA structure within the 

LAT, especially the intergenic region, may exist in vivo, distinguishing the LAT from other non-

expressed ves gene loci. It is inferred from its sequence characteristics that the LAT intergenic 

region has the potential to form extensive quasi-cruciform structure (Mfold algorithm, Genetics 

Computer Group). This type of unstable structure, once formed, may play an important role in 

transcriptional activation as well as in inter- and intra-chromosomal gene conversion events 

(Kim et al., 1998; Lisnic et al., 2009). Thus, it would be very informative to examine whether the 

stable higher-order structure can be detected at the LAT in vivo. Meanwhile, little is known 

about the chromatin structural characterisitics of ves genes, which could be very important in 

explaining their differential transcriptional status.  

Inverted Repeats and Their Biological Importance  

 Many prokaryotic and eukaryotic genomes, including the human genome, contain 

widespread inverted repeats (IRs). Inverted repeats have the potential to form cruciform 

structures. They occur more often in genomes than do random sequences, and are predominantly 

distributed at or near genetic regulatory regions or other functionally important locations 

including replication origins, operator sites, promoter regions, hormone responsive elements, hot 

spots of chromosomal translocation and mitotic interchromosomal recombination etc (Gellert et 

al., 1983; Tenen et al., 1985; Gordenin et al., 1993; Kato et al., 2003; Kurahashi et al., 2004). In 

some bacteria, cruciform DNA extrusion is a pre-requisite for initiating replication and 

transcription (Kato et al., 2003). Coliphage N4 virion-encapsidated, DNA-dependent RNA 

polymerase (vRNAP) became deactivated when mutations were introduced to impair the 
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secondary structure of a conserved inverted repeat in the promoter region it recognizes 

(Glucksmann et al., 1992). These observations indicate that inverted repeats and/or the unusual 

DNA conformations they may form in vivo, may serve important biological functions (Wells, 

1988).  

   Cruciform structure is thought to occur in genomic regions containing palindromic 

sequence or inverted repeats, forming two hairpin arms of equal length and a central four-way 

junction. It can be formed in vitro and has also been suggested to exist in living cells 

(Vologodskaia and Vologodskii, 1999; Wells, 1988; Tenen et al., 1985). DNA cruciforms are 

highly dynamic and exhibit a high degree of variability in the interarm angle. Inverted repeats 

could have many variable conformations including B-form duplex, planar cruciform, X-type 

cruciform and stem-loop-loop-stem relying on nucleotide sequence homology and environmental 

requirements (Kato et al., 2003). These various conformations of IRs may be responsible for 

executing diverse biological functions under different situations. The molecular basis for IRs’ 

importance could be established through creating special platforms for different types of DNA 

binding proteins to help stabilize structure and/or recruit more functional protein factors. For 

example, one study suggested that cruciforms could also be the target site for some activator or 

repressor proteins (Kim et al., 1997). Interestingly, cruciform structure is both stereochemically 

equivalent and topologically similar to the Holliday junction, the central intermediate in genetic 

recombination (Lilley and Kemper, 1984; Iwasaki et al., 1992; Zhang et al., 1999). However, it is 

still unknown if they may have functional overlap or if cruciforms may also play a 

recombination intermediate role in some organisms.   

 Generally, IRs of variable length are thought to be one of the important sources of 

prokaryotic and eukaryotic genomic instability (Gordenin et al., 1993; Collick et al., 1996).  
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DNA IRs can become hot spots for DNA double strand breaks (DSB), which can create 

dangerous DNA lesions demanding error-free sensing and repairing (Kurahashi et al., 2004; 

Tanaka et al., 2009). Modified or unmodified IRs can be associated with many human diseases, 

such as Hereditary Angioneurotic Edema, Duchenne Muscular Dystrophy etc (Bissler, 1998). 

Additionally, because of their notable roles in inducing palindrome formation and gene 

amplification, short IRs can also be targeted in cancer therapy to prevent further genomic 

instability which normally associates with malignant tumor progression (Tanaka et al., 2002; 

Tanaka and Yao, 2009). Recent observations in plants also revealed a correlation between IRs 

and epigenetic modifications and their roles in gene regulation were then recognized. IRs can 

signal for gene silencing through DNA methylation (Wolffe and Matzke, 1999). Methylated IRs 

could act in trans by possible sequence pairing to induce methylation, thereby transcriptionally 

silencing remote homologous sequences by inducing chromatin-remodeling events via methyl-

DNA-binding proteins (Wolffe and Matzke, 1999; Ebbs et al., 2005).  

Therefore, considering the biological importance of IRs and their potential involvement in 

transcriptional regulation and gene recombination, it would provide great value to the research 

community to focus a study on the ves intergenic regions, regarding its unusual location and 

sequence specificity.  

DNA Two Dimensional Gel Electrophoresis and Its Application 

The DNA 2-D gel electrophoresis system was first developed in 1980 (Sundin and 

Varshavsky, 1980). Two dimensional (2-D) gel electrophoresis can be used to efficiently and 

directly detect different forms of DNA. As early as 1983, Bell and Byers developed a DNA 2-D 

gel system to resolve branched DNA from linear DNA. This system has been modified thereafter 

to adapt different applications. DNA 2-D gel system has now become a well-established, 

powerful tool commonly used in the study of replication or recombination intermediates in 
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eukaryotes (Bell and Byers, 1983; Arcangioli, 1998; Allers and Lichten, 2000). It has not been 

demonstrated yet if DNA 2-D gel system is capable to separate cruciform although cruciform is 

stereochemically similar to Holliday junction molecules, which can be well separated on a 2-D 

gel (Iwasaki et al., 1992; Zhang et al., 1999; Allers and Lichten, 2000). 

The mobility of branched DNA molecules was found dependent upon agarose 

concentration and voltage (Bell and Byers, 1983). Basically, the first dimension of horizontal 

electrophoresis is run at low voltage in a low concentration (0.5~0.8%) of agarose gel separating 

DNA molecules mainly in proportion to their mass. The second dimension is then run at higher 

voltage in a higher concentration (1.2~ 1.8%) of agarose gel with the presence of ethidium 

bromide (EtBr), which makes structured DNA more rigid and reduces branch migration (Bell 

and Byers, 1983). Therefore, DNA shape becomes the main factor affecting mobility in the 

second dimensional of gel electrophoresis. After electrophoresis, the 2-D gel is normally blotted 

onto nylon membrane for later hybridizations with locus-specific probes. In this project, I tried to 

establish a DNA 2-D gel system capable of separating cruciform from linear DNA for the 

purpose of detecting any in vivo LAT-associated cruciform-like DNA structure related to active 

transcription. 

Chromatin Structure and Gene Transcription 

In eukaryotic cells, nuclear DNA is packaged compactly into well-organized chromatin 

composed of periodic arrays of nucleoprotein complexes, with the nucleosomes as the basic unit 

(Lusser and Kadonaga, 2003). Transcription in eukaryotic cells is stringently controlled and 

regulated in an orderly fashion by numerous protein factors. The gene transcription status closely 

correlates with the permissive or non-permissive state of their chromatin structures for the entry 

of those regulators (Nalikar et al., 2002). To maintain a state of being actively transcribed, the 

gene coding regions must be essentially made accessible to the enzymatic machinery of 
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transcription through a series of chromatin-remodeling events. Consequently, active genes can be 

distinguished from inactive genes by differential chromatin structures (reviewed in Rando and 

Chang, 2009). As an important characteristic of chromatin configuration, the nucleosome 

positioning pattern and orientation at gene promoters and coding regions can regulate 

transcriptional activities in many ways (Vega-Palas and Ferl, 1995; Svaren and Horz, 1996; 

Chen and Yang, 2001; Rando and Chang, 2009).  

Nucleosomal Organization on Genes 

Eukaryotic genomic DNA is organized at its simplest level within 10 nm chromatin fibers, 

which feature phased arrays of nucleosomes (reviewed in Ramakrishnan, 1997). However, 

nucleosomes are not just randomly positioned onto genes. Preferential binding of nucleosomes 

on specific DNA regions has essential impact on the regulations of gene activities such as DNA 

replication and repair, gene transcription and gene recombination (Pazin et al., 1997; Field et al., 

2008). During those biological processes, nucleosomes have to frequently disassemble or 

reassemble on naked DNA to help achieve certain functions. The occupancy and rearrangement 

(or depletion) of nucleosomes from some regulatory DNA elements can regulate gene activities 

by preventing or allowing the targeting of DNA-binding protein factors.  

Several aspects to describe nucleosomal organization on genes include nucleosome repeat 

length (NRL) or spacing, nucleosomal positioning, nucleosome-free regions and the composition 

of histones or histone variants in nucleosomes (Jin et al., 2009; Rando and Chang, 2009). 

Normally active genes adopt regular nucleosomal positioning patterns due to the frequency of 

transcriptional activities to expose some DNA regulatory elements which facilitates the 

transcriptional machinery and other regulatory protein factors (Chen and Yang, 2001). Despite 

different transcription status, inactive genes or silent genes contained in heterochromatin can also 

have regular nucleosomal arrays (Sun et al., 2001; Rando and Chang, 2009). However, the 



 

23 

positioning of nucleosomes on silent genes seem mostly rely on the underlying DNA sequence 

cues, while nucleosome locations and occupancy on active genes seem not follow sequence cues 

and may need ATP-dependent chromatin remodelers to actively deploy nucleosome binding 

(reviewed in Rando and Chang, 2009). Activation or repression of genes can be associated with 

dynamic nucleosomal repositioning around gene promoter-proximal region, probably as a 

consequence of disposition of histone variants or epigenetic modification of gene sequences 

(reviewed in Schones et al., 2008). Meanwhile, the presence of some DNA-binding factors and 

ATP are also essential for aligning and maintaining nucleosome-positioning patterns (Pazin et 

al., 1997; Corona et al., 2000). Moreover, switch of transcriptional status seem concomitant with 

the crucial changes in nucleosome-depleted regions due to the loss or occupancy of transcription-

associated protein factors (Kumari et al., 1997; Sun et al., 2001).  

As one of the important structural characteristics of chromatin structures, NRL reflects the 

compactness of chromatin, which is dynamic throughout the cell cycle to cope with different 

cellular activities (Misteli et al., 2000). Gene NRLs closely correlate with their transcriptional 

status, where active genes and inactive genes can differ significantly in their NRLs, and maintain 

the difference throughout cell cycles (De Ambrosis et al., 1987). Meanwhile, the NRL is not a 

static characteristic for gene chromatin structure; on the contrary, it can also be dynamic to 

respond to environmental changes (Castro, 1983). Different organisms may feature different bulk 

NRLs with variable DNA linker regions. Some lower eukaryotes tend to have shorter NRLs and 

may not possess a canonical histone H1, but rather a small H1-like protein, which may mean that 

they have unique chromatin structural characteristics different from higher eukaryotes (Thomas 

and Furber, 1976; Greaves and Borst, 1987; Lanzer et al., 1994; Mason and Mellor, 1997; 

Hsiung and Kucherlapati, 1980). 
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The dynamic organization of nucleosomes can serve as inducible or repressible signals and 

profoundly affect transcriptional behaviors (Pazin et al., 1997; Field et al., 2008; Schones et al., 

2008). The nucleosomes at the promoter region are particularly important in regulating 

transcription (Tirosh and Barkai, 2008; Rando and Chang, 2009). Actively-transcribed genes 

usually have lower nucleosome occupancy levels at the promoter-proximal regions to allow for 

more frequent transcription initiation (Lee et al., 2004). Therefore, active genes usually show 

higher sensitivity to the digestion of variable nucleases such as MNase or DNase I at the gene 

regions which are particularly nucleosome-free (Goriely et al., 2003). It has been suggested that 

actively expressed genes tend to have a translationally-positioned nucleosome pattern at the 

promoter, while non-expressed genes do not (reviewed in Schones et al., 2004). Therefore, 

nucleosomal organization patterns can be probed by nucleases. 

Nucleases and Their Applications in Studying Chromatin Structure 

Nucleases which can cut the phosphodiester bonds between nucleic acids have wide 

applications in revealing in vivo chromatin configuration. A variety of nucleases with different 

template specificities are available to provide different types of information on chromatin 

organization (Larsen and Weintraub, 1982; Drinkwater et al., 1987; Gregory et al., 2001). 

Nuclease-hypersensitive sites are importantly indicative of gene regulatory regions and therefore 

nucleases such as Micrococcal nuclease (MNase) and DNase I are normally used to identify cis-

acting regulatory elements (Levy-Wilson et al., 1988; Kumari et al., 1997; Sun et al., 2001). 

MNase is a relatively non-specific endo-exonuclease enzyme which can cleave double-

stranded nucleic acids but has a higher activity on single-stranded nucleic acids, preferentially at 

AT-rich regions (Telford and Stewart, 1989). It preferentially makes double-stranded cuts on 

chromatin substrate within the nucleosome-free linker region occurring between nucleosomes, 

and can generate single-stranded nicks on the DNA wrapped on nucleosomes (Zaret et al., 2005). 
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With partial MNase digestion, a series of nucleosomal arrays of various lengths can be 

generated, which can form a regular ladder of DNA bands on agarose gel ranging from a 

mononucleosome to n-mer nucleosomes. These arrays are usually used to estimate average NRL 

or to detect the alteration of nucleosome positioning pattern on specific genes with regard to 

gene activation or inactivation (Greaves and Borst, 1987; Anello et al., 1986; Mason and Mellor, 

1997; Zhang and Reese, 2006). Additionally, MNase can be used to determine how a gene region 

of interest is assembled in nucleosomes, with the help of southern blot analysis combined with 

direct/ indirect end lableling (Chen and Yang, 2001; Fryer and Archer, 2001).   

DNase I is an endonuclease that efficiently digests all free forms of single-stranded DNA 

or double-stranded DNA to short oligonucleotides or mononucleotides (Fox, 1997). It is sensitive 

to the structure of the AT-rich DNA minor groove facing away from the wrapped histone 

octamer, and generates a characteristic cleavage pattern with ~ 10 bp intervals (Chen and Yang, 

2001). Due to their relatively open chromatin structures, adapted in support of transcriptional 

activity, active genes are hypersensitive to DNase I digestion, especially their promoter-proximal 

region. Conversely, inactive genes normally are compactly packaged and relatively inaccessible 

for enzymatic digestion, and hence typically are insensitive to DNase I. Since DNase I does not 

work on DNA bound with regulatory proteins, it can also be used to do footprinting assays to 

map the location of gene regulatory elements and study protein-DNA interactions (Brenowitz et 

al., 2001).  

S1 nuclease is an endonuclease which uses single-stranded DNA or RNA as preferred 

substrates. It cleaves 5' and 3' overhanging single-stranded DNA and hairpin loops, and can 

sometimes produce single-stranded breaks to nick double-stranded DNA or RNA, or DNA-RNA 

hybrids (Wiegand et al., 1975). As a tool, it can be used to produce blunt ends for cloning work. 
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It is widely used to do structure mapping on RNAs or DNA: RNA hybrids (Reyes and Wallace, 

1987). Historically, its application also included mapping introns and transcription termini 

(Harty et al., 1989). Importantly, since it is very active at cleaving single-stranded DNA, it can 

be used to find transcriptional units in genomes or to confirm transcriptional status of specific 

genes, by detecting DNA “bubbles” which form during transcription initiation or elongation. 

Mung bean nuclease has template specificity similar to that of S1 nuclease, but nicks DNA 

duplexes more rarely than does S1 nuclease (Gubler, 1987). Interestingly, it has been reported 

that when under carefully controlled conditions Mung bean nuclease can cut naked Plasmodium 

genomic DNA, identifying the boundaries of transcriptional units and/or exons (McCutchan et 

al., 1984). Despite the reported ability to cut double-stranded DNA when used at high 

concentrations and with long incubation times, the predominant template of mung bean nuclease 

is single-stranded DNA (Sharp and Slater, 1993). Therefore, Mung bean nuclease can be a useful 

tool to help detect single-stranded regions in chromatin (Gromova et al., 1995). In this study, I 

chose to use those four different types of nucleases to probe chromatin structures of ves genes to 

explore the transcriptional regulatory mechanism of this gene family. 

Hypothesis 

Based on the differential transcription status and the similarity of gene organizations 

between the LAT and other non-expressed ves loci, the examination of high order structure of 

ves genes may provide useful information to elucidate their control mode of mutually exclusive 

transcription. Our hypothesis is that differential chromatin structures may exist between the C9.1 

ves1 α/β LAT and those non-expressed ves genes loci regarding their differential transcription 

status. Two different approaches for the detection of high order DNA/chromatin structure were 

tried at different structural levels respectively described in chapter 2 and 3. 



 

27 

CHAPTER 2 
HIGH ORDER DNA STRUCTURE WITHIN BABESIA BOVIS LOCUS OF ACTIVE VES 

TRANSCRIPTION 

Abstract 

Babesia bovis is an intraerythrocyte protozoan which can cause severe disease in cattle. It 

is poorly understood how ves polymorphic family, encoding the critical virulence factor VESA1, 

achieves mutually exclusive transcription. The highly conserved intergenic regions among the 

head-to-head ves gene loci feature two pairs of highly-conserved imperfect palindromic 

segments. The unique quasi-palindromic promoter region suggested the likelihood of 

involvement of higher-order DNA structure in the active transcription of the LAT. To explore 

the possible mechanism of  transcriptional control over ves genes, the detection of in vivo LAT-

associated DNA structure in chromatin was carried out through a combination of DNA 2-

Dimensional gel (2-D) electrophoresis either with structure-protective gDNA extraction or with 

structure stablization by psoralen crosslinking, followed by hybridizations with gene-specific 

oligonucleotide probes. Some off-linear arc signals were found and could be certain higher-order 

DNA structures in chromatin mostly likely associated with the LAT. However, limited signal 

intensity and low repeatability restrained the significance and correct intrepretation. Therefore, it 

is suggestive that high order DNA structure in chromatin may exist in vivo to assist active 

transcription of the LAT although further evidence would be essential to substantially support 

this finding and correlate it with the C9.1 LAT and its transcription.  

Introduction 

B. bovis is a hemoparasite which shares many traits with the human malarial parasite, P. 

falciparum. VESA1 membrane protein, which is encoded by a multigene family named ves and 

is composed of two subunits, VESA1a and VESA1b, is thought to be important for long-term 

persistence of the parasite in the host via its involvement in antigenic variation and IRBC 
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cytoadherence (Allred et al., 1994; O’ Connor et al., 1997; O’ Connor and Allred, 2000). It is 

apparent that the ves multigene family is under mutually exclusive transcriptional control (Lau et 

al, 2007; Zupanska et al., 2009). However, the mechanism(s) by which transcriptional control 

over the ves multigene family is achieved is poorly understood. The LAT, has two active ves 

genes (ves1α and ves1β) apposing in a head-to-head orientation, sharing a long 5’ UTR region 

(Al-Khedery and Allred, 2006). It has been found in the genome of Texas T2Bo strain that ~ 24 

ves gene loci share similar gene organization and lengths with the active LAT and yet remain 

inactive (Brayton et al., 2007). The intergenic regions (IGrs) among ves gene loci attract great 

attention in this study due to their promoter activity (Wang, X and Allred, DR; unpublished data) 

and their characteristic overall quasi-palindromic sequences. Inverted repeats, such as those 

found in each “side” of the LAT IGrs, are known to be enriched in gene regulatory regions such 

as promoters and can play important roles in gene transcription, replication and recombination 

(Gellert et al., 1983; Tenen et al., 1985; Gordenin et al., 1993; Kato et al., 2003; Kurahashi et al., 

2004). Importantly, some indirect evidences suggested the regulatory functions of palindromic 

sequences were due to their potential to form cruciform structures (Kim et al., 1998; Kurahashi 

et al., 2004; Inagaki et al., 2009).Therefore, it was hypothesized that the LAT intergenic region 

may form higher order DNA structure to facilitate active transcription or possibly to act as an 

entryway for strand invasion during segmental gene conversion, which has been demonstrated to 

be an important mechanism in B. bovis antigenic variation (Al-Khedery and Allred, 2006).   

To examine if there is in vivo higher order DNA structure existing in the C9.1 LAT IGr to 

maintain its active transcription status, I took the approach of DNA 2-D gel electrophoresis to 

detect unusual structure associated with the LAT. DNA structure-protective extraction or 

psoralen-crosslinking both were tried to stabilize in vivo higher order structure prior to 2-D gel 
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separation (Bell and Byers, 1983; Aller and Lichten, 2001). Some off-arc signals were observed 

on two of the 2-D gels and the significance was discussed.  

Methods and Materials 

Parasite Culture 

The B. bovis C9.1 clonal line was cloned from its progenitor MO7 by limiting dilution 

(O’Connor et al., 1997). Parasites were maintained under microaerophilous stationary-phase 

conditions as described (Levy and Ristic, 1980). Briefly, the culture was incubated at 37oC under 

5% CO2, 5% O2, and 90% N2. 10% packed cell volume fresh bovine erythrocyte suspension was 

used to feed parasites. The culture medium contained 40% (v/v) of fresh normal bovine serum in 

Medium 199 supplemented with 20 mM TES buffer (N-[tris(hydroxymethyl)methyl]-2-

aminoethanesulfonic acid) and 1× antibiotics (antibiotic-antimycotic, Gibco BRL) to prevent 

contamination. When needed, the percent parasitized erythrocytes (ppe) was boosted by “dilution 

enrichment” (O’Connor et al., 1997), which is a method of reducing the packed cell volume from 

10%  to 0.625% in steps to obtain a ppe higher than 10%. In some experiments, bovine 

leucocytes were removed from parasite culture by passage through sterile Whatman CF-11 

cellulose column (Ambrosio et al., 1986). 

Rupture of Infected Red Blood Cells (IRBCs) by Saponin Lysis 

The C9.1- infected red blood cells were ruptured by 0.05% saponin (in phosphate-buffered 

saline, PBS, pH 7.4) lysis to reduce hemoglobin contamination. After lysis of erythrocytes was 

essentially complete, parasites were collected by high speed centrifuge (16000 g, 10min at 4oC; 

Beckman). It was shown by vital fluorescent staining with 6-CFDA (6-carboxyfluorescein 

diacetate; 0.5 μg/ml) that the parasites retained this dye and appreared viable following exposure 

to 0.05% saponin.  
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Construction of Artificial DNA Cruciform Molecule 

PCR amplifications (TripleMaster@ PCR system, Eppendorf) were carried out using 

primer pairs DA44 (forward) / PIRR-PinAI (reverse), and PIRF-PinAI (forward)/ PIRR-BamHI 

(reverse) respectively with the C9.1 ves1α cDNA (P9.6.2) serving as DNA template. The 

sequences of these primers are listed in Table 2-1. The two specific DNA products were digested 

with PinAI, and ligated unidirectionally. The ligation product was then cut by BamHI and cloned 

into the BamHI cloning site of the dephosporylated pBluescript II KS (+) vector (Invitrogen) to 

generate the plasmid “pL3”. The ligation product was transformed into E. coli host strain DH5α 

(Invitrogen) to do blue/white selection (at 37oC) on X-gal agar plates. White colonies were 

picked, and restriction enzyme analysis was done to confirm the correct insertion of desired 

DNA fragment. The inserted DNA fragment in pL3 has been sequenced and confirmed to have 

an internal 46-bp perfect inverted repeat. The sequences of the primers used in cloning were 

listed (Table 3-2). To retrieve the cruciform control molecule, BssHII digestion was done on 

plasmid pL3 and generating a DNA fragment of 532 bp (B0.5). After gel purification (QIAquick 

Gel Extraction Kit, Qiagen) the fragment was dissolved in TE buffer (10 mM Tris, 1 mM EDTA, 

pH 8.0) for later use. The primers used were listed (Table 2-1). 

In vitro DNA Thermal Remodeling Assay 

To make DNA molecules possessing of cruciform potential to form cruciform structure 

based on sequence specificity, a temperature program to induce DNA thermal remodeling was 

adapted from a protocol used to construct synthetic Holliday junction (Constantinou and West, 

2004). We chose to work with natural sequences to attempt to induce thermal remodeling when 

the molecules had many options for their final conformation. We called this procedure “thermal 

remodeling” (TR). Firstly, purified DNA in TE buffer was heated at 80.1oC for 8 min, then was 

gradually cooled in steps to 65oC, 37oC, and finally 25oC, and finally ending at 4oC, with 10-min 
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incubation for each temperature stage.  This specific DNA thermal remodeling program and 

conditions (melting temperature, Mg2+, NaCl) were optimized to give maximal output of novel 

structured form, relative to normal linear duplex, but without inducing complete strand 

separation. 

DNA 2-D Gel Electrophoresis System 

A neutral / neutral DNA 2-D gel electrophoresis system was used to separate structured 

DNA molecules from their original linear forms. In order to distinguish DNA linear forms from 

structured forms, a smooth arc composed of linear DNA molecules of variable sizes was 

necessary on the 2-D gel to serve as linear DNA control. The linear form of tested DNA 

molecules would fall on this arc whereas structured DNA forms were expected to migrate off-

arc. One hundred μl (~200 ng) of “1kb plus DNA ladder” (Invitrogen) was added to tested 

samples when being loaded on the first dimension of 2-D gel to form the linear DNA control arc. 

This amount of DNA ladder in samples also gave nice hybridization signals when hybridized 

with γ- [32P]-ATP end labeled 1kb plus DNA ladder; therefore, it would reveal the linear DNA 

control arc on autoradiographs of hybridized blots.  

To separate structured DNA molecules which had been thermally remodeled in vitro, the 

first dimension of 2-D electrophoresis was performed in a 0.75% agarose gel in 1XTBE buffer 

(0.089 M Tris-borate, 0.089 M Boric Acid, 0.002 M EDTA) with 3 mM Mg2+ at 1 volts cm-1 22 

hours at room temperature. The sample lane was cut with a clean, sharp blade, stained with 0.5 

μg/ml EtBr and then photographed under UV. The sample lane was then placed horizontally on 

top of the gel tray, 1.5% agarose gel was poured till it barely covered the edge of the first 

dimensional sample lane. The second dimension of electrophoresis was run in 1X TBE buffer ( 3 

mM Mg2+) supplemented with 0.5 μg ml-1 EtBr to make DNA structures more rigid (Bell and 
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Byers, 1983) at 3 volts cm-1 for 22 hours. The gel was photographed and exposed under UV for 5 

min to nick the DNA facilitating transfer onto nylon membrane.  

In order to examine in vivo structures of C9.1 genomic DNA extracted in a structure-

protective way, the DNA 2-D gel electrophoresis was done at 4oC to facilitate the stabilization of 

any DNA structures possibily present. The first dimension (0.6% agarose gel) was run at 1 

volt/cm for 62 hrs in 1XTBE supplemented with 3 mM Mg2+ and the second dimension (1.2% 

agarose gel) was run at 3 volt/cm, 22 hrs in 1XTBE supplemented with 3 mM Mg2+ and 0.5 

μg/ml EtBr. To guarantee maximal protection of possible DNA structures, the 5X DNA loading 

buffer was also modified (25 mM Tris.HCl pH 7.5, 0.25 mM EDTA pH 8, 25 mM MgCl2, 0.25% 

bromophenol blue, 0.25% xylene cyanol FF, 15% Ficoll 400; Native/Native 2-D gel protocol 

provided by Dr. Michael Lichten from National Institutes of Health). 

The gel was exposed to UV light to fragment large DNA molecules to facilitate their 

transfer. Alkaline transfer of the DNA onto nylon membranes for later southern blot analysis was 

followed by washes in a series of EDTA solutions to remove Mg2+ to allow DNA transfer. The 

gel was washed two times in 10 mM EDTA (pH8.0), two times in 5 mM EDTA (pH8.0), then 

once with distilled water, 15 min per wash. The DNA was denatured by incubation of the gel in 

denaturation solution (1.5 M NaCl, 0.5 N NaOH) for 30 min prior to transfer onto Hybond XL 

nylon (GE healthcare) membrane in transferring buffer (1.5 M NaCl, 0.5 N NaOH) by classic 

capillary blotting.  After transfer was completed, the membrane was washed 3 times × 5 min 

each in 2 × SSC. The transferred DNA was fixed onto the nylon membrane by UV crosslinking 

(Stratalinker 2400 UV Crosslinker; Stratagene). The membrane was kept wet and sealed in 

plastic bag and frozen at -20oC until it was used. 
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DNA Electron Microscopy 

The 200-mesh cooper grids were cleaned, in order, with acetone, ethanol, and then 

deionized water in preparation for formvar coating. The formvar coating procedure was 

performed as described (Hayat, 2000). Selected grids were then thinly carbon-coated by the 

Electron Microscopy Center at the University of Florida.  After thin carbon-coating, the formvar 

film-coated grids were stored at room temperature until use.  

The spreading of thermal remodeled DNA samples onto carbon-coated formvar film grids 

was done by the Kleinschmidt procedure of DNA spreading (Kleinschmidt, 1968), with 

modifications. All steps were executed in a dust-free environment. A cleaned Petri dish (10 mm 

diameter), was filled with 20 - 25 ml hypophase solution (10 mM Tris, 1 mM EDTA, 14.8% 

formamide; pH 8.5; 0.45 μm filter-sterilized). A cleaned glass slide was slanted by 30o angle 

against one edge of the dish. Ninety-five μl of hyperphase solution (103 mM Tris, 10.3 mM 

EDTA, 54.5% formamide, 0.2 mg/ml cytochrome c, pH 8.5; 0.45 μm filter-sterilized) and 5 μl of 

DNA sample solution were mixed together well. The DNA mixture was dispersed on one side of 

the glass slide close to the interface between hypophase solution and slide. The carbon-coated 

formvar film grids were used to pick up a single layer of spread DNA on the spreading surface at 

the interface between hypophase and hyperphase. The grids were stained 30 seconds (s) in 1% 

uranyl acetate solution, then washed for 10 s in 90% ethanol and air-dried. The grids were 

subjected to low angle rotary shadowing with Pt / Pd to enhance structural details. Rotary 

shadowing was carried out by University of Florida, Interdisciplinary Center for Biotechnology 

Research, Electron Microscopy Laboratroy (ICBR). 
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Detection of In vivo LAT-Associated DNA Structure with Structure-Protective Extraction 

To examine the in vivo genomic DNA structures, the 2-D gel system needs to have 

controls for both linear and structured DNA forms. The 1kb plus DNA ladder served as a linear 

DNA control arc on 2-D gels and thermally remodeled constructed cruciform control, described 

previously, was used as a structured DNA control. Specific probes were generated to enable their 

detection on 2-D gel southern blots. The probe specific to the cruciform control (5’-

GCGCGCGTAATACGACTCACTATA-3’) was named “HP” probe, and was end-labeled by γ-

[32P]-ATP (Southern, 2006). This probe recognizes both major forms of cruciform control 

molecule B0.5 (linear form and structured forms after TR).  

The structure-protective extraction protocol was adapted from that described by Allers and 

Lichten (Allers and Lichten, 2000). Briefly, B. bovis C9.l line cells at about 10% ppe were 

harvested and washed once with 1× Vega y Martinez solution (VYMs) by centrifuging at 

16000×g /10 min /4 oC. Cell lysis in 0.05% saponin was done to reduce the packed cell volume 

to facilitate later handling. The cell pellet was then lysed in 300 μl pre-warmed freshly-made 

extraction buffer (20 mM Co3+(NH3)6Cl–
3, 2 M NaCl, 100 mM Tris–HCl pH 7.5, 25 mM EDTA, 

2% (w/v) polyvinyl pyrrolidone 40, and, finally, 3% (w/v) CTAB). With the addition of β-

mercaptoethanol to 0.16% (v/v), proteinase K (500 μg/ml) and RNase A (20 μg/ml), the lysate 

was incubated at 37oC for one hour, then extracted with 200 μl chloroform: isoamyl alcohol 

(24:1 v/v) by vigorous vortexing and centrifugation (16000 g × 3 min, 4oC). The aqueous phase 

was transferred to a 5 ml round-bottomed tube, and 1.5 ml fresh dilution buffer (1% (w/v) 

CTAB, 50 mM Tris–HCl pH 7.5, 10 mM EDTA, 4 mM Co3+(NH3)6Cl–
3) was added, followed by 

5 gentle inversions. After incubation for 10 min at room temperature and a further 20 inversions, 

gDNA spontaneously precipitated as a blob in the solution. The gDNA precipitate was carefully 
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transferred to a new tube and all subsequent steps were carried out on ice. The wash-and-

precipitation step was repeated several times essentially as described (Allers and Litchen, 2000) 

to replace Co(NH3)6Cl3 with Mg2+. Finally, purified gDNA was dissolved in cold TMSpe buffer 

(10 mM Tris–HCl pH 7.5, 2 mM MgCl2, 50 µM spermidine). The concentration of the isolated 

gDNA with protected in vivo structure was determinated in preparation for restriction enzyme 

digestion.  

Detection of In vivo LAT-Associated DNA Structure with Psoralen Crosslinking 

To stabilize in vivo DNA structure, 4′-Aminomethyl-4, 5′, 8-trimethylpsoralen 

hydrochloride (Sigma-aldrich; Catalog No. A4330) was used to crosslink DNA prior to DNA 

extraction and gel running. The procedure was basically as described (Bell and Byers, 1983) with 

some modifications. Briefly, 10 ml parasite culture at about 10% hematocrit and 10% ppe was 

harvested and washed once with cold 1XVYMs, then treated with 0.05% saponin in PBS as 

described above. The parasite pellet was then suspended in 0.1 ml cold pre-crosslinking cell 

suspension buffer (0.7 M sorbitol, 50 mM Tris-HCl, 50 mM EDTA, pH 8.0) and incubated at 

4oC for at least 15 min in the dark before crosslinking. To do in vivo DNA crosslinking, the 

parasite suspension was slowly added in a 35-mm petri dish (Falcon) containing 0.9 ml of 

crosslinking solution (0.12 mg/ml 4′-Aminomethyl-4, 5′, 8-trimethylpsoralen hydrochloride, 50 

mM Tris-HCl, 50 mM EDTA, pH 8.0); then the mixture in petri dish was placed on a benchtop 

365-nm UV lamp (Blak-Ray, Model C50) at 4oC. After 15-min crosslinking under UV, parasites 

were lysed by the addition of 1 ml of 10% SDS to the crosslinked cell suspension.  Then parasite 

gDNA was purified by phenol extraction and isopropanol precipitation as described (Tripp et al., 

1989), digested by restriction enzymes and resolved by 2-D gel electrophoresis, as described 

earlier. To evaluate the crosslinking procedure, thermally-remodeled ves locus 15-1 DNA 

fragment (1.8 kb) or cruciform control molecule B0.5 was incorporated into samples as internal 
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controls prior to psoralen crosslinking. The 2-D gel was photographed and then irradiated under 

short-wavelength UV light (120 mJ/side, UV Stratalinker, Stratagene) to reverse psoralen 

crosslinking. The gel was then transferred onto nylon membrane through alkaline transfer for 

hybridizations with specific probes (Sanz et al., 2007).   

Southern Blot Analysis 

C9.1-IRBCs were ruptured by 0.05% saponin in PBS and the parasite pellet was lysed in 

TE / 1% SDS. The lysates were incubated at 37oC in the presence of 100 µg/ml proteinase K and 

40 µg/ml RNase A for 5 hr. Genomic DNA was extracted by phenol-chloroform procedure, 

precipitated by isopropanol and then finally dissolved in TE buffer (Tripp et al., 1989). About 2 

µg gDNA was digested by chosen restriction enzymes at 37oC for 3~5 hr, and an additional 0.5 

unit of fresh restriction enzyme was added into the reactions to incubate another 2 hr at 37oC to 

ensure complete digestion. Digested DNA was electrophoresed on a 0.8 % agarose gel, and the 

gel was later exposed to UV light for 5 minutes to nick DNA. Before blotting, the gel was first 

rinsed briefly in distilled water and then denatured with denaturation solution (1.5 M NaCl, 0.5 N 

NaOH) with two15-min incubations. The gel was soaked in neutralizing solution (1 M Tris-HCl, 

1.5 M NaCl, pH 7.45) for 30 min, followed by 10 × SSC (3 M NaCl, 0.3 M Na-citrate, pH 7.0) 

for 10 min. DNA was then transferred onto Hybond N+ nylon membrane (GE healthcare) in 10 × 

SSC overnight. To fix the DNA on the membrane, UV crosslinking was done for the blots (120 

mJ; Stratalinker 2400 UV Crosslinker; Stratagene). 

 Three different probe labeling methods were employed. Oligonucleotide probes were 

labeled using T4 polynucleotide kinase (Invitrogen), which catalyzes the transfer of the γ-

phosphate from γ-[32P]-ATP to the 5'-OH group of oligonucleotide probes to label the ends 

(Reddy et al., 1991). To highlight the linear DNA control arc (1kb plus DNA size ladder) on 2-D 

gel, 20~50 ng 1kb plus ladder was end-labeled in T4 polynucleotide kinase exchange reaction 
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buffer by T4 polynucleotide kinase (protocol from Invitrogen). To make the IGr-containing 

DNA fragments labeled as specific probes, random prime labeling was used (DECAprime™ II 

Random Priming DNA Labeling Kit; Ambion) with random decamers.  

For probing with radioactive oligonucleotide probes, blots were incubated with pre-

hybridization solution supplemented with denatured salmon sperm DNA (ssDNA; 50 µg/ml) and 

yeast tRNA (20 µg/ml), for 3 hrs at 55 ºC (1 liter prehybridization solution was made by mixing 

250 ml 1M NaH2PO4, pH 6.0, 300 ml 20 × SSC, 15g Na4P2O7•10 H2O, 200 ml 50 × Denhardt’s 

solution, 25ml 20% SDS and 225 ml distilled water, 0.45 µm filter-sterilized). Blots were then 

hybridized overnight with γ-[32P]-ATP end-labeled oligonucleotide probes in 5~ 7 ml 

hybridization solution (same as pre-hybridization solution except for omitting 50 × Denhardt’s 

solution) in the presence of denatured salmon sperm DNA (25 µg/ml) and yeast tRNA (10 

µg/ml) at 50 ºC ~ 60 ºC (hybridization temperature depends on the Tm value of oligonucleotide 

probe). The membrane was washed 5 times in 6 × SSC / 0.5 % SDS at 55oC, then washed one 

time for 5 min with 1 × SSC / 0.5 % SDS at 60 ºC. Finally, the membrane was exposed to film 

(Hyperfilm MP; GE Healthcare) at -80oC, using an α,β-emitter phosphor intensify screen. 

For probing with end-labeled 1kb plus DNA ladder or random priming-labeled DNA 

probes, the pre-hybridization procedure was the same to that of oligonucleotide probing except 

the pre-hybridization solution omitted SDS. Hybridization was then done at 65oC in 

hybridization solution made the same as pre-hybridization solution, but supplemented only with 

denatured salmon sperm DNA (25 µg/ml). The washes were more stringent than that of 

oligonucleotide probing, involving washing three times for 20 min with 0.2 × SSC / 0.5 % SDS 

at 60 ºC. All the used oligonucleotide probes were listed (Table 2-2). 

https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=603454�
https://products.appliedbiosystems.com/ab/en/US/adirect/ab?cmd=catNavigate2&catID=603454�
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Results 

Establishment of a DNA 2-D Gel System to Detect DNAs with Higher-order Structure 

Construction of DNA cruciform control molecule 

A plasmid named “pL3” was constructed by the ligation of the pBluescript II (KS+) vector 

(Stratagene) and contains a DNA insert with an internal perfect 46-bp inverted repeat.  The 

plasmid was transformed into E. coli strain DH5α. To retrieve the DNA region containing the 

cloned inverted repeat, pL3 was cut by BssHII, producing a 0.5 kb BssHII fragment (“B0.5”) 

containing pL3 was produced (Figure 2-1),which was then gel-purified. The insert sequence of 

pL3 was confirmed, and found to contain the perfect inverted repeat 

“GGGTTCTTTAGTGCTGTCAGACCGGTCTGACAGCACTAAAGAACCC”.  

Migration of thermally-remodeled cruciform molecule  

To assist the control molecule B0.5 in forming a cruciform structure in vitro so that it could 

serve as a real structural control on a 2-D gel, a special thermal remodling treatment was 

developed. During the process of strand separation at elevated temperature (80.1oC) and gradual 

annealing, an opportunity is offered to DNA molecules to form secondary structures dependent 

on internal sequence homology. This specific DNA thermal remodeling program and specific 

conditions (Mg2+, NaCl and melting temperature) were adapted to give maximal output of a 

novel structural form relative to the normal linear duplex. The results from this in vitro structure-

forming assay showed that a clearly identifiable and novel DNA band with slower migration rate 

can be generated and is visible on a 1% agarose gel (Figure 2-1). It is very distinctive from the 

original linear duplex DNA band observed on agarose gels. The retarded migration of this novel 

band indicated structure formation and the structured DNA molecules produced this way by in 

vitro thermal remodeling are designated and represented by “TR”.  
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The novel TR-B0.5 was tested and found to be quite sensitive to S1 nuclease (Figure 2-2), 

suggesting the existence of single-stranded stretches in the DNA fragment. However, it is hard to 

study its sensitivity to T7 endonuclease I, a junction-specific enzyme (New England Biolab), 

since mock treatment suggested the novel form(s) were unstable and mostly lost in the treatment 

with reaction buffer only (10 mM Tris-HCl, 10 mM MgCl2, 50 mM NaCl and dithiothreitol; pH 

7.9).  

There is equilibrium between structured molecules and linear molecules; therefore the 

proportion of structured B0.5 would not be 100% with the presence of branch migration, which 

can convert the structured DNA back to original linear form. To maximize the proportion of 

structured B0.5 as a result of TR treatment, [Na2+], [Mg2+] concentration and melting 

temperature (Tm) were optimized (Figure 2-9). Elevated concentrations of NaCl and Mg2+ were 

found not beneficial for this structure formation (Figure 2-3), which was consistent with other 

researchers’ observations (Allers and Lichten, 2000). However, incomplete melting promotes its 

formation within a specific temperature range. The highest melting temperature observed was 94 

oC, which failed to give the maximal yield of structured forms (Figure 2-3). In contrast, the much 

lower melting temperature around 80.1oC gave a better proportion of structured: linear form. The 

novel band seem so discrete and clear (Figure 2-1), less likely being caused by irregular inter-

molecular annealing which may create various DNA structural forms migrating as more than one 

discrete band.  

The efficiency of structure formation in TR treatment of IGr-containing ves fragments was 

found to be concentration-dependent (Figure 2-4). Thermally remodeled ph6-1/EcoRI 1.8 kb 

(LAT) produced two major structural forms, which migrated faster than original linear form. As 

the sample concentrations were reduced from 30 ng /μl to 2.5 ng /μl, the proportion of structured: 
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linear forms increase accordingly and yet the ratio between the two major structural forms was 

relatively constant without detectable changes in the migration of structural forms (Figure 2-4). 

Lower DNA concentration favors higher proportion of structured forms, which supports the 

notion that structure formation occurs intramolecularly. More concentrated DNAs in thermal 

remodeling seem disadvantageous for structure formation. One possible explanation is that DNA 

is negatively charged and therefore frequent collisions between them may not be beneficial for 

the maintanence of higher-order DNA structure. 

In order to confirm the existence of novel DNA structure, thermally remodeled B0.5 was 

analyzed by DNA 2-D gel electrophoresis with a 1 kb plus DNA size ladder serving as a linear 

DNA control (Figure 2-5).  The novel B0.5 conformation migrated off the smooth parabolic arc 

formed by the 1kb plus DNA ladder, further supporting the formation of a special structure. 

Additionally, southern blot analysis confirmed that the off-arc spot was B0.5-specific, by 

hybridizing with a synthesized B0.5-specific oligonucleotide (“HP probe”) on the same blot 

prepared from this 2-D agarose gel (Figure 2-6).  

DNA electron microscopy with constructured cruciform 

To elucidate the structural details of TR-B0.5 and prepare samples for electron 

microscopy, both electroelution and DNA spin-column had been attempted to purify TR-B0.5 

from agarose gel. However, severe branch migration occurred even with the presence of Mg2+ 

during purification, as a significant amount of linear form was present after the purification of 

structured DNA when analysed by agarose gel electrophoresis (Figure 2-7). Therefore, after TR 

treatment the mixture of DNA forms was used directly for electron microscopy. The data 

allowed for the visualization of structural details for conclusive proof of cruciform existence 

(Figure 2-8). The lengths of the DNA fragments observed under microscope were estimated 

according to the size scale and compared with expected lengths. The results showed that 
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observed structured molecules were about the expected sizes, assuming that they adopted B-form 

of DNA duplex. The production of a typical cruciform after TR treatment strongly qualified TR-

B0.5 as good structural control in 2-D gel electrophoresis, proving the resolving capability of our 

established DNA 2-D gel system.   

Analysis of In vitro Structural Potential of Ves Genes 

Before the detection of in vivo LAT-associated DNA structure, it is necessary to examine 

in vitro if the two highly conserved quasi-palindromic sequence pairs within the 5’ UTR of LAT 

and many other non-expressed ves gene loci have the potential to form cruciform-like structures, 

depending on their unusual sequence homology.  

Subcloned C9.1 LAT (phagemid 6-1; ph6-1) and ves 15-1 locus (phagemid 15-1; ph15-1) 

were used for this study. The phagemids were cut by EcoRI and gel purified to get two DNA 

fragments containing the complete intergenic regions (IGrs): ph6-1/EcoRI 1.8 kb (LAT) and 

ph15-1/EcoRI 1.8kb (ves 15-1 locus). After TR treatment in TE buffer, both DNA fragments 

reliably generated certain novel forms which had mobilities distinct from that of the original 

linear forms in normal agarose gel electrophoresis (Figure 2-10, 11), suggesting structure 

formation. The novel forms migrated a little faster than original linear forms, whereas the 

structured form of cruciform control B0.5 migrated slower than its linear form (Figure 2-1). So 

whatever structures formed in the ph6-1/EcoRI 1.8 kb (LAT) or ph15-1/EcoRI 1.8kb (ves 15-1 

locus), the hindrance of migration caused by structured sequences may be overcome by the 

overall compactness of this DNA molecule, making it migrate faster. Other, larger subcloned ves 

gene loci fragments were also examined on a 2-D gel after TR (Figure 2-10, 11). Although novel 

forms also were clearly present for each one of them, there were also smears trailing at positions 

below distinct novel bands. Faster migration than the novel bands suggested that they were 

forming more compact structures. More variability in structure formation was probably caused 
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by more extensive homology shared by the IG-flanking regions in the larger ves gene loci. The 

light smear shown between linear bands and novel bands are possibly the intermediate structural 

forms produced by branch migration.  

Migration of thermally remodeled ves gene fragments  

When examined by DNA 2-D gel electrophoresis, the novel forms of the selected ves gene 

loci migrated as part of an off-linear arc, forming a second, distinctive arc together with the 

structured cruciform control B0.5 (Figure 2-12). To identify and confirm the off-arc spots on the 

EtBr-stained agarose gel, the 2-D gel was blotted onto membrane and hybridized with LAT- or 

15-1-specific probes (Figure 2-13). As expected, the linear forms of the two DNA fragments 

have co-localized hybridization signals since they were about the same sizes (1.8 kb). However, 

their structural forms did not co-localize despite few significant differences between their quasi-

palindromic sequence pairs, as structured ph15-1/E1.8 migrated a bit faster than did the LAT 

sequence. This difference is likely due to slight sequence variations in the intergenic regions 

besides highly-conserved quasi-palindromic patches.  

It is not certain if structured TR-(6-1), TR-(15-1) and TR-B0.5 (Figure 2-10) were 

accidentally forming the distinctive arc or if different sizes of cruciforms would form an arc due 

to structural similarity. Since structured TR-(6-1) and TR-(15-1) were near the major linear arc, 

it was noted that the possible in vivo DNA structures, if cruciform-like, might be too near the 

linear control arc to be identified clearly. Therefore, it is necessary to choose several enzymes to 

digest genomic DNA to give sizes different from the LAT in order to facilitate better exploration. 

However, the structural forms migrate clearly away from their corresponding linear forms due to 

the existence of significant unique structures, even though they indeed look close to the linear 

control arc.  
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DNA electron microscopy with structured ves fragments 

To visualize those structured DNAs after TR treatment and elucidate their structure details, 

it is necessary to carry out DNA electron microscopy to provide direct evidence on the nature of 

the higher-order structure adapted. 

DNA electron microscopy was carried out on the thermally-remodeled IGr-containing 

DNA fragments, using low-angle rotary shadowing to visualize the molecules (Figure 2-14). 

Two major DNA forms were visualized: linear forms and cruciform-like forms. Assuming the 

linear parts of DNA fragments were adopting the B form of the double helix, which is the most 

common DNA form in most utilized solvents, the observed DNA fragments were estimated to 

have lengths very close to 1.8 kb, consistent with the sizes of the correct DNA fragments. Some 

variations in the lengths of the cruciform arms and the overall shape of cruciforms can be 

visualized by electron microscopy, despite the fact that all of the observed structural forms 

appeared to be cruciform-like. The major observed cruciform isoform was “Y”- shaped 

according to the angles between their hairpin arms. No significant structural difference between 

structured TR-(6-1) and TR-(15-1) were observed under microscope. Their different migration 

on 2-D gel could possibly be either caused by differential branch migration during gel 

electrophoresis or by minor structural difference in local stem-loops, induced by their sequence 

difference in or around the IGrs, which affected their partitioning with the agarose substrate 

during electrophoresis. 

Detection of In vivo DNA Structure Associated with Ves Genes  

To detect in vivo DNA structures that might be associated with the LAT or other ves gene 

loci, it is essential to protect potential higher-order DNA structures during gDNA extraction and 

electrophoresis because those branched DNA molecules could be very unstable and easily 



 

44 

damaged, possibly due to branch migration and the loss of protection from some DNA binding 

proteins (Allers and Lichten, 2000).  

Detection of In vivo DNA Structure without DNA Crosslinking 

To extract the B. bovis gDNA with protected in vivo structure, a protocol developed for the 

isolation of recombination intermediates in Saccharomyces cerevisiae was employed (Allers and 

Lichten, 2000). Magnesium has been reported to be capable of restraining branch migration 

following the formation of Holliday junctions by preventing the loss of base stacking at the 

crossed portion (Vologodskaia and Vologodskii, 1999; Panyutin et al., 1995). Therefore, Mg2+ 

was incorporated into the 2-D gel running buffer at 3 mM to stabilize DNA structure.  

To make protective extraction work, the volume of starting material has to be small enough 

to have highly concentrated DNA at a specific step because the gDNAs must spontaneously 

precipitate without centrifugation, in order to protect in vivo structure. Since B. bovis parasite 

culture could only reach as high as ~10% parasitemiae, most of the starting materials were 

uninfected red blood cells. To reduce the volume for extraction, the cell culture was first treated 

by 0.05% saponin to rupture RBCs / IRBCs. The saponin treatment was optimized to not 

compromise parasite integrity (Figure 2-15) since the in vivo DNA structure may be greatly 

damaged or altered in lysed parasites. 6-carboxyfluorescein diacetate (6-CFDA) was used to 

serve as a vital fluorescent staining dye to examine parasite integrity (Imai and Ohno, 1995; 

Weng et al., 2002). This dye will show green fluorescence after being passively transported into 

the cytoplasm of live cells and hydrolyzed by cytoplasmic esterases to produce 6-

carboxyfluorescein (Breeuwer et al., 1995). The optimial saponin concentration was found to be 

0.05%, rupturing about 99% RBCs and IRBCs in 10 - 15 min on ice, while most of the parasites 

remained intact, as indicated by their bright green fluorescence.  

http://en.wikipedia.org/wiki/Saccharomyces_cerevisiae�
http://products.invitrogen.com/ivgn/en/US/adirect/invitrogen?cmd=catProductDetail&entryPoint=adirect&productID=C1362�
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To detect LAT-associated in vivo DNA structures, it was also essential to validate gene-

specific probes, which could be used in 2-D southern blot analysis. Oligonucleotide BAK52 was 

available to recognize the C9.1 LAT and an unknown ves locus (Figure 2-16, 17). Another 

oligonucleotide, LHα2, was later designed and validated to be specific to the LAT.  Three 

different enzymes were used to cleave the LAT into different sizes: EcoRI (1.8 kb), KpnI (2.9 

kb), NdeI plus EcoRI (1.3 kb) since it is unknown if structured LAT would migrate too near to 

its linear form to be distinguished. It is of concern that the structured LAT fragments generated 

by restriction enzyme digestion might be too near the linear arc to be seen. With the limited 

specific probes available for the detection of the LAT, the choice of enzymes also became very 

restricted. However, three different enzymes have been chosen to cut the LAT ranging from 1.3-

2.9 kb, so the chances to get the possibly structured LAT clearly separated from its linear form 

are much more enhanced. 

To ensure that the DNA structures possibly observed on the 2-D gel are truly found in vivo, 

the series of reagents were also examined on linear 6-1/EcoRI 1.8 kb (LAT) DNA fragments for 

structure creation (Figure 3-18). No special form was found after being treated by the reagents 

for 30 min at 37oC, which is the highest temperature the gDNA samples could experience during 

protective extraction.  

To test how this extraction procedure could protect cruciform structures, the series of 

buffers and solutions used in the extraction procedure were tested on thermally remodeled DNA 

molecules (Figure 2-19; Table 2-3). The test was carried out by incubating thermally remodeled 

6-1/EcoRI 1.8 kb (LAT) DNA fragments with excess solutions or buffes individually at 37oC for 

30 min. Treated DNA samples were run on 1% agarose gel to examine DNA migration, 

indicating structural preservation. However, DNA samples treated by some buffers, which 
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contain the polyvalent cationic detergent, cetyltrimethyl ammonium bromide (CTAB), were 

shown to be nearly neutral and therefore migrated abnormally. Therefore those buffers could not 

be tested on structured control molecules. However, with the presence of both CTAB and 

hexamine cobalt chloride, S. cerevisiae in vivo recombination intermediates had a good chance to 

survive since they were polyvalent cations and could greatly restrain branch migration (Allers 

and Litchen, 2000). Other buffers (Table 2-3) were shown to have variable capabilities for 

preserving structures in a significant proportion, compared with untreated samples. A significant 

number of intermediates were observed after treatment with certain reagents. Those 

intermediates still maintain partial features of the structures and still have the opportunity to 

restore some lost structures with stabilization by some reagent(s) like 1× TBE (3 mM Mg2+) 

(Figure 2-19; Table 2-3). Although this test did not necessarily support that the in vivo DNA 

structure will surely be well protected by this procedure, it suggested that the buffers or solutions 

used in the procedure of protective extraction were to some extent protective for structural 

DNAs. To better evaluate the protective extraction, thermally remodeled 6-1/EcoRI 1.8 kb 

(LAT) DNA fragments were tried to be used as an internal control incorporated in the whole 

DNA isolation procedure and then 2-D gel electrophoresis was carried out to examine if there 

were remaining structural forms migrating off-arc. Unfortunately, most of the control molecules 

were lost during the procedure at that time. At a particular step, when gDNA was induced to 

precipitate spontaneously without centrifugation, the internal control was mostly lost due to the 

failure to co-precipitate with gDNA filaments. Therefore, no conclusion can be drawn from this 

form of evaluation whether the procedure was protective for the structured internal control. 

The protective extraction was then carried out to get purified gDNAs, which were finally 

dissolved in TMSpe buffer. Throughout the extraction procedure, the possible DNA structure 
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was protected by different multivalent cations at various steps (CTAB, hexamine chloride, or 

Mg2+ together with spermidine). Spermidine could affect DNA migration when its concentration 

is higher than 0.5 mM (Correspondence; Dr. Michael Lichten from NIH). Therefore, it is 

necessary to check the migration of the DNA sample in TMSpe buffer (contains 50 µM 

Spermidine) since DNA 2-D gel analysis is highly based on DNA migration. In addition, to 

ensure complete restriction digestion but minimize the incubation time at 37oC, which may 

adversely affect DNA structure preservation, optimization of the restriction buffer system was 

also necessary. This is especially true when the gDNA sample is in TMSpe buffer and may 

interfere with commercial buffer systems. The results (Figure 2-18) suggested that no migration 

difference occurred with or without supplementing with 10 μl of TMSpe; and it was found that 

the basic restriction buffer system (Invitrogen, Inc), containing only Tris-HCl, MgCl2 and NaCl, 

was better to get good cutting within the desired time (1~2 h), as compared with the more 

complicated buffer system of New England Biolab (NEB buffer 1-4).  

Oligonucleotide LH1 can recognize two non-expressed ves loci: 15-1 and 1-1 and can be 

helpful in examing the likelihood of existence of in vivo structured silent ves loci. 

Approximately 10 - 20 μg of gDNA extracted under structure-protective conditions was 

fully digested by restriction enzyme(s), loaded onto a first dimensional gel (0.6% agarose gel in 

1×TBE with 3 mM Mg2+) together with control molecules. The 1kb plus DNA size ladder was 

used as linear control, and thermally remodeled B0.5 as cruciform control to show the separation 

capacity of the 2-D gel system. With the presence of Mg2+, the first dimension gel running with 

low voltage conditions at 4oC was extremely slow to finish. The second dimension gel (1.2% 

agarose gel in 1×TBE with 3 mM Mg2+, 0.5 μg/ml EtBr) could be run faster with higher voltage. 

However, the heat when running at high voltage was a concern. It was observed that the gel 
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temperature was lower than 10oC when being run for 30 hr (3 volt/cm) at 4oC. It has been shown 

that the structured control molecules maintained their higher-order structures very well under 

these running conditions (Figure 2-20). EcoRI and KpnI were chosen for restriction digestion 

because each of them cut the LAT to generate differently-sized DNA fragments containing the 

complete intergenic region. EcoRI digests the non-expressed ves gene locus, 15-1 recognized by 

LH1, into the same size fragment as the LAT (1.8 kb). Hence it could be very informative if the 

LAT were to adopt certain structure(s) while the 15-1 locus did not. Meanwhile, in a situation 

where each formed higher-order structures, it would also be easier to compare their respective 

structures. Although NdeI plu EcoRI would generate the smaller LAT fragments needed for 

detection, it greatly added to the difficulty of acquiring complete digestion of sufficient gDNA 

for analysis within short time, and longer incubation at 37oC could be disadvantageous for in 

vivo structure preservation. The availability of LAT-specific probes greatly limited the choice of 

suitable enzymes. 

The 2-D gels were blotted onto nylon membrane, and then a series of hybridizations with 

gene-specific oligonucleotide probes were carried out to detect the existence of in vivo DNA 

structures. However, no significant off-arc spot was found specific to the LAT or to several non-

expressed ves gene loci, including ph15-1, ph1-1, regardless of the specific enzyme(s) used to 

cut the gDNA (such as Figure 2-21, 22, 23). To improve detection sensitivity and meanwhile 

generally find out if any of the highly-conserved intergenic regions among many ves gene loci 

adopted certain structures, a 946-bp DNA fragment containing the intergenic region from the ves 

gene locus 1E10 was random-prime labeled by α [32P]-dCTP (DECAprime™ II Random Priming 

DNA Labeling Kit; Ambion) and used as probe to hybridize with those same blots. The DNA 

probes recognized a series of DNA bands and highlighted almost half of the whole linear arc 
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with much stronger signal intensity; however, there was still no off-arc spots found near the 

major linear arc. When overlaying two autoradiographs generated from the hybridizations, 

respectively, with the HP probe (cruciform control B0.5) and 1E10 946-bp DNA probes 

respectively, the structured B0.5 was clearly shown to be off-arc (Figure 2-21).  

Despite previous failures likely caused by limited signal intensity or inappropriate 

restriction enzymes to cut the LAT, a certain off-arc spot was found (Figure 2-26; panel A) at 

position lower than the LAT. However, the off-arc signal failed to be repeated with consistency 

on other blots prepared afterwards with structure-protective extraction and the digestion of NdeI 

plus EcoRI for unknown reason (such as Figure 2-23).  

Detection of In vivo DNA Structure with DNA crosslinking 

It is not clear whether the protective extraction is insufficient to maintain any in vivo 

structures, or if there simply is no LAT-associated structure existing in vivo. Psoralen-

crosslinking is a powerful tool to fix in vivo DNA or chromatin structures and make them survive 

the detection procedure (Bell and Byers, 1983; Jasinskas et al., 1998; Wellinger et al., 1999; 

Sanz et al., 2007). Psoralen is part of a group of photoreactive DNA intercalators, which includes 

many derivatives, and can covalently crosslink oppositing pyrimidines of double-stranded DNA 

to secure DNA or chromatin structures at protein-free regions upon exposure to long-wavelength 

ultraviolet light of about 365 nm (Sastry et al., 1997; Wellinger et al., 1999). The most popular 

form of psoralen used in chromatin structure research is trimethylpsoralen (TMP). The psoralen-

crosslinking is reversible, which can be achieved chemically (base-catalyzed reversal) or by 

photoreversal, using irradiation with short-wavelength ultraviolet light (Sastry et al., 1997; Sanz 

et al., 2007). The reversal of psoralen-crosslinking is essential for hybridizations in southern 

blotting analysis (Sanz et al., 2007). 
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After 0.05% saponin lysis to rupture most of the RBC/IRBCs, 4, 5', 8-trimethylpsoralen 

crosslinking (Sigma-Aldrich) was carried out at UV365nm on ice for 10-15 min. Then gDNA 

was purified and digested to completion with high concentrations of restriction enzymes (>2 

unit/µg of gDNA) till completion (Jasinskas et al., 1998). The gDNA fragments were run on a 2-

D gel and blotted onto nylon membrane. To evaluate the crosslinking procedure, internal 

controls, which are thermally remodeled B0.5 or ves locus 15-1/E1.8 kb fragments, were 

included at the crosslinking step. The crosslinking time of psoralen was somewhat optimized 

according to the criteria that the internal control should preserve structures and complete 

restriction digestion was not interfered. The optimal crosslinking time was about 10-15 min 

under UVA 365 nm. In some experiments, hybridization with BAK52 failed to show off-arc 

structural form(s) (Figure 2-24, 25). However, hybridization with the HP probe showed a 

proportion of that the cruciform control molecule B0.5 retained a structural form (TR-B0.5; 

Figure 2-24, 25), which may suggest that the entire procedure preserved certain structural 

characteristics of control molecules. A 434-bp DNA fragment containing the intergenic region of 

LAT was random priming labeled with α [32P]-dCTP and hybridized with the same blot (Figure 

2-22).  Since this DNA probe contains conserved intergenic reigon, which is shared by the 

internal control TR-(15-1), it can also recognize the off-arc spot specific to TR-(15-1). No 

signicant off-arc signal was found on those 2-D gel blots (Figure 2-24, 25). 

Another approach was taken to demonstrate whether the LAT IGr was involved in the 

formation of higher order DNA structure associated with transcription, crosslinked gDNA was 

purified and split into equal parts, being digested by EcoRI, or NdeI plus KpnI, respectively and 

loaded onto 2-D gels individually to do southern blot analysis with LHα2 (Figure 2-25). With 

EcoRI digestion, LHα2 would recognize a 3.3-kb LAT fragment without the IGr (Figure 2-25 
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(A)). With NdeI plus KpnI digestion, LHα2 would recognize a 1.6-kb LAT fragment containing 

the IGr. Comparing the hybridization results obtained from two different regions of the LAT, no 

significant off-arc spot was found significantly specific to the LAT (Figure 2-25).  

However, an off-arc spots was once observed on a 2-D gel prepared with psoralen 

crosslinking (Figure 3-26) although their specificity and significance were both uncertain. The 

consistency and repeatability of the appearance of those off-arc signal(s) seem poor since it was 

not shown in another repeated experiment shown in Figure 3-25. However, it is possible that the 

internal control was too near the position where the structured LAT may locate and thereby 

block the direct view of it. Anyway, it is very difficult to capture and preserve in vivo high order 

DNA structure with many failed detections. Other direct approaches are also essential to 

complement the limitation and weakness of 2-D gel analysis and thereby strictly interpret any 

off-arc signal suggesting certain higher-order DNA structure. 

Discussion 

Establishment of 2-D Gel System to Detect Higher-order DNA Structure in Chromatin 

A previous comprehensive study in B. bovis reported that the intergenic regions among ves 

genes are, on average, approximately 433 bp long, highly conserved, and usually feature two 

pairs of quasi-palindromic DNA segments (Al-Khedery and Allred, 2006). The inverted repeats 

have strong potential for structure formation, and are functionally important in many organisms, 

being involved in various biological aspects of cell function such as gene conversion, gene 

regulation and chromosome segregation (Gordenin et al., 1993; Kato et al., 2003; Dorn and 

Maddox, 2008). Based on the theoretical prediction provided by the Mfold algorithm (GCG), the 

conserved ves IGrs have the potential to adopt extensive secondary structure, featuring multiple 

minor stem-loops as tiny branches off a main cruciform-like skeleton. It would be informative to 

find out if the conserved quasi-palindromic pairs in 5’ UTR region of ves genes regulate gene 
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expression through a formation of certain DNA structures. We hypothesized that the LAT may 

form cruciform-like structure in its 5’ UTR region and act exclusively as a strong promoter for 

both flanking ves1α/β gene pair. This hypothesis could explain the differential transcription 

status between the LAT and other non-expressed ves gene loci. In this study, we searched and 

endeavored to understand the DNA structure differences between the LAT and inactive ves gene 

loci regarding their differential transcription status. First, we established a DNA 2-D gel 

electrophoresis system to effectively separate DNA possessing higher-order structures, such as 

cruciforms. Then, the structure-protective gDNA extraction and in vivo psoralen crosslinking 

methods were both attempted to complement the DNA 2-D gel system technique in order to 

detect in vivo DNA structures associated with the LAT.  The data collected on the in vitro 

structure(s) of the ves intergenic regions strongly suggested that they all have similar potential 

for structure formation (Figure 2-10, 11). Some in vivo higher-order DNA structures were 

observed with uncertain significance (Figure 2-26). 

DNA 2-D gel system has been applied to separate and visualize Holliday junction 

molecules in meiotic recombination, which can occur in high frequency in the yeast, 

Saccharomyces cerevisiae (Bell and Byers, 1983). In brief, it is composed of sequential agarose 

gel electrophoresis separations employing different agarose concentrations and voltage 

conditions (volt/cm) during the electrophoretic run. Ideally, the two dimensions separate DNA 

molecules based on their diverse mass and shape, respectively. Various modifications on this 

technique have been developed to expand its application. Currently, it is commonly used to study 

recombination intermediates and replication/repair intermediates (Allers and Litchen, 2001; 

Courcelle et al., 2003; Bernstein et al., 2009). Although Holliday junctions are stereochemically 

similar to cruciforms (Zhang et al., 1999; Iwasaki et al., 1992), it was not clear if cruciforms 
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could be separated on DNA 2-D gel system. It was important to confirm this since the detection 

of in vivo DNA structure would be highly dependent on the resolving capability of this 

separation system.  

To make cruciforms distinguishable from bulk linear DNA of different lengths, it is 

essential to have linear DNA mapped on a gel. A 1 kb plus DNA size ladder was chosen as linear 

control on 2-D gel due to its wide range of size coverage and easily recognized pattern. Most 

importantly, 1kb plus ladder had been tested in southern blot analysis and was known not to 

interfere with the probing of B. bovis ves genes. On the 2-D gel system, it migrates to form a 

smooth arc, and can be highlighted by autoradiography with an end-labeled 1kb plus ladder 

(Figure 2-5).  Thus, it is useful to provide a control pattern to reveal any structured molecule that 

has distinctive migration properties. Meanwhile, it is also critical to have a known cruciform 

molecule as a control to validate the 2-D gel resolving capability. We constructed a small DNA 

molecule containing a 46-bp perfect inverted repeat (Figure 2-1). The plasmid “pL3” containing 

the 46-bp inverted repeat was stable, and could be transformed and maintained in the E. coli 

strain DH5α, whereas attempts at construction of a 400-bp inverted repeat were unsuccessful due 

to stability issues. This construct was also found to be a difficult template in cycle-sequencing, 

resulting in missing sequence near the location of the inverted repeat, which suggested that 

structure formation might occur during thermal cycling which inhibits amplification. To make 

the inverted repeat form a cruciform and separate off-arc on 2-D gels, a procedure referred as 

“thermal remodeling” was employed. It is generally comprised of heating DNA duplex to allow 

breathing of the strands, with gradual cooling and reannealing to give DNA molecules chances to 

form alternative structures relying on sequence specificity.  
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After thermal remodeling, the control molecule B0.5 formed a novel band on normal 

agarose gel, which migrated more slowly and repeatedly migrated off-linear arc on a DNA 2-D 

gel (Figure 2-5, 6). Furthermore, the structural details observed by electron microscopy revealed 

that TR-B0.5 was cruciform with the small hairpin portion internally located, consistent with the 

position of the inverted repeat (Figure 2-8).  

Interestingly, cruciform B0.5 migrates more slowly on a 1D agarose gel, but a little faster 

on a 2-D gel compared to linear B0.5, and finally, is positioned lower than the linear DNA arc 

(Figure 2-1; Figure 2-5). Recombination or replication intermediates separated on the DNA 2-D 

gel system are larger than 5 kb and usually observed to migrate above the linear DNA arc (Allers 

and Litchen, 2001; Courcelle et al., 2003; Bernstein et al., 2009; Bell and Byers, 1983). This 

difference may be caused by the large differences in MWs of examined molecules, or simply 

structural differences. Although all the mitotic intermediates observed migrated above the linear 

arc, smaller intermediates of approximately 4 kb tend to get much closer to the linear arc than do 

bigger intermediates (Friedman and Brewer, 1995; Bell and Byers, 1983). Hence, it is possible 

that the intermediates, if small enough, may migrate off-arc, lower than the visible linear arc. 

Indeed, if one plots the migration of TR controls versus their molecular weight, the off-axis arc 

intersects the linear DNA arc at about 3 kb. Furthermore, when the 2-D gel blot was probed with 

a large ves probe that hybridized with numerous family members, off-axis spots above the linear 

arc were observed at sizes > 6 kb, consistent with detection of replication intermediates (Figure 

2-21). 

To stabilize the conformation, 1XTBE (3 mM Mg2+) was used as the DNA 2-D gel running 

buffer, which was quite advantageous to the stabilization of the structures. Southern blot analysis 

revealed that after 2-D gel electrophoresis, the structural form of B0.5 comprised a larger 
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proportion of total B0.5, in comparison with normal horizontal agarose gel electrophoresis 

(Figure 2-1; Figure 2-6). The increase of this structured form is probably due to the effect of 

Mg2+ in restraining branch migration which stabilized the cruciform (Vologodskaia and 

Vologodskii, 1999; Panyutin et al., 1995).  On the autoradiograph (Figure 2-6), there are two 

minor trail lines forming a right angle, which connected the cruciform B0.5 and linear B0.5, 

suggesting the existence of intermediate structural forms.  

The good resolution and preservation of the small cruciform B0.5 proved that the 

established DNA 2-D gel system can be effectively used to separate cruciform from linear DNA, 

which was supported by the good separation of larger structured IG-containing ves fragments 

(Figure 2-11). To my knowledge, this is the first time that DNA 2-D gel electrophoresis has 

clearly been demonstrated to separate typical cruciform from linear DNA. 

In vitro Structure Study of Ves Genes 

Although quasi-palindromic sequences are not perfect inverted repeats, they still showed 

some potential to form cruciform-like structures (Kurahashi and Emanuel, 2001). To examine if 

the intergenic region (IGr, which is quasi-palindromic) at the LAT can form some kind of higher 

order structure in vitro, the purified IGr-containing LAT fragment was thermally remodeled and 

resolved on a 2-D gel.  Similarly to B0.5, it formed novel band(s), which migrates off-linear arc 

(Figure 2-9). The LAT-specific structures were then observed by electron microscopy (Figure 2-

13). These data demonstrated that the LAT intergenic region can form higher-order structure in 

vitro, and has the potential to adopt such structure in vivo.   

According to the alignment of the intergenic regions among several ves gene loci, other 

loci could be expected to have the same structural potential as that of the LAT IGr. It was also 

observed that many ves gene loci, including S621, 1E10, 10-1 and 15-1, were able to form quasi-

cruciform structures (Figure 2-9; Figure 2-13). All of these results indicated that the ves 
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intergenic regions have similar structural potential due to equivalent sequence specificity. 

Intriguingly, different sizes of ves IG-containing DNA fragments, after being thermally 

remodeled, produced off-arc structured forms, which together with the cruciform B0.5 create a 

separate arc distinctive from the linear arc, and tend to merge into the linear arc at approximately 

3~4 kb (Figure 2-11). The formation of this special arc could be caused by their shared structural 

similarity. If we assume that the analogously structured DNA molecule is large enough, it may 

migrate above the linear arc around the high mass portion. Indeed, the probing of a 2-D gel 

membrane with a randomly-primed ves IGr yields a second arc that crosses over that of the linear 

arc at around 3~4 kb (Figure 2-20). 

Another notable phenomenon regarding in vitro structure of ves IG-containing fragments is 

that fragments larger than 3 kb usually produced not only novel bands, but also long smears 

trailing in front of the novel bands. This may be led by the more extensive homology shared 

between the two juxtaposed gene pairs flanking the intergenic regions such as ves loci 1-1 or 10-

1 (Al-kehdery and Allred, 2006). The structural forms in the smear are probably more compact 

and variable due to the potentially extensive variety of higher order DNA structures that may be 

adapted.  

The ves 15-1/E1.8 kb locus, which is not transcriptionally active, was observed to adopt a 

higher order structure similar to that formed by the 6-1(LAT)/1.8 kb locus (Figure 2-14). 

Considering the structural potential of such non-expressed ves gene loci, it is probable that 

adoption of higher-order structure is not necessarily associated with the LAT only. In addition, 

those cruciform-like structures may not necessarily correlate with transcription only. The 

scenario might be even more complicated. Palindromic sequences are an important source of 

genome instability (Kurahashi and Emanuel, 2001). It is conceivable that structure formation at 
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the ves intergenic region might play a role in segmental gene conversion at a specific stage, 

helping the LAT acquire donated sequence patches from other ves loci to become more mosaic 

(Al-Khedery and Allred, 2006). Any structure, if found at the LAT, might also have the 

likelihood to be related with gene conversion.  However, the frequency of gene conversion in B. 

bovis, which most likely occurs during mitosis at the asexual stage, may not high enough to 

make intermediates detectable. In addition, during DNA replication/repair, the DNA strands can 

also be separated and some form of intermediates may also appear. In mammalian organisms, 

cruciforms also have been demonstrated to function in the initiation of DNA replication (Novac 

et al., 2002). Since a DNA 2-D gel system can be used to resolve all kinds of structured 

molecules involved in recombination/replication intermediates, caution must be taken to 

correlate the possible DNA structure detected on a 2-D gel, with transcriptional status of the 

LAT.   

Detection of In vivo LAT-Associated DNA Strucutre 

To detect in vivo DNA structures, it is crucial to protect any higher-order structures from 

being lost during gDNA extraction and migration in the 2-D gel system. I tried two approaches 

to maintain structures: the use of structure-protective extraction to restrain branch migration, and 

in vivo psoralen-crosslinking to fix DNA structures covalently prior to gDNA extraction.  

Most of the efforts failed to detect significant higher-order DNA structure associated with 

the LAT or with non-expressed ves gene loci (Figure 2-21, 22, 23, 24, 25) probably due to the 

instability of DNA structure or method sensitivity. Thus, higher-order structure failed to 

discriminate the LAT from non-expressed ves loci. However, on some 2-D gels (Figure 2-26) 

either prepared with gDNA extracted structure-protectively or psoralen crosslinked gDNA, some 

off-arc signals were detected and mostly likely associated with the LAT due to its discriminative 

transcription status; therefore still the possibility that in vivo higher-order DNA structure 
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associated with the LAT assists ves transcription can not be ruled out. Nevertheless, caution 

should be taken to correlate those detected structures with LAT and its transcription. In Figure 2-

26 panel B, it is clear that crosslinked gDNA was incompletely digested and therefore 

differently-sized LAT or another sequence-unknown ves locus showed up with BAK52 

hybridization. Therefore, it is hard to strictly define the off-arc signals.  

Those high order structure indicated by the off-arc signals were most probably related to 

LAT transcription; however, the possibility of its associated with recombination involving the 

LAT  cannot be ruled out due to the limitations of this study. The low frequency of gene 

conversion might explain the difficulty to capture them. Straightforward evidence could be that 

the inactivation of the current LAT makes the structure not detectable anymore.  

Several possibilities exist to explain the poor repeatability of those off-arc signals if they 

are associated with the LAT. One is the instability of possible LAT-associated structure, which 

was suggested by the failture to purify the structured TR forms for electron microscopy. 

Secondly, even though the B. bovis asexual cell cycle is on average 8 hr, it is really unknown 

when the ves1α starts to be actively transcribed, and how long the active transcription lasts. 

Moreover, the parasite culture used to do structure detection was not synchronized at all as no 

techniques currently exist to accomplish this, and therefore was a mixed cell population 

consisting of parasites at different stages. The detection failure could thus be due to the short 

time of structure maintainence. It is possibly caused by short span of time when ves1α is actively 

transcribed. Moreover, higher order DNA structure associated with the LAT may probably be 

only needed transiently to induce active transcription and then not maintained any more. If it 

would be the case, the structured LAT would be too elusive to be captured. Big DNA structures 

are physiologically not favorable and are more likely to be short-lived (Inagaki et al., 2009). 
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Thirdly, structure extrusion and maintenance may need the involvement of topoisomerases and 

DNA-binding proteins. Hence, when any type of gDNA extraction denatures and removes all 

proteins, the structure may be irreversibly compromised and has no chance to be detected in later 

steps.  

Fourthly, saponin lysis may still create problems in maintaining the parasite integrity since 

preliminary observations suggested the leaking of cytoplasmic proteins with saponin treatment 

(Mack, E and Allred, DR; unpublished data). Meanwhile, the stabilization of chromatin structure 

by cross-linking the DNA with psoralen may be low efficiency since DNA bound with proteins 

is protected against psoralen crosslinking under long wave-length UVA (Widmer et al., 1988; 

Sastry et al., 1997; Wellinger et al., 1998). The formation of cruciform or other higher-order 

structure may comprise multiple steps including strand separation, homologous strand pairing 

and structure extrusion, and DNA-binding proteins such as single-stranded DNA binding 

proteins (SSB) and RecA may participate and consequently stabilize the structures (Kotani et al., 

1993). Meanwhile, the most characteristic part of the cruciform is the four-way junction, which 

likely requires stabilization to avoid junction migration. Cruciform-binding protein (CBP), which 

is a highly conserved regulatory protein among higher eukaryotes, can interact with cruciform 

non-specifically and essentially acts to regulate DNA replication (Todd et al., 1998; Novac et al., 

2002). Some other proteins capable of binding cruciform DNA, such as HMG1 and RepC, are 

also implicated in regulation of different cellular activities (Kotani et al., 1993; Bianchi et al., 

1983; Pearson et al., 1996). Although a BLAST search failed to find CBP homologues in B. 

bovis, multifunctional proteins functionally similar to CBP might exist in B. bovis to recognize 

and bind cruciforms as a part of normal DNA homeostasis, including at the LAT or non-



 

60 

expressed ves loci where they could play roles in segmental gene conversion, and/or transcription 

regulation of ves1α genes.  

Despite any stated hypothesis, it is possible that no higher order DNA structure exists in 

vivo at the C9.1 LAT to contribute to its active transcription. Cruciform extrusion from GC-rich 

palindromic sequence, unlike AT-rich palindromic sequence, is less physiologically and 

kinetically favorable in cells (Courey and Wang, 1983; Inagaki et al., 2009). The intergenic 

regions, and especially their conserved palindromic segments are quite GC-rich (approximately 

76.4%), whereas the overall GC content of the entire intergenic regions is around 50%. Since the 

two quasi-palindromic sequence pairs in the intergenic regions of ves1α genes are highly 

conserved, it would not be unreasonable to suppose they have a certain functional importance at 

a non-structural level. For example, dimeric protein factors, such as steroid hormone receptors, 

can only recognize and cooperatively bind palindromic sequences to regulate gene expression 

(Yannone and Burgess, 1997; Schwabe et al., 1995). Possibly, there are some unusual protein 

factors in B. bovis which can form palindromic DNA-protein complexes to exert specific 

promoter activity.  

To answer the question if there is higher order structure associated with the LAT to induce 

active transcription, future study in two aspects may be helpful. Firstly, testing promoter activity 

of thermally remodeled ves intergenic regions using in vitro transcription system may provide 

direct evidence if the formation of cruciform-like structure promotes transcription. Secondly, 

examination of LAT transcription after mutagenesis being introduced at the conserved quasi-

palindromic sequence patches would reveal indirectly if the integrity of palindromic elements 

potentially involved in structure formation is essential for ves1α expression. 
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Table 2-1.  List of primers used in cruciform control construction 
Primer name Sequence (5’→3’) 
DA44 -CTGCACGCTAGCGAGGATAGGCTACCAGGGTTTAGTTG- 
PIRR-PinAI -ACGTACCGGTGAGACTACCCCATTACCATACC- 
PIRF-PinAI -ACGTACCGG TCTGACAGCACTAAAGAACCC- 
PIRR-BamHI -ACGTGGATCCGAGACTACCCCATTACCATACC- 
 

Table 2-2.  List of oligonucleotide probes used in southern blot analysis  
Oligonucleotide name Sequence (5’→3’) 
BAK6 -GATTATCCAGTACCGGTAGATTC- 
BAK52 -CAATCTATGTGTCTATGCCAACG- 
LH1 -CCATACAAACTCTCCTTTCTGAC- 
LH2 -CCAGCACTATTACAGTTACAAGTA- 
AZT02 -AACAACTGGGCCAAGGGTC- 
BAK68 -GTAGGCGCTGAGAACCACCAC- 
HP -GCGCGCGTAATACGACTCACTATA- 
GADPH-E1R -TGAACAGAATCGTACTTCAGCAAGT- 
LHα1 -ACCTAGTAGTGGAGTAGTACTATCT- 
LHα2 -ACTGATACACAAGTCACAGACCA- 
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Figure 2-1. Construction of cruciform control molecule B0.5 and the appearance of novel DNA 
form(s) after thermal remodeling treatment. (A) Confirmation of the structure of 
plasmid “pL3”, which contains a 46-bp inverted repeat. The cruciform control 
molecule B0.5 can be cut from pL3 by restriction enzyme BssHII to get a 532-bp 
fragment. After thermal remodeling, a novel DNA band showed up on 1% agarose 
gel, migrating significantly slower than original linear form. (B) Schematic map of 
B0.5 molecule and the recognition site of its specific probe (“HP probe”) used in 
southern blot analysis 

A. 
 

B. 
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Figure 2-2. The novel forms produced after thermal remodeling are sensitive to S1 nuclease. (A) 
Thermally remodeled cruciform control molecule B0.5 or ves IG-containing 
DNAfragments were treated with 1 unit of S1 or S1 buffer only at 37oC for 10 min to 
examine the susceptibility of novel bands to S1, which preferentially cuts single-
stranded DNA template; (B) Schematic map of ves IG-containing DNA fragments 
including 1E10 and S621 loci. 

A. 
 

B. 
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Figure 2-3. The influence of [Mg2+] and [NaCl] in the thermal remodeling of cruciform control 
molecule B0.5 or ves S621 IG-containing DNA molecule was originally in TE buffer 
(10 mM Tris, 1 mM EDTA, pH8.0), and then supplemented with different amount of 
MgCl2 or  NaCl to be thermally remodeled under a melting temperature gradient.  
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Figure 2-4. The influence of concentration in the thermal remodeling of ves LAT gene sequence. 
5 μl of different concentrations of the LAT DNA fragment (ph(6-1)/EcoRI 1.8kb) in 
TE buffer were thermally remodeled and loaded onto a 1% agarose gel (A). The 
arrows represent different DNA forms. The ratios between linear form and NTR 
forms were designated under the gel image and plotted against sample concentrations 
(B). 

B. 
 

A. 
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Figure 2-5.Thermally remodeled B0.5 on DNA 2-D gel electrophoresis. 100 ng of thermally 
remodeled cruciform control molecule was mixed with 300 ng of 1kb plus DNA size 
ladder to run on DNA 2-D gel. First Dimension: 0.75% agarose gel, 1× TBE (3 mM 
Mg2+), 1v/cm for 62 hr at 4oC; second Dimension: 1.5% agarose gel, 1× TBE (3 mM 
Mg2+, 0.5 µg/ml ethidium bromide), 3v/cm for 22 hr at 4oC. The gel was then 
photographed under UV. 
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Figure 2-6.2-D Southern blot analysis of thermally remodeled B0.5. The 2-D gel (Figure 2-5) 
was blotted on Hybond N+ nylon membrane for hybridizations. Two autorads were 
overlaid and scanned. The smooth 1kb plus DNA arc was highlighted by the 
hybridization with γ-[32P] ATP labeled 1kb plus DNA, and B0.5 was recognized by γ-
[32P] ATP labeled HP probe. The blue arrow represents linear B0.5 on linear DNA 
control arc; purple arrow represents structured B0.5, which migrated off-linear arc.  
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Figure 2-7. Structure loss during the purification of novel DNA forms. After thermal remodeling, 
the sample was run on 1% agarose gel (1XTBE, 3mM Mg2+) and two DNA forms 
were cut and purified individually by DNA spin-column. The purified DNAs were 
run on 1% agarose gel (1XTBE, 3mM Mg2+) to check mobility. The arrows represent 
different forms purified by DNA spin-column. 
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Figure 2-8 Visualization of the thermally-remodeled B0.5 through DNA electron microscopy. 
Thermally remodeled cruciform control molecule B0.5 was spread onto carbon-
covered formvar film copper grids (200-mesh), which was done with Pt/Pd, 80/20 
rotary shadowing. The size bar represents 0.2 nm. 
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Figure 2-9. The influence of melting temperatures (Tm) in the thermal remodeling of the IG-
containing ves gene fragments. The temperature gradient is (from lane 1 to 12): 70oC, 
70.6 oC, 71.8 oC, 73.8 oC, 80.1 oC, 84.1 oC, 87.6 oC, 90.2 oC, 92.2 oC, 93.5 oC, 94 oC.   
“IG” represents “intergenic region”.  

A. 

B. 
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Figure 2-10.The structure-forming potential of other ves IG-containing DNA fragments (1). (A) 
Schematic map of two ves loci used in vitro study; (B) Thermally remodeled ves loci 
and the novel bands were shown on 1% agarose gel. “U/L” represents untreated linear 
DNA forms of ves loci; “TR” represents thermal remodeled DNA forms of ves loci. 
The arrows represent two different DNA forms with distinct migration rates. 

B. 

A. 
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Figure 2-11.The structure-forming potential of other ves IG-containing DNA fragments (2). (A) 

Novel bands showed up on agarose gel after being thermally remodeled. The arrows 
represent different forms of DNA: blue for original linear DNA and purple for 
structured DNA forms; (B) schematic map of examined ves IG-containing gene 
fragments. 

B.  

A.  
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Figure 2-12. Thermally remodeled ves IG-containing DNA fragments on DNA 2-D gel 
electrophoresis. A distinctive arc can be visualized to be composed of all structured 
DNA forms after thermal remodeling. The colored arrows represent structured forms 
of different ves IG-containing DNA molecules and cruciform control molecules. 
“NTR”- represents “novel form after thermal remodeling”.  
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Figure 2-13. 2-D Southern blot analysis of thermally remodeled ves IG-containing DNA 
fragments. (A). Thermally remodeled ves IG-containing DNA molecules were run on 
2-D gel together with 300 ng of 1kb plus DNA size ladder. (B). Southern blot 
analysis to confirm the locations of different DNA forms. Three individual autorads 
were overlaid and scanned. Colored arrow heads point at different forms of DNA 
molecules. LAT-(6-1/EcoRI1.8kb) was recognized by γ-[32P] ATP labeled 
oligonucleotide BAK52 and ves 15-1 was recognized by γ-[32P] ATP labeled 
oligonucleotide LH2. Cruciform molecule B0.5 was recognized by γ-[32P] ATP 
labeled HP probe. 

A.  

B.  
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Figure 2-14.  Visualization of thermally remodeled ves IG-containing DNA fragments through 
DNA electron microscopy. Thermally remodeled 6-1 and 15-1 molecules was spread 
onto carbon-covered formvar film copper grids (200-mesh), which was done with 
Pt/Pd, 80/20 rotary shadowing.  The size bar represents 0.2 nm. 
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Figure 2-15. Optimization of saponin lysis for structure-protective extraction. Different 
concentrations (0.02~0.07%) of saponin in PBS were used to treat parasite culture 
and after saponin lysis the parasites were washed once with 1×VYMs buffer and 
stained with 0.5 µg/ml 6-CFDA in 1×VYMs buffer at room temperature for 15 min in 
the dark. 0.05% saponin treatment lysed 99% of IRBC/RBC without losing 6-CFDA 
fluorescence; however, 0.06% saponin treatment lyses 100% of IRBC/RBC with 
some of the parasites not showing 6-CFDA fluorescence. 
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Figure 2-16. Test of oligonucleotide probes (1). (A) ves gene-specific oligonucleotide probes 
used in southern blot analysis. Purified genomic DNAs from MO7, C9.1 and B9 
parasite clonal lines were digested by EcoRI, separated on 0.8% agarose gel and then 
blotted onto Hyond N+ nylon membrane for hybridizations. The hybridizations were 
done by using γ-[32P] ATP labeled oligonucleotide probes shown in (B). The arrows 
represent different ves loci. Subcloned phagemid DNAs of corresponding ves gene 
loci (15-1, 1-1 and 6-1/LAT) were used as positive control. (B) Schematic map 
showing probe recognition sites on the corresponding ves gene loci.  

A.  

B.  
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Figure 2-17. Test of oligonucleotide probes (2). (A) ves gene-specific oligonucleotide probes 
used in southern blot analysis. Purified genomic DNAs from MO7, C9.1 and B9 
parasite clonal lines were digested by KpnI, separated on 0.8% agarose gel and then 
blotted onto Hyond N+ nylon membrane for hybridizations. The hybridizations were 
done by using γ-[32 P] ATP labeled oligonucleotide probes shown in (B). The arrows 
represent different ves loci. (B) Schematic map showing probe recognization sites on 
the corresponding ves gene loci.  

B.  

A.  
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Figure 2-18. Migration of protectively extracted gDNA in TMSpe buffer and optimal buffer 

system for gDNA digestion. C9.1 gDNA was digested to completion with EcoRI or 
KpnI and then loaded on 0.8% agarose gel together with or without 10 µl TMSpe 
buffer, to test the influence of spermidine on migration. On the other hand, C9.1 
gDNA in TMSpe buffer was digested by EcoRI or KpnI using reaction systems from 
Invitrogen or New England Biolab in the same period of time. This is to optimize and 
test the restriction enzyme buffer system used in digestion of gDNA extracted 
structure-protectively. The gel was blotted onto Hybond N+ membrane and hybridized 
with γ-[32P]-ATP labeled oligonucleotide BAK52. Lanes 1and 3 serve as positive 
controls for complete digestion of gDNA by EcoRI or KpnI. 
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Figure 2-19. Evaluation of a series of reagents in structure-protective extraction on the thermally- 

remodeled control molecules. After thermal remodeling treatment, equal amount of 
TR-DNA molecules (20 ng/µl; 5µl) were incubated with 15 ul of different reagents 
(Table 2-2) at 37oC for 30 min, and then loaded on 1% agarose gel immediately to 
check the structure loss (A, B) or gain (C).  

A.  

B.  

C.  
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Table 2-3.  List of the reagents used in structure-protective extraction of genomic DNA 
No. of Reagent Reagents used in structure-protective extraction
S1 PBS 
- Extraction buffer 
- Chloroform 
- Dilution buffer 
S2 1 × VYMs 
S3 Wash buffer 
S4 NaCoHex buffer 
- 70% ethanol + 0.3 mM Co(NH3)6Cl 
S5 2 colors 
S6 TMSpe solution 
S7 1×TBE with 3 mM MgCl2
S8 1× React No.1 buffer 
S9 1× React No.2 buffer 
S10 1× React No.3 buffer 
S11 1× React No.4 buffer 
S12 1× protective sample loading buffer 
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Figure 2-20. 2-D gel electrophoresis of C9.1 genomic DNA extracted by structure-protective 
procedure. (A) 2-D gel electrophoresis. C9.1 genomic DNA was extracted 
protectively, digested by EcoRI and then separated on 2-D gel. First dimension: 0.6% 
agarose gel, 1XTBE (3mM Mg2+), 1 v/cm. 62 hr; 2nd dimension: 1.2% agarose gel, 
1XTBE (3mM Mg2+; 0.5ug/ml EtBr), 3 v/cm, 22 hr. (B) schematic alignment of the 
LAT and two detectable ves loci, and the recognition sites of specific probes are 
shown in diagram. 

1st  D

2 
nd

 D
 

 

B. 

A. 
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Figure 2-21. Detection of in vivo DNA structures associated with ves loci (1). The 2-D blot was 
from the 2-D gel in Figure 3-20. (A) - (C) were scanned autogradiographs, which 
were respectively from the hybridizations with γ-[32P] ATP end-labeled BAK52 
oligonucleotide recognizing the 1.8-kb LAT and an unknown ves locus, α-[32P] dCTP 
random priming labeled ves 1E10 locus (part; from1E10 phagemid, double digested 
by SmaI and PstI), and γ-[32P] ATP labeled LH1 oligonucleotide. (D) Schematic map 
of the DNA probe used in (C). The arrows point at examined ves loci or cruciform 
control.  

A. B. 

C. 
D. 
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Figure 2-22. Detection of in vivo DNA structures associated with ves loci (2). (A) Gel image of 
2-D gel electrophoresis. C9.1 genomic DNA was extracted protectively, digested by 
KpnI and then separated on 2-D gel as in Figure 3-19. (B) - (D) were scanned 
autoradiography films, which were respectively hybridized with γ-[32P] ATP labeled 
BAK52, α-[32P] dCTP random prime labeled 1E10 locus, and γ-[32P] ATP labeled 
LH1. The arrows point at examined ves loci or cruciform control. 

A. B. 

C. D. 
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Figure 2-23 Detection of in vivo DNA structures associated on the LAT with protective 
extraction. (A) Gel image of 2-D gel electrophoresis. C9.1 parasite culture was 0.05% 
saponin-treated and then irradiated with the presence of 100 µg/ml 4’-aminomethyl-4, 
5’, 8-trimethlpsoralen under 365-nm UVA (Black-Ray) for 15 min at 4oC. 60 ng of 
thermally remodeled cruciform control was incorporated at the crosslinking step 
serving as internal control. Purified DNAs were then separated on a 2-D gel. (B) The 
2-D gel (A) was blotted onto nylon membrane and then hybridized with γ-[32P] ATP 
labeled-BAK52 and HP probe. The arrows point at examined ves loci or cruciform 
control.  

A. B. 
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Figure 2-24 Detection of in vivo DNA structures associated on the LAT with psoralen 
crosslinking. C9.1 parasite culture was 0.05% saponin-treated and then irradiated 
with the presence of 100 µg/ml 4’-aminomethyl-4, 5’, 8-trimethlpsoralen (Sigma) 
under 365-nm UVA (Black-Ray) for 10 min (panel A) or 15 min (panel B). Purified 
gDNAs were digested by restriction enzymes and then respectively separated on 2-D 
gels, which were blotted onto nylon membrane for probe hybridizations. The blots 
were respectively hybridized with γ-[32P] ATP labeled BAK52, α-[32P] dCTP random 
prime labeled Igr (434 bp) from the LAT locus, and γ-[32P] ATP labeled HP probes. 
The arrows point at examined ves loci or internal controls, which were thermally 
remodeled and incorporated into sample preparation at the crosslinking step.  

 

B. 

A. 
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Figure 2-25 Detection of in vivo DNA structures associated on the LAT with psoralen 
crosslinking (2). (A) Schematic map showing the recognition site of oligonucleotide 
LHα2 on the C9.1 LAT; (B) psoralen-crosslinked C9.1 gDNAs were respectively 
digested by EcoRI or KpnI plus NdeI, and then loaded on DNA 2-D gel to detect the 
LAT- associated DNA structure(s). 

A. 

B. 
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Figure 2-26 Higher-order DNA structures found on 2-D gels by two different methods. (A) C9.1 
gDNA which was extracted structure-protectively was cut with NdeI plus EcoRI and 
analyzed on DNA 2-D gel; (B) C9.1 gDNA which was psoralen-crosslinked under 
UV 365nm was cut with NdeI plus EcoRI incompletely and analyzed on DNA 2-D 
gel with an internal cruciform control TR-(B0.5). Off-arc spots marked by star 
symbols may represent transcription-associated higher-order structure.  

 
 
 
 
 
 
 
 
 

A. 

B. 
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CHAPTER 3 
CHROMATIN STRUCTURAL CHARACTERISTICS AMONG B. BOVIS ves GENES 

Abstract 

Antigenic variation mediated by VESA1 protein, which is encoded by the ves multigene 

family, is a critical strategy for B. bovis to persistent in the mammalian host. Among this 

multigene family, a ves1α-ves1β gene pair is actively transcribed from LAT while other ves gene 

loci appear to be silent. The mechanism of transcriptional control over the ves multigene family 

is not yet understood. To investigate whether higher-order chromatin structure might be involved 

in mutually exclusive transcription of ves genes, we used nucleases to examine the chromatin 

configuration of ves genes. The results revealed that the LAT was significantly more accessible 

to nuclease digestion than are transcriptionally silent ves gene pairs and that the LAT adapts a 

unique nuclease-sensitivity pattern quite distinct from that of similarly assayed non-expressed 

ves loci and active housekeeping genes. Additionally, although non-expressed ves genes seem to 

have similar nucleosomal positioning patterns, unexpectedly, some showed intermediate 

sensitivity to nucleases, suggesting the complexity of chromatin structures among ves multigene 

family. 

Introduction 

Chromatin structure plays an important role in mediating transcriptional control of genes in 

eukaryotes. The dynamic conversion between heterochromatin and euchromatin can facilitate 

genes to switch from being transcriptionally permissive to being transcriptionally repressive 

(reviewed in Smale and Fisher, 2002; Schulze and Wallrath, 2007). In lower eukaryotes, such as 

yeast, P. falciparum, and African trypanosomes, heterochromatin silencing modulates 

monoalleic expression of gene families (Borst and Chaves, 1999; Duraisingh et al., 2005; 

Merrick and Duraisingh, 2006; Yang et al., 2009). To maintain the state of being actively 
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transcribed, gene promoter-proximal regions must be principally made accessible to the 

transcription machinery and numerous regulators. Consequently, gene repression or inactivation 

can be achieved by packaging genes in heterochromatin through epigenetic modifications and 

subsequent chromatin remodeling (Greaves and Borst, 1987; Pfeifer and Riggs, 1991; Chen and 

Yang, 2001; Lejeune et al., 2007).  

In eukaryotic cells, nuclear DNA is packaged compactly into well-organized chromatin 

composed of periodic arrays of nucleoprotein complexes as the first level of structure, with the 

nucleosome being the basic unit (reviewed in Ramakrishnan, 1997). As an important 

characteristic of chromatin configuration, nucleosomal position at gene promoters and coding 

regions can modulate transcriptional activities in many ways {Vega-Palas and Ferl, 1995; Chen 

and Yang, 2001; Rando and Chang, 2009). Variable nucleases can be used to probe chromatin 

structure to provide information with respect to fine regulation of gene expression (Drinkwater, 

1987; Greaves and Borst, 1987; Gross and Garard, 1988; Kuhnert et al., 1992), although care 

should be taken in preparing chromatin substrates to avoid acquiring biased information (Jin et 

al., 2009).  

To explore how the LAT becomes a “privileged” transcription locus among ~24 head-to-

head ves1α-ves1β loci which seem potentially competent in expression (reviewed in Brayton et 

al., 2007), here we took the approach of using different nucleases to analyze basic chromatin 

structures. Since both MNase and DNase I are single-stranded or double-stranded DNA specific, 

they preferentially cleave chromatin in the linker regions between nucleosomal particles (Gross 

and Garard, 1988; Telford and Steward, 1989). In this study, both overall chromatin structures in 

B. bovis and ves gene-specific nucleosomal positioning patterns were examined by partial 

nuclease digestion. We found that the LAT adopted very distinctive chromatin structure 
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especially at the intergenic reigon, and non-expressed ves genes have regular nucleosome 

phasing comparable with active housekeeping genes β-tubulin and GADPH. The results are 

discussed with regard to differential transcriptional status among ves genes.   

Methods and Materials 

Parasite Culture 

Isolation of Parasite Nuclei 

Parasite nuclei were isolated from C9.1-infected red blood cell culture essentially as 

described (Lanzer et al., 1992). All steps were carried out on ice. Briefly, C9.1-infected 

erythrocytes were ruptured by 0.05% saponin lysis to release hemoglobin. Parasites were 

collected by centrifugation at 10000 g for 10 min at 4oC. They were then washed and 

resuspended in solution A (20 mM PIPES pH7.5, 15 mM NaCl, 60 mM KCl, 14 mM 3-

mercaptoethanol, 0.5 mM EGTA, 4 mM EDTA, 0.15 mM spermine, 0.5 mM spermidine, 0.125 

mM PMSF), a hypotonic medium. After addition of 6.25% volume of 10% Nonidet P-40 

solution, the parasite suspension was transferred into chilled B dounce homogenizer and 

disrupted with 6~8 strokes. The nuclear pellet was collected by centrifugation (7000 × g, 10 min 

at 4oC) and used immediately. DAPI staining (0.5μg/ml; Invitrogen) revealed that the isolated 

nuclei appeared to maintain proper condition. 

Nuclease Digestion of Intact Nuclei 

Micococcal nuclease digestion 

MNase digestion was done as described (Greaves and Borst, 1987) with modifications. 

The nuclear pellet was washed and resuspended in cold MNase reaction buffer (10 mM NaCl, 5 

mM MgCl2, 0.1 mM CaCl2, 10 mM Tris-HCl, pH 7.4), and aliquots incubated with different 

concentrations of MNase (0 ~ 6 unit /ml; Fermentas Life Science, Glen Burnie) at 37oC for 3 
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minutes. The digestion was stopped by addition of stopping buffer, giving final concentrations of 

0.2% (w/v) SDS and 10 mM EDTA, 5 mM EGTA. 

DNase I digestion 

Parasite nuclear pellets were washed and resuspended in cold DNase I reaction buffer (10 

mM Tris-HCl, 2.5 mM MgCl2, 10 mM CaCl2, pH 7.5 at 25°C). Aliquots were incubated with 

increasing concentrations of DNase I (0 ~ 1 unit/ml; Fermentas Life Science) at 37oC for 10 

minutes. The digestions were stopped by addition of reaction stopping buffer (10×; 50 mM Tris, 

150 mM NaCl, 25 mM EDTA, 0.1% SDS, pH 8.0) (Chen and Yang, 2001). 

S1 nuclease digestion 

Nuclear pellets were washed and resuspended in cold S1 nuclease reaction buffer (50 mM 

sodium acetate, 280 mM NaCl, 4.5 mM ZnSO4, pH 4.5 at 25°C; Promega Biosciences, 

Madison). Aliquots were incubated with increasing concentrations of S1 nuclease (0 ~ 500 

unit/ml; Promega Biosciences) at 37oC for 30 minutes. The reactions were stopped by addition of 

reaction stopping mix, giving final concentrations of 0.2% (w/v) SDS and 10 mM EDTA, 5 mM 

EGTA (Greaves and Borst, 1987). 

To confirm that S1 nuclease works, it was tested on ph(15-1) phagemid, which has its 

insert of the ves gene locus 15-1 terminated by EcoRI sites. This DNA molecule thermally 

remodeled (TR). Then single-stranded regions in the plasmids were produced, which were 

sensitive to S1 (Figure 3-14). To confirm that the cutting is due to enzymatic activity and not to 

the acidic buffer, a buffer treatment control was also included.  

Mung bean nuclease digestion 

Nuclear pellets were washed and re-suspended in cold Mung bean nuclease reaction buffer 

(50 mM sodium acetate, 280 mM NaCl, 4.5 mM ZnSO4, pH 5.0 at 25°C; Takara). Aliquots were 

incubated with increasing concentrations of Mung bean nuclease (0 ~ 1440 unit/ml; Takara) at 
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37oC for 30 minutes. The reactions were stopped by placing reactions on ice and the addition of 

reaction stopping buffer to make final concentrations of 0.2% (w/v) SDS, NaCl and 10 mM 

EDTA, 5 mM EGTA (Fryer and Archer, 2001; Gromova et al., 1995).  

To confirm the activity of Mung Bean nuclease, it was tested on pL3 plasmid, which has 

the insert of B0.5 fragment and was thermally remodeled to form single-stranded regions in the 

plasmids (Figure 3-14). To confirm that the cutting is specific to enzymatic activity and not to 

the acidic buffer, a buffer treatment control was also included.  

Southern blot analysis 

DNA was purified, digested with restriction enzymes and loaded on 1.2% agarose gel, 

which was blotted onto Hybond N+ nylon membrane (GE healthcare) and hybridized with a 

series γ [32P]-ATP or α-[32P]-dCTP labeled probes. The labeling methods and the procedure of 

probe hybridization was the same as described (methods and materials; chapter one).  

Results 

Nucleases have proved to be very useful tools in the study of chromatin structures 

(Greaves and Borst, 1987; Zhang and Reese, 2006). They can be employed to obtain a variety of 

fundamental information on chromatin configuration according to their template specificities. 

Among the available nucleases, MNase, DNase I, Mung bean nuclease, and S1 were used in this 

study to probe chromatin structural characteristics at the LAT and several non-expressed ves loci. 

It was hypothesized that differential chromatin structures are adopted by the LAT and non-

expressed ves gene loci based upon their differential transcriptional status. Due to frequent 

transcription, active genes tend to have more open chromatin structures, and transcription 

bubbles could appear throughout whole gene regions. Hence, active genes are more sensitive to 

nucleases, which preferentially cut naked double-stranded or single-stranded DNA regions 

(Wang and Landick, 1997; Kuhnert et al., 1992).  Therefore, MNase and DNase I were used in 
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this study to evaluate the overall chromatin structures among ves gene loci, whereas, Mung bean 

nuclease and S1 nuclease, which target single-stranded DNA templates, could detect ssDNA 

formed within any higher-order DNA structure associated with the ves loci. The potential for 

structural reorganization of LAT IGr during transcription could make it a better target for Mung 

bean or S1 nuclease digestion.  

MNase Mapping 

At lower concentrations, MNase typically cuts DNA primiarily within linker regions 

between nucleosomes, which makes it very helpful in examining nucleosome-positioning 

patterns on specific genes or gene regions of interest (Zaret, 2005; Telford and Stewart, 1989). 

Since the integrity of the isolated nuclei is crucial to acquire accurate information on chromatin 

structure, DAPI staining was used to check the condition of nuclei after isolation (Figure 3-1).   

Low-resolution MNase mapping employing partial digestion only was first used to 

examine general chromatin configuration of B.bovis. After partial MNase digestion, n-mer 

nucleosomes were released to generate a regular ladder of low MW bands, forming a regular 

pattern (Figure 3-1), which was then used to estimate bulk NRL (Mason and Mellor, 1997). B. 

bovis bulk NRL was estimated to be around 156 bp by plotting numbers of nucleosomes in n-mer 

nucleosomal bands against their estimated sizes and then calculating the linear slope. The short 

nucleosomal repeat length suggests that B. bovis may not have a canonical histone H1, similar to 

other lower eukaryotes like P. falciparum and Schizosaccharomyces pombe (Thomas and Furber, 

1976; Lanzer et al., 1994; Mason and Mellor, 1997). Failure to find histone H1 homologues in B. 

bovis genome though BLASTP and Psi-Blast searches supported this possibility.  

Gene-specific nucleosomal positioning patterns were then examined by probing the MNase 

cutting pattern with radioactively labeled probes positioned near some restriction sites, serving as 

an indirect end label. Long locus-specific DNA probes are not available due to severe cross-
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hybridization and oligonucleotide probes are also difficult to design because of frequent patches 

of homology shared among markers of the ves multigene family. Therefore, probe availability 

limited the examination of gene-specific nucleosomal arrays on many different ves gene loci. 

However, since many ves gene loci and the LAT have highly conserved IGrs (Al-Khedery and 

Allred, 2006), it is useful to use the whole IGr sequence as a DNA probe to check the general 

nucleosomal organization pattern on ves genes (Figure 3-2). A regular NRL pattern with an 

average step about 157 ±1 bp was observed at the lower MW part of n-mer DNA ladder 

generated from partial MNase treatment, corresponding to the chromatin regions in or near the 

conserved IGrs of ves gene loci. The higher MW part of DNA ladder was irregular and less 

informative (Figure 3-2). Since all ves genes except the LAT are silent in the C9.1 clonal line, 

the observed regular pattern was predominantly contributed by those IGr-containing, inactive ves 

loci. The result revealed average nucleosomal positioning pattern around IGrs in those IGr-

containing ves loci. Oligonucleotide BAK6, which targets the center of conserved intergenic 

regions and recognizes at least 3 non-expressed ves loci in addition to the LAT, also detected 

orderly nucleosomal organization (Figure 3-3).  

Despite difficulties in probe generation, oligonucleotide probes suitable for use, as indirect 

end labels are available for two ves genes of known sequences: 10-1 (probe: BAK68) and 15-1 

(probe: LH2).  The housekeeping genes including GADPH and β-tubulin were used to show the 

nucleosome organization of active genes. Both those active genes and ves loci 10-1 and 15-1 all 

had regular n-mer nucleosome DNA ladders, forming good linear regression trendlines when 

plotted against nucleosome number (Figure 3-3, 4).  

Two probes were generated which are specific to the LAT (LHα1, LHα2). To validate 

their specificity, regular southern blot analysis was carried out (Figure 3-6, 7) and the results 
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suggested that LHα2 was specific with the recognition only the LAT. Although LHα1 

recognized only the LAT with EcoRI or PvuII digestions, it hybridized with a second band of 

about 2.3 kb in addition to the LAT when KpnI digestion alone was performed. Since the second 

band is smaller than the LAT, it could not be caused by incomplete restriction digestion (Figure 

3-6, 7). When the hybridization temperature was raised from 59oC to 61oC, LHα1 still 

recognized two ves loci. If its recognition of the ves locus other than the LAT was caused by 

cross hybridization of imperfect target sequence with several nucleotide differences, higher 

hybridization temperature and more stringent washing conditions should erase the non-specific 

signal. It is unknown why LHα1 only hybridized with the LAT on a blot prepared earily (Feb. 

2009) and then recognized with a second locus on blots preapared thereafter (June 2009) under 

similar conditions (Figure 3-6, 7, 8).  

However, the nucleosomal positioning patterns detected by LHα1 and LHα2 were 

essentially identical around the LAT IGr (Figure 3-8). Since LHα2 hybridizes more closely to 

the KpnI site than does LHα1 (Figure 3-8), it is more appropriate than LHα1 in mapping MNase 

hypersensitive (MH) bands shown in the LAT intergenic region. In contrast to the 3 nucleosomal 

bands observed from silent ves loci, 5 significant MH sites were distributed asymmetrically in 

the LAT IGr, flanked by two short protected regions, which corresponded to the 5’ coding 

regions of the ves1α and ves1β genes (Figure 3-8). It is quite clear that the LAT adopts a 

chromatin organization easily distinguished nucleosomal organization from non-expressed ves 

gene loci, and which probably correlates with its active transcription status.  

A second approach for evaluating the overall chromatin configuration of ves genes is to 

quantify locus-specific MNase sensitivity. To do this, different concentrations of MNase (0.0 - 

6.0 unit/ml) were used to treat isolated nuclei for 10 min at 37oC to achieve progressive partial 
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digestion. The DNA was then purified and digested to completion with EcoRI or KpnI. Equal 

amounts of DNA were separated in 1.2% agarose gels and transferred onto nylon membrane for 

a series of hybridizations with loci-specific probes. The fade-out rates of hybridization signals 

from various gene loci were then determined (Figure 3-9; Table 3-1). The intensities of all gene-

specific bands were determined (ImageJ) and plotted as the proportion of initial signal lost as a 

function of MNase concentration (unit/ml). Since the examined gene loci are variable in size and 

longer fragments theoretically have a greater chance to be cut by MNase, it is necessary to 

correct the fade-out rates for band size (Table 3-1), as the proportion of initial signal loss per kb. 

It was found that the LAT reproducibly is by far the most sensitive to MNase when compared 

with other ves gene loci, and remarkably is even more sensitive than GADPH or β-tubulin 

(Figure 3-10). The high sensitivity of the LAT to MNase is consistent with its active 

transcriptional status. In contrast, the ves locus 10-1 is reproducibly the least sensitive, whereas 

the two non-expressed ves loci S621 and 15-1 were reproducibly intermediate in sensitivity. It is 

intriguing that S621, 10-1, and 15-1 all belong to inactive ves genes and have similar 

nucleosomal organization (Figure 3-3), yet S621 and 15-1 are significantly more sensitive to 

MNase digestion than 10-1.   

DNase I Digestion 

Examination of the differential sensitivity of ves gene loci to DNase I digestion was carried 

out in a similar fashion as done for MNase. In contrast with MNase, DNase I can cut chromatin 

with very high efficiency; even at a low concentration (i.e. 0.5 unit/ml) most of the gene loci 

were digested completely (Figure 3-11). Remarkably, the results are qualitatively consistent with 

the MNase sensitivity assay in that the LAT is the most sensitive and 10-1 locus the least 

sensitive to DNase I (Figure 3-12). However, S621 and 15-1 seem more sensitive to DNase I 

than they were to MNase. This may be because DNase I cannot only cut internucleosomal DNA 
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but also nucleosomal DNA, especially at AT-rich regions (Chen and Yang, 2001). Thus, DNase I 

is somewhat DNA sequence-dependent in addition to nucleosomal organization-dependent. An 

attempt to correct for AT content was done by calculating proportion of initial signal loss per 

AT% (Figure 3-12; Table 3-1). After the correction, the overall digestion sensitivity pattern of 

DNase I, which refers to the differential accessibility of gene loci to DNase I, is similar to that of 

MNase (Figure 3-10, 12). Additionally, it is conceivable that treatment with a low concentration 

of DNase I treatment (0.1 unit/ml) results in a preferential attack of internucleosomal DNA, 

whereas at higher concentration (0.4 unit/ml) DNase I tended to have more chance to attack 

nucleosomal DNA, and therefore greater dependence on AT content of targeted regions. 

Consequently, the sensitivity-plotting pattern detected around low DNase I concentration (Figure 

3-12; boxed area) is quite consistent with the sensitivity-plotting pattern of MNase. 

Active genes can be distinguished from inactive genes by having some single-stranded 

regions during the formation of transcription-related bubbles (Milne et al., 2000). S1 nuclease 

often can be used to support the data acquired by MNase or DNase cleavage mapping. However, 

no significant cutting was found with any examined gene locus even with very high S1 

concentration (2000 unit/ml). To clarify that the enzyme was still functional and had sufficient 

activity, the plasmid ph(15-1), which contained the EcoRI fragment of the ves 15-1 locus 

including the internal intergenic region, was thermally remodeled and treated by S1. The results 

showed that S1 efficiently cut the novel form(s) after TR in 10 min (Figure 3-13). The buffer-

only control suggested that the cutting was caused by S1, not the acidic reaction buffer (pH 4.6). 

Similarly, no significant cutting was found with any examined gene locus even with very high 

concentrations (400 unit/ml) of Mung bean nuclease. To ensure that the enzyme was functional 

and possessed sufficient activity, the plasmid pL3, which contained the cruciform control 
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molecule with the short internal perfect inverted repeat, was thermally remodeled and treated by 

Mung bean nuclease. Again, the data demonstrated that Mung bean nuclease cut the novel 

form(s) after TR in 10 min (Figure 3-14), and the buffer-only control confirmed that the cutting 

was caused by Mung bean nuclease, not the acidic reaction buffer (pH 5.0). The reasons for the 

failure of S1 and mung bean nucleases to cut B. bovis chromatin may have to do with low pH, 

which may cause contraction of nuclear envelope, preventing access since B.bovis nuclei are 

extremely tiny in sizes compared with that of higher eukaryotes. 

Discussion 

Even if the formation of high order structure might assist the LAT transcription, other 

mechanisms may essentially exist to repress non-expressed ves loci since it is not understood  

why other non-expressed ves loci cannot form high order structure despite having similar 

potential of structure formation. In addition, episomally-introduced ves conserved intergenic 

regions subcloned from some non-expressed ves loci showed potent promoter activity in driving 

marker genes such as luciferase (Wang, X and Allred, DR; unpublished data), which suggested 

that they might be freed of the restraint of chromatin structure and became capable of forming 

structures to assist transcription.  

One common mechanism shared by Leishmania major, Trypanosoma brucei and P. 

falciparum is that the silencing of their variant multigene families is partly achieved through 

being packaged into heterochromatin (Merrick and Duraisingh, 2006). Since so many traits are 

shared between the two intraerythrocytic parasites, B. bovis and P. falciparum, it would be 

valuable to examine the chromatin organization of ves genes to explore if similar mechanism is 

employed by B. bovis. MNase and DNase I were then used to probe chromatin structures, and it 

was found that the LAT was clearly distinguished from non-expressed ves loci by differential 

chromatin structures. Several aspects of this study are discussed. 
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Generally, the first level of chromatin organization in higher eukaryotes is the nucleosome 

filament (reviewed in Ramakrishnan, 1997). However, exceptions do exist in lower eukaryotes 

such as Gyrodinium cohnii, which lacks nucleosomes (Bodansky et al., 1979). Another example 

is Entamoeba histolytica, which seems to lack typical histones, and also will not generate regular 

n-mer nucleosomal ladders when digested by MNase (Torres-Guerrero et al., 1991).  

Little is known about B. bovis chromatin organization and respective histones. Since 

chromatin structure has been shown to be important in the multilayer modulation and 

harmonization of gene expression in many organisms (Felsenfeld et al., 1996; Agarwal and Rao, 

1998; Merrick and Duraisingh, 2006), it would be necessary to determine if canonical 

nucleosomal organization exists in B. bovis. BLAST searches have revealed that B. bovis has 

putative histones H2A/B, H3 and H4, which are quite conserved compared with the histone 

genes of P. falciparum and many other organisms (Appendix-B). After partial MNase digestion, 

regular nucleosomal ladders were visible in agarose gels with the estimated nucleosomal repeat 

length around 156-157 bp. These data strongly indicated that B. bovis bulk chromatin has a well-

ordered nucleosomal framework. The short nucleosomal repeat length suggested that B. bovis, 

like P. falciparum, which possesss a nucleosome periodicity of approximately 155 bp (Cary et al., 

1994; Lanzer et al., 1994), may lack a canonical H1 histone. Attempts to identify H1 sequences 

within the B. bovis genome by bioinformatic searching were unsuccessful, consistent with this 

possibility. 

Nucleosomal Positioning Pattern among Ves Genes 

MNase can only cut DNA linker regions non-specifically between nucleosomes although it 

can also nick nucleosomal DNA, which makes it very helpful in examining nucleosome-

positioning patterns on specific genes or gene regions of interest (Zaret, 2005; Telford and 

Stewart, 1989). To examine the chromatin compactness on non-expressed ves loci, 15-1 and 10-1 
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were chosen for study. GADPH and β-tubulin were also chosen to show chromatin structural 

characteristics of transcriptionally active genes. Surprisingly, both the non-expressed ves loci and 

the actively expressed housekeeping genes are organized into orderly nucleosomal arrays with 

similar periodicity (Figure 3-3). The regular pattern detected by the DNA probe generated from 

the conserved ves intergenic reigon supported that non-expressed ves IGr-containing loci may be 

bound by orderly, phased nucleosome particles (Figure 3-2). This means that non-expressed ves 

loci may not locate in typical constitutive heterochromatin, which is quite inaccessible to 

nucleases compared to facultative heterochromatin (Sun et al., 2001; Sperling et al., 1985). 

Another possibility is that Babesia heterochromatin may not be organized as in other higher 

eukaryotes. 

The LAT-specific nucleosome-positioning pattern was obtained through the hybridization 

with oligonucleotide LHα2 (Figure 3-8), to compare to that of non-expressed ves loci. 

Considering the active transcription at the LAT, it was expected that the nucleosomal pattern 

would be similar to that of the examined housekeeping genes (Figure 3-3). Surprisingly, the LAT 

was found to have an unusual nucleosomal pattern featuring 5 MH sites at the IGr and short 

MNase-inaccessible regions which flank the IGr (Figure 3-8). The different chromatin structure 

found at the LAT correlates with its active transcription. Available evidence suggested that the 

IGrs of the LAT and some non-expressed ves loci such as S621 and 1E10 all had potent 

promoter activity (Wang, X and Alllred, DR; unpublished data). According to the alignment of 

the ves IGrs (Al-Khedery and Allred, 2006), a pair of imperfect inverted repeats is significantly 

conserved and could be important elements for promoter activity. However, the asymmetric 

locations of MH sites shown in the LAT IGr (Figure 3-8) suggested that the apposing ves1α and 

ves1β at the LAT may not equivalently manipulate the IGr to facilitate their respective 
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transcription. According to the comparison bewteen LHα2- and BAK52- specific nucleosomal 

patterns, it is apparent that the regular pattern detected by BAK52 was mostly contributed by the 

non-expressed ves donor loci (Figure 3-5, 8). It is worth noting that MH sites at the LAT IGr 

were found coincidently between those imperfect inverted repeats with short intervals. It was 

also reported in T. brucei and P. falciparum that active genes and silent genes share similar 

nucleosomal periodicity (Greaves and Borst, 1987; Lanzer et al., 1994). About 24 gene loci 

scattered in the B. bovis genome share similar gene organization and conserved intergenic 

regions with the LAT (Brayton et al., 2007). The regular nucleosomal pattern observed around 

the ves IGrs suggested they have similar chromatin structure at the nucleosomal level, which is 

obviously different from that of the LAT (Figure 3-3, 8). The finding that similar chromatin 

structures were observed among variable non-expressed ves IGrs within different chromosome 

contexts suggests that epigenetic regulation may be involved to coordinately repress them 

(Halme et al., 2004).  

Nuclease Sensitivity Analysis 

Since MNase sensitivity of a specific gene locus is proportional to its length, size 

correction has been done on the plotting of the MNase sensitivity by calculating the proportion 

of initial signal loss per kb (Figure 3-10). However, the results from MNase sensitivity assays 

showed that, under all conditions, the LAT was the most sensitive gene locus (Figure 3-12), 

consistent with its active transcription status. Two ves loci, S621 and 15-1, are intermediate in 

sensitivity compared with the LAT and 10-1 locus. As it is known that 15-1 and 10-1 have 

similar nucleosomal patterns (Figure 3-3) and neither is transcribed (Zupanska et al., 2009), it is 

unexpected that 15-1 has higher accessibility to MNase (Figure 3-11).  
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Similarly to MNase digestion, analysis of DNase I digestion patterns revealed that the LAT 

was again the most sensitive overall. Since DNase I can cut not only the linker region but also 

the nucleosomal DNA, especially within pyrimidine-rich regions, it is more DNA sequence-

dependent. Therefore, the sensitivity plotting needs correction not only for target size, but also 

the AT content of examined loci. However, since DNase I can only cut nucleosomal DNA at the 

minor grooves where it can access easily (Chen and Yang, 2001), the accessibility of DNase I to 

AT-rich nucleosomal DNA is dependent upon how it is wrapped on the nucleosomes. Therefore, 

even if correction of AT content is needed to get more accurate comparisons of DNase I 

accessibility between gene loci, it can not be simply done. Without correction for AT%, S621, 

10-1 and 15-1 have comparable sensitivity to DNase I, which seems inconsistent with MNase 

sensitivity results (Figure 3-10, 12). However, S621 and 15-1 all have lower AT% than 10-1 

(Table 2-3), therefore they can simply be less sensitive due to a lower AT%. With the correction 

of AT%, the overall sensitivity pattern is similar to that of MNase, suggesting the importance of 

AT% correction to overcome the influence of DNA sequence on DNase I sensitivity. However, it 

is not certain if the correction of AT content is appropriate when calculating the proportion of 

initial signal loss per AT%, as it is not known how AT-rich regions are wrapped into 

nucleosomes.  

Mung bean nuclease and S1 nuclease specifically cut single-stranded DNA and were also 

tried to provide information on chromatin structure. However, they did not show any discernible 

digestion pattern, even on active housekeeping genes such as GADPH (Figure 3-32, Figure 3-

33), and so there is a concern that the accessibility of those enzymes to nuclear chromatin may be 

problematic in our DNA of study. Some efforts had been taken to make nuclei suspension less 

viscous by passing the nuclei through an insulin gauge needle several times. Subsequent DAPI 
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staining showed that nuclei still maintained good shape and became freer in solution; however, 

there was still no digestion shown at the active gene loci. It was possible that the S1 or Mung 

bean nuclease reaction buffer was too acidic (pH 4.6-5.0) and the nuclear lamina may contract, 

preventing enzymes from getting contact with the chromatin. Though they did not work to 

provide information from chromatin, MNase and DNase I were shown capable of cutting single-

stranded DNA (Figure 3-14, 15). The reasons they could not digest B. bovis chromatin substrate 

are not clear. 

It is conceivable that non-expressed ves loci such as S621 and 15-1, which are intermediate 

in sensitivity, adopt relatively open chromatin structure, yet are not detectable at the protein 

level. Several possible reasons may explain these results. First, they may have stalled RNA 

polymerase II poising at the promoter-proximal region to make nucleases more accessible. RNA 

polymerase II pausing has been demonstrated to be widespread at those genes ready to cope with 

environmental or developmental changes (Muse et al., 2007; Zeitlinger et al., 2007; Wu and 

Snyder, 2008). RNA polymerase II is recruited to the promoters of such genes and stalls after a 

short elongation (Muse et al., 2007; Wu and Snyder, 2008). Considering the periodic antigenic 

variation occurring in B. bovis-infected cattle, it is possible that some non-expressed ves loci are 

in a state of readiness in order to respond to certain stimuli arising from the interaction of host 

and parasite. Hence, the parasites could promptly manipulate gene expression and thereby 

generate new phenotypes to evade host immunity. Second, the non-expressed ves loci may have 

leaky transcription. When T. brucei is at the blood stage, some telomere-linked monocistronic 

VSG expression sites were found not to be fully silenced instead were transcribed at a very low 

level, producing rare VSG transcripts. In contrast, the active vsg gene was predominantly 

expressed at a high level (Alarcon et al., 1999). A similar situation could possibly exist in B. 
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bovis, since previous work in population RT-PCR has found rare transcripts which appeared to 

arise from non-LAT ves loci (Zupanska et al., 2009). Third, they may be situated at the boundary 

between euchromatin and heterochromatin and accordingly be affected by neighboring active 

genes to have relatively open chromatin structures (Sun et al., 2001).  

In summary, the results obtained so far from the study of the LAT and non-expressed ves 

loci at structural and biological activity levels collectively suggest that higher order chromatin 

structure is associated with their differential transcription status. Additionally, the 

hypersensitivity of the LAT to MNase might be due to some transiently formed higher order 

DNA structure at the LAT IGr although those structures were elusive to be significantly and 

repeatably detected. Therefore, future study in other aspects, such as epigenetic regulation, may 

provide better explanation on how the LAT achieves its privileged active transcriptional state 

while other ves loci, however potentially capable, are maintained in the inactive state.  

Bioinformatics results showed that B. bovis has highly conserved histones (Appendix-B) 

and enzymatic machinery for histone modifications (Appendix-A). A series of modified forms of 

antibodies to histone H3 has been validated in fixed immunofluorescence assays (IFA); 

therefore, it is feasible to apply them in the study of H3 modifications on ves1 genes (Appendix-

C).  

Apicidin has been shown to have broad in vitro antiprotozoal activity in inhibiting histone 

deacetylases and preventing proliferation of several Apicomplexan parasites, which include 

Cryptosporidium parvum, Toxoplasma godii, Eimeria tenella and the Plasmodium species etc 

(Darkin-Rattray et al., 1996). So far anti-babesia activity of Apicidin has not been demonstrated 

and how it can be related to the inhibition of histone deacetylases. The growth inhibition of 

Apicidin on B.bovis has been examined and its IC50 was estimated to be 464 nm (Huang, Y and 
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Allred, DR; unpublished data). That information could be useful in studying epigenetical 

regulation of the expression of ves multigene family.  

Preliminary results with chromatin immunoprecipitation through antibodies to modified 

forms of histone H3 also supported the notion that non-expressed ves genes may have different 

epigenetic markers from active housekeeping genes GADPH and β-tubulin (Huang, Y and 

Allred, DR; unpublished data). Therefore, further investigation of epigenetic marks on ves genes 

may provide satisfactory answers for the mutually exlusive transcriptional control over the ves 

multigene family. 
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Figure 3-1. B. bovis bulk nucleosome organization (A) Low-resolution MNase cleavage mapping 
of ves gene loci. B.bovis C9.1 IRBCs were collected and filtered through CF-11 
assembled column to get rid of leucocytes. Then 0.05% saponin lysis was used to 
release parasites. The nuclei were isolated by homogenization and then divided 
equally into five portions, being treated with different concentrations of MNase, 
37oC, 3min. After traditional DNA extraction, DNA was digested by EcoRI or KpnI 
and loaded with equal amount on 1.2% agarose gel to separate. The gel was stained 
with 0.5 µg/ml EtBr and photographed under UV.  (B) Isolated nuclei of C9.1 strain 
was stained with DAPI. (C) Estimation of bulk nucleosome repeat length. Band sizes 
(2-7) observed from the nuclei digestion (6 unit/ ml) were plotted.  The slope was 
determined to be 156 bp per band, representing bulk nucleosome repeat length. 

C. B. 

A. 



 

108 

 

Figure 3-2. Examination of the overall nucleosomal organization of ves genes containing 
intergenic regions.  
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Figure 3-3. Gene-specific nucleosomal positioning pattern detected by MNase. B. bovis nuclei 
were digested by MNase partially. Purified DNA fragments were digested by 
restriction enzymes, separated on 1.2% agarose gel and then blotted onto nylon 
membrane for hybridizations. The γ-[32P] ATP end-labeled oligonucleotide probes 
used to detect gene-specific nucleosomal organizations were: (from left to right) 
BAK6, LH2, BAK68, AZT02 and GADPHE1R. The blue bar shows approximately 
the location of the intergenic region of 10-1 or 15-1 loci. 



 

110 

 
 

 

Figure 3-4. Analysis of gene-specific nucleosomal positioning pattern detected by MNase. (A) 
Schematic map of examined ves loci and active housekeeping genes. The specific 
probes are shown on the top of their recognition sites; (B) Analysis of gene-specific 
NRLs by plotting n-mer nucleosomal band sizes against the nucleosome numbers. 

A. 

B. 
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Figure 3-5.  LAT-associated nucleosomal positioning pattern detected by BAK52. (A) BAK52-
specific nucleosomal organization. The blue bar shows approximately the location of 
the intergenic region of the LAT; (B) Schematic map of examined ves loci and active 
housekeeping genes. The green bar in panel B represents BAK6 recognition site. 

A. 

B. 
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Figure 3-6. Examination of LAT-specific probes. (A) Schematic map of indirect end labeling of 
LAT fragments with oligonucleotides (BAK52, LHα1 and LHα2). (B) Initial 
validation of LHα1 and LHα2 on the blots used in MNase sensitivity analysis.  

A. 

B. 
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Figure 3-7. The confirmation of LAT-specific probes through regular southern blot analysis. 
Purified C9.1 gDNA was digested by single restriction enzyme (EcoRI, KpnI or 
PvuII) and then electrophoresed on 0.8% agarose gel. The gel was blotted onto nylon 
membrane and hybridized with oligonucleotide probes LHα1 and LHα2. The red 
arrow pointed at a LHα1-recognized ves locus other than the LAT. 
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Figure 3-8. C9.1-LAT specific nucleosomal positioning pattern detected by MNase. (A) 
Nucleosome organization on the C9.1 LAT. The thick green and purple bars represent 
estimated location of the LAT intergenic region. (B) Schematic map of indirect end 
labeling of the LAT by oligonucleotide probes LHα1 or LHα2. (C) Schematic map of 
MH sites distributed in the LAT IGr. 

A. 

B. 

ves1αves1β
MH1MH2MH3MH4MH5

50 bp

GGTGGAATCC

GCGCGCC

C. 
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Figure 3-9. Examination of differential MNase sensitivity among ves genes. 
(A) Schematic Diagram showing examine ves loci and active housekeeping 
genes. (B) isolated nuclei were treated with different concentrations of 
MNase (0~6 unit/ml) at 37oC, 3 min. Purified DNAs were run on 1.2% 
agarose gel and blotted onto nylon membrane for hybridization with γ-[32P] 
ATP labeled BAK6. The arrows represent different ves loci.

B. 

A. 
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Figure 3-10. Analysis of differential MNase sensitivity among ves genes. (A) Southern blot 
analysis to show the fade-out of full sizes of ves loci upon different concentrations of 
MNase treatment (Figure 3-24). The γ-[32P] ATP end-labeled oligonucleotide probes 
used to detect different loci were BAK6 (S621, 15-1, 10-1 and the LAT) and AZT02 
(β-tubulin); (B) Differential MNase sensitivity showed by plotting the proportion of 
initial signal loss per kb against MNase concentrations. 

 

B. 

A. 
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Figure 3- 11. Low resolution DNase I cleavage mapping. (A) Equal amount of nuclei were  
treated with different concentrations of DNase I at 37oC for 10 min. Purified DNA 
fragments were digested by restriction enzymes, run on 1.2% agarose gel; (B) The 
blot was prepared form the gel (A) and hybridized with a series of γ-[32P] ATP end-
labeled probes: BAK6 (S621, 15-1, 10-1 and LAT), AZT02 (β-tubulin gene) and 
GADPHE1R (GADPH gene).  

A. 

B. 
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Figure 3-12. Analysis of differential DNase I sensitivity among ves genes. Southern blot analysis 
to show the progressive loss of full size bands derived from ves loci upon different 
concentrations of DNase I treatment (Figure 3-11). Differential DNase I sensitivity 
was showed by plotting the proportion of initial signal loss per kb against MNase 
concentrations with or without the correction of AT content (Table 3-2).  



 

119 

Table 3-1.  The sizes and AT content of examined gene loci in nuclease mapping. 
Gene loci / KpnI Size (kb) [AT] content (%) 
ves locus S621 4.8 51.8 
ves locus 15-1 4.6 46.8 
ves LAT 2.9 48.6 
ves 10-1 1.7 54.8 
GADPH 5.1 60.2 
β-tubulin 5.4 58.2 
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Figure 3-13. Low resolution of S1 cleavage mapping. (A) Equal amount of nuclei were treated 

with different concentrations of S1 (0~500 unit/ml, pH 4.6) at 37oC for 30 min. 
Purified DNA fragments were digested by restriction enzymes, run on 1.2% agarose 
gel; (B) The blot was prepared form the gel (A) and hybridized with a series of γ-[32P] 
ATP end-labeled probes: BAK6 (1-1, 10-1), BAK52 ( LAT), AZT02 (β-tubulin) and 
GADPHE1R (GADPH).  

A. 

B. 
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Figure 3-14. Low resolution of Mung bean nuclease cleavage mapping. (A) Equal amount of 
nuclei were treated with different concentrations of Mung bean nuclease (0~1440 
unit/ml, pH 5.0) at 37oC for 30 min. Purified DNA fragments were digested by 
restriction enzymes, run on 1.2% agarose gel; (B) The blot was prepared form the gel 
(A) and hybridized with a series of γ-[32P] ATP end-labeled probes: BAK6 (S621, 15-
1, 10-1, LAT), AZT02 (β-tubulin) and GADPHE1R (GADPH).  

A. B. 
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Figure 3-15. Test of the activity of S1 nuclease and Mung bean nuclease. (A) Thermally 
remodeled phagemid p(15-1) was treated with 1 unit of S1 (Promega) or S1 buffer 
only at 37oC for 10 min to test the activity of S1 on single-stranded template. The 
right panel showed the structural potential of the plasmid with the insert containing a 
palindromic region. (B) Thermally remodeled pL3 was treated with 1unit of Mung 
bean nuclease (Takara) or Mung bean nuclease buffer only at 37oC for 10 min to test 
the activity of Mung bean nuclease on single-stranded template. The right panel 
showed the structural potential of the plasmid with the insert containing a short 
inverted repeat. 

A. 

B. 
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CHAPTER 4 
SUMMARY 

Antigenic variation exists as a crucial survival strategy for many mammalian pathogens 

such as Neisseria gonorrhoeae, Borrelia spp., Plasmodium spp., Babesia spp., African 

trypanosomes etc (Barbour and Restrepto, 2000). It helps those pathogens to modify their surface 

coats antigenically to evade host immune system; therefore, the pathogens can persist in the host 

and consequently the diseases caused by those organisms become refractory (Krause et al., 2008; 

Figueiredo et al., 2009). The variant gene families involved in antigenic variation are usually 

under monoallelic or mutually exclusive transcriptional control (Merrick and Duraisingh, 2006; 

Figueiredo et al., 2009). It will greatly help the control of those pathogens by studying the 

mechanisms of transcriptional control over those virulence gene families and therefore 

preventing antigenic variation.  

Several models of monoallelic transcriptional have been proposed in different organisms 

(Figueiredo et al., 2009). Firstly, the active allele is exclusively associated with a specialized 

compartment in nucleus to facilitate its transcription, such as vsg genes in African trypanosomes 

(Navarro and Gull, 2001). Secondly, trans or cis regulatory elements may help decide which 

allele can be activated, such as odor receptor genes in mammalian olfactory neuron cells 

(Lomvardas et al., 2006; Nguven et al., 2007). Thirdly, chromatin structures specified by histone 

modifications can help maintain the established transcriptional control pattern of gene families 

and numerous chromatin remodeling factors have been characterized that are thought to be 

involved in gene state mainatence (Freitas-Junior et  al., 2005; Merrick and Duraisingh, 2006; 

Bartova et al., 2008; Figueiredo et al., 2009). Fourthly, promoter activity at competent gene loci 

can be restrained by cis-linked elements, such as var gene introns in P.falciparum (Frank et al., 

2006).  
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According to those proposed models so far, it is conceivable if some of them are used by 

B.bovis to achieve mutually exclusive transcriptional control over ves gene family which 

includes more than 150 members (Brayton et al., 2007). In P. falciparum, PfSir2 protein 

(homolog of yeast silent information regulator 2) has been identified and demonstrated to be 

involved in the repression of subtelomeric var genes.  This repression occurs through mediating 

epigenetic modifications, thereby packaging them into conditional heterochromatin (Freitas-

Junior et al., 2005; Duraisingh et al., 2005). It is possible that B. bovis may in part repress its 

silent ves genes through similar mechanisms. Consistent with this possibility, BLAST searches 

suggested the existence of a putative Sir2 homologue in B. bovis genome. Some subtelomeric ves 

genes may be silenced by Sir2-induced chromatin remodeling events, although a number of the 

ves genes are not located in or near telomeresor centromeres, suggesting the existence of other 

silencing mechanisms (Brayton et al., 2007). So far, a search for trans-acting enhancers 

hypothesized to be specifically associated with LAT active transcription has not been successful 

(Bouchut, A and Allred, DR, unpublished data). However, some preliminary data showed the 

possibility that ves intron1 may play such a role (Wang, X and Allred, DR, unpublished data). 

It is notable that 24 ves loci are organized similarly to the LAT, and thus appear competent 

to express in situ although they appear to be silent (Brayton et al., 2007). Furthermore, some ves 

loci, such as 1E10 and S621, have already been shown to possess a potent bidirectional promoter 

(Wang, X and Allred, DR, unpublished data). No explanation is currently available for their 

repression status. The demonstrated LAT is a ves gene locus that is actively expressed in the 

C9.1 clonal line, although a rare cDNA transcript not related to the LAT has been found 

(Zupanska et al., 2009). Therefore, it can not be ruled out that there exists some “leaky” or very 

low level of transcription at other ves gene loci, which may be  in an inducible state, ready to 
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become dominant in response to certain circumstances or stimuli. In African trypanosomes, 

“leaky transcription” was suggested to be associated with stage change (Alarcon et al., 1999). 

Additionally, recent progressed in the study of var gene transcriptional control suggested the 

strategy that P.falciparum tends to express all var genes at a very low level at the initation of the 

asexual cycle (Wang et al., 2009). B. bovis may have a similar mechanism for ves genes and the 

transcriptional level of ves genes other than the LAT may be just too low to be easily detected. 

To explore the possible mechanism(s) of ves gene transcriptional control, examinations on 

chromatin structures of ves genes were carried out. Two different approaches were used based on 

distinctive methodologies.  

The first approach employed involved the direct detection of in vivo higher order DNA 

structure in chromatin.  This approach utilized an established DNA 2-D gel system combined 

with two types of in vivo DNA structure-preserving methods. This is to find out if the LAT 

putative promoter, which shares two pairs of conserved quasi-palindromic segments with that of 

many other ves gene loci (Al-khedery and Allred, 2006), adopts unusual configuration in 

adaption to bidirectional active transcriptions of ves1α and ves1β. This hypotheis was supported 

by the sequence specificity of the ves IGrs and the observations that the ves gene fragments 

containing the conserved IGrs had great potential to form relatively stable cruciform-like 

structures in vitro. In vivo structure detection was then carried out. Certain higher order DNA 

structures were found, using a 2-D gel technique, in chromatin obtained by two different 

structure-preserving methods.  These structures were most likely found in the LAT due to its 

distinctive transcription status. However, further evidence is needed to draw a conclusion due to 

problems in data repeatability and the inherent detection limits of the 2-D gel analysis. The 

difficulty in B.bovis cell culture synchronization made it impossible to learn when ves genes start 
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to be actively transcribed in the asexual life cycle and how long the active transcription lasts. 

Moreover, the enrichment of parasites undergoing active ves transcription assisted by the 

possible high order DNA structure in chromatin at the promoter region cannot be done simply as 

it is with yeast.  It is possible with yeast to enrich for DNA recombination intermediates or 

replication intermediates by culture synchronization (Pearson et al., 1996; Aller and Litchen, 

2001). Therefore, the off-arc signals found by 2-D gel analysis were very low in intensity and not 

conclusive enough. With the help of other approaches, such as in vitro transcription or transient 

transfection of B. bovis with in vitro-formed structured LAT promoter driving a reporter gene, 

there is some promise of supporting our observations obtained by2-D gel analysis. The unusually 

high sensitivity of the LAT IGr region to MNase digestion and the MNase hypersensitive site 

pattern also supported the possible existence of high order DNA structure related to LAT 

transcription. For the first time, we tried to propose a novel and testable model in the 

transcriptional control of a gene family: the specific association of unusual promoter 

configuration to active allele, although further evidence needs to be pursued.. However, one 

question would be why those other silent ves genes with such structure-forming potential in their 

putative promoter regions can not form this transcription-related DNA structures in chromatin. 

The possible explanation may be found in their non-permissive chromatin structures specified by 

silent epigenetic markers, which was supported by preliminary chromatin immunoprecipitation 

data (not shown).  

The second approach taken to identify structure involved confirming that bulk B. bovis 

chromatin showed characteristics of canonical nucleosome arrays.  Subsequently, differential 

chromatin structures were revealed between the LAT and inactive ves loci. This was not only 

supported by their differential nucleosomal organizations probed by MNase, but also their 
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overall chromatin compactness evaluated by nuclease accessibility. Not surprisingly, the LAT 

has a very unusual nucleosome positioning pattern quite distinctive from that of other examined 

ves genes, consistent with its active transcription status and relatively open chromatin 

configuration to facilitate the recruitment of transcriptionary machinery. It was unexpected that 

five significant MH sites and two relatively protected IGr-flanking regions would be found at the 

LAT promoter region. It is a little unusual to have so frequent MH sites present in a 433-bp gene 

promoter region with peak-to-peak intervels shorter than 120 bp. Many mammalian gene 

promoters typically have been shown to be relatively “nucleosome-free” and to be somewhat 

protected from nuclease digestion due to the binding of transcription factors (Chen and Yang, 

2001; Gregory et al., 2001). The asymmetric distribution of the MH sites of the LAT suggested 

that the transcription of ves1α and ves1β at the LAT might not equivalently employ the two pairs 

of conserved quasi-palindromic segments at the LAT IGr. Consistent with this possibility, some 

preliminary results suggested that the apposing ves genes at the LAT might not have similar 

transcription rates or levels, even though they are both subunits of VESA1 protein (Xiao, Y and 

Allred, DR., unpublished data). Since the two pairs of quasi-palindromic segments are the most 

conserved elements in the ves IGrs (Al-khedery and Allred, 2006; Brayton et al., 2007; 

additional unpublished observations), they are presumably key to ves bidirectional promoter 

activity. Therefore, it is surprising that the relatively symmetric distribution of those conserved 

quasi-palindromic segments in the ves IGrs did not appear to be reflected in the symmetry of the 

MH sites pattern, suggesting the flexibility of the ves promoters in transcriptions of both 

directions. The experiments have been repeated several times to avoid interference from 

heterogeneous parasite populations used for probing MH patterns while the obtained MH 

patterns were consistent. 
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On the contrary, non-expressed ves loci, together with the active genes β-tubulin and 

GADPH, all seem to have similar nucleosomal organizations featuring regularly-ordered 

nucleosomes and similar NRLs. The overall intermediate sensitivity of some non-expressed ves 

loci to nucleases may suggest the complexity of transcriptional control over the ves multigene 

family. It could be caused by leaky transcription or relatively open chromatin structures caused 

by stalled RNA polymerase II, or their special chromosome contexts (Alarcon et al., 1999; Muse 

et al., 2007; Zupanska et al., 2009). Further study is needed to explain the intermediate 

sensitivity of those ves loci to nucleases. The regular nucleosome positioning patterns in/around 

the ves IGrs observed on those silent IGr-containing ves gene loci, which is consistent with their 

inactive states, suggested the involvement of epigenetic regulation in modulating their similar 

chromatin structures, since all silent but apparently competent ves loci are dispersed on four 

chromosomes and reside within differing chromosomal contexts.  

This study cannot rule out the possibility that the LAT may be mutually exclusively 

associated with a special subcompartment in the nucleus to facilitate its active transcription. 

DNA/RNA Fluorescence in situ hybridization (FISH) may be useful in detecting the distribution 

of different ves genes in the nucleus and their association with RNA polymerases. However, the 

difficulty of carrying out FISH may rest in gene-specific probe design. 

The information drawn from this study contributes to our understanding of the mechanism 

of mutually transcription control of ves gene expression in B. bovis. Higher order DNA structure 

in chromatin might be adopted in vivo by the LAT to facilitate its transcription. Therefore, 

epigenetic modifications may be introduced to those ves genes for repression through recruiting 

chromatin-remodeling factors to make them relatively inaccessible to transcriptional machinery. 

Meanwhile, the formation of heterochromatin might also help ves gene repression by preventing 
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the formation of higher order DNA structure at those competent but silent ves loci. The 

preliminary results acquired from IFA and ChIP experiments strongly supported the involvement 

of epigenetic modifications such as histone acetylation and methylation. 
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APPENDIX A 
PUTATIVE HISTONES AND HISTONE MODIFIING ENZYMES IN BABESIA BOVIS  

Putative Histones Chromosome  E-value (Identity) Organisms 

H3 1 1e-66 (93%) 

Plasmodium falciparum 

2 2e-68(89%) 
H4 3 7e-40(92%) 
H2A 2 9e-52(75%) 

H2B 2 5e-37(82%) 
4 3e-32(71%) 

 
 
 

Sequence ID Putative HATs E-value *  
(Identity) Organisms 

B_bovis* chr*1*930*19 GCN5 family e-165 (56%) Plasmodium falciparum 
e-84 (44%) Saccharomyces cerevisiae 

    
B_bovis*chr*4* 
1104837696308*30 

Unclassified e-174 (60%) Plasmodium falciparum 
MYST family 4e-72 (52%) Homo sapiens 

    
B_bovis *chr*4*930*19 MYST family 2e-80(53%) Toxoplasma gondii 

 
 
 

Sequence ID Putative HDACs E-value *  
(Identity) Organisms 

B_bovis *chr*3*920*17 
Unclassified e-129 (53%) Saccharomyces cerevisiae 
ClassII-HDAC9 e-140 (58%) Arabidopsis thaliana ClassII-HDAC6 e-142 (60%) 
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APPENDIX B  
COMPARISON OF HISTONE H3 N-TERMINI BETWEEN BABESIA BOVIS AND OTHER 

ORGANISMS 
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APPENDIX C 
THE VALIDATION OF COMMERIAL ANTIBOIDIES IN FIXED IFA 
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