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Abstract

Giardia lamblia is an early branching eukaryote and although distinctly
eukaryotic in its cell and molecular biology, transcription in G. lamblia demonstrates
important differences from these processes in higher eukaryotes. a-amanitin is a
relatively selective inhibitor of eukaryotic RNA Polymerase II (RNAP II), and is
commonly used to study RNAP II transcription. Therefore, we measured the sensitivity
of G. lamblia RNAP II transcription to a-amanitin and found that unlike most other
eukaryotes, RNAP II transcription in Giardia is resistant to 1 mg/ml amanitin. To better
understand transcription in G. lamblia, we identified 10 out of the 12 known eukaryotic
rpb genes, including all ten that are required for viability in Saccharomyces cerevisiae.
The amanitin motif (amanitin binding site) of Rpb! from G. lamblia differs from other
eukaryotes at six highly conserved sites in which substitutions have been associated with
amanitin resistance in other organisms. These observations of amanitin resistance provide
a molecular framework for the development of novel drugs with selective activity against
G. lamblia.

Giardia trophozoites exhibit antigenic variation of a surface protein encoded by a
family of genes known as the vsp genes. A single trophozoite expresses only one vsp at a
time and it has been previously determined that steady state mRNA of only the expressed
vsp is detectable in Northern blots. Our nuclear run-on assays indicated transcription of
only the expressed vsp genes, suggesting that control is primarily at the level of

transcription rather than post-transcription.
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In order to better understand vsp gene control mechanisms, we used a luciferase
reporter to determine the vsp core promoter, which is present within 100 bp upstream of
the ORF in the case of vspC5 and vspA46. The fact that the vsp promoter is able to drive
expression irrespective of the antigenic variant type indicates that control requires a
chromosomal context as do most epigenetic mechanisms of control. Based on the existing
data, we provide a privileged site model for the control of vsp gene expression, in which
vsp transcription takes place in a set nuclear location which is occupied by a singe vsp

locus at a time.
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CHAPTER 1

INTRODUCTION

1.1 Literature review

1.11 Giardia lamblia and disease

Giardia lamblia is a flagellated unicellular eukaryotic microorganism that
commonly causes diarrheal disease throughout the world. It is one of the most common
causes of waterborne outbreaks of diarrhea in the United States (Barwick et al., 2000). In
developing countries, there is a very high prevalence and incidence of infection, and data
suggest that long-term growth retardation can result from chronic giardiasis (Fraser et al.,
2000). Common symptoms of giardiasis include chronic diarrhea, abdominal cramps,
bloating, frequent pale and greasy stools, fatigue and flatulence.

Giardia species have two stages in the life cycle. Infection of a host is initiated
when the cyst is ingested with contaminated water or, less commonly, through food or
fecal-oral contact. The cyst is relatively inert, allowing prolonged survival in a variety of
environmental conditions. After exposure to the acidic environment of the stomach, cysts
excyst into trophozoites in the proximal small intestine. The trophozoite is the vegetative
form and replicates in the lumen of the small intestine, where it causes symptoms of
diarrhea and malabsorption. After exposure to biliary fluid, some trophozoites form cysts
in the jejunum and are passed in the feces, allowing completion of the transmission cycle

by infecting a new host.
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If left untreated, the diarrhea frequently lasts for months and results in weight loss
and malnutrition. The reason for chronicity of giardiasis is unknown since there is an
antibody response generated during infection. One possible reason for chronicity is the

occurrence of antigenic variation.

1.12 Genetics and Molecular biolegy

1.121 The Giardia genome - G. lamblia trophozoites contain two nuclei which
are identical in all ways that have been studied (Adam, 2001; Yu et al., 2002). The
genome of G. lamblia has the features expected of eukaryotic cells, including linear
chromosomes flanked by telomeres (TAGGGQG) that are similar to those of other
eukaryotes. Chromosomal DNA of eukaryotes forms chromatin by associating with four
core histones (H2a, H2b, H3 and H4) and a linker histone (H1) to form nucleosomes. G.
lamblia has all four core histones which are very similar to other eukaryotic orthologs but
H1 has not been identified. The GC content of the genome is about 49%, excluding the
rDNA genes, which are higher in GC content (Adam et al., 1988b) (GI: X52949).

Pulsed field gel electrophoresis PFGE) separations of chromosomal DNA have
been used to demonstrate that trophozoites have 5 chromosomes ranging in size from 1.6
to 3.8 megabase pairs (Mb). The sum of the sizes of the chromosomes yields an estimated
haploid size of 12.3 Mb. In the ISRE11 isolate, chromosome 1 consists of three size
variants which give rise to two fainter minor bands (Adam, 1992; Hou et al., 1995). In
addition to these size variants other evidence for polyploidy includes the identification of

multiple alleles of repeat-containing vsp genes which differ in number of copies of the
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repeat. Qualitative data suggest a minimum ploidy of four, while fluorescence activated
cell sorting analysis indicates that trophozoites alternate between 4N and 8N where N is a
haploid genome. These results suggest that trophozoites may have a ploidy of four and
quantitative measurements of stationary trophozoites (in the G2 phase) yield a ploidy of
8.

1.122 Gene expression - Transcription in G. lamblia is distinct from that in other
eukaryotes in several ways. The typical eukaryotic transcription start site is substantially
upstream of the start codon so that there is a long 5"UTR (between 40 and 1000 bases).
The translation initiation factor eIF-4 recognizes the cap and initiates the assembly of the
initiation complex (Kozak, 1987). Once the small subunit of the ribosome is bound to the
5" end of the mRNA molecule, it translocates along the 5 UTR (typically 40 to 1000
nucleotides) until it reaches the initiation codon. The identification of the initiation site is
aided by a consensus sequence 5 nucleotides in length immediately upstream of the start
codon. Once the small subunit halts, it is joined by the large subunit (Kozak, 1983;
Kozak, 1978). In contrast to the higher eukaryotes, most Giardia transcripts have a very
short 5"UTR (one to six nucleotides). Perhaps the very compact nature of the genome has
prevented the general use of longer 5° UTRs, since many of the intergenic regions are
less than 100 base-pairs in length (Adam, 2000) and can be as short as 8 to 10 bp. These
short intergenic regions may also add constraints to the regulation of transcription, such
as the organization of the promoter regions. Eukaryotic polymerase II promoters are
highly conserved and consist of three short sequences centered at 30, 75 and 90 bases

upstream of the transcription start site, called the TATA box, CAAT box and the GC box
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respectively (Zawel and Reinberg, 1993). In contrast to these eukaryotic RNAP II
promoters, the promoters for protein coding genes in G. lamblia are located very close to
the beginning of the open reading frames, and consist of an AT-rich consensus region of
9 nucleotides at the transcription start site, a second region 20 to 35 nucleotides upstream
of the start site and a third hexamer consensus at 40 to 70 bases upstream of the start site
(Holberton and Marshall, 1995; Sun and Tai, 1999). The vsp genes differ from other
Giardia genes in that they do not have the consensus RNAP II promoter. These
differences in the G. lamblia suggest that binding of the translational machinery and
recognition of the initiation codon may be more simplified in G. lamblia. In view of these
unique features of the transcription and translation of protein coding genes of G. lamblia,
a better understanding of G. lamblia RNA Polymerase I (RNAP II) may be of special
interest.

1.123 The eukaryotic RNAP II - All of the known subunits of the RNAP 11
holoenzyme have been characterized in Homo sapiens, Arabidopsis thaliana,
Saccharomyces cerevisiae and Schizosaccharomyces pombe. The holoenzyme contains
12 subunits (Rpb1 through Rpb12) in each of these organisms (Kimura et al., 2001;
Ishihama et al., 1998; Sakurai et al., 1999; McKune et al., 1995; Sakurai and Ishihama,
1997, Woychik and Young, 1990). Rpbl, Rpb2, Rpb3, Rpb4, Rpb7, Rpb9 and Rpbl 1 are
unique to RNA polymerase I, while RpbS, Rpb6, Rpb8, Rpbl10 and Rpb12 are shared
among the three nuclear RNA polymerases (RNA Polymerases I, II, and III). All the
subunits except Rpb4 and Rpb9 are essential in S. cerevisiae. Rpbl, Rpb2, Rpb3 and

Rpbl11 form the core of RNA polymerase I and are similar to the §°, §, and 2o subunits
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of the E. coli RNA polymerase respectively (Kimura et al., 1997). Rpb/ and Rpb2
together bind DNA and form the catalytic site of the enzyme. Rpb2 has a nucleotide-
binding site where the nucleotide is held at the correct position to be added to the
growing RNA chain (Cramer et al., 2000). Rpb3 and Rpbl1 nucleate the assembly of the
core enzyme and hold the core enzyme as a tight complex. The core enzyme is therefore
the engine of the enzyme and does the function of RNA chain elongation.

Catalytic site (RpbI and Rpb2) - Rpb1 and Rpb2 constitute about 70% of the
volume of the enzyme and form distinct masses with a deep cleft between them (Fig 1.1
and Fig 1.2) (Cramer et al., 2000). Each of the other subunits occurs in single copy,
arrayed around the periphery. The structure is cross-strutted by elements of Rpb] and
Rpb2 that traverse the cleft. The active site of the enzyme is marked by the presence of
two Mg”" ions designated A and B. Metal ion A coordinates the 3°-OH group at the
growing end of the RNA and the a.-phosphate of the substrate nucleotide triphosphate
(NTP), while metal ion B enters along with the NTP and coordinates all the three
phosphate groups of NTP (Cramer et al., 2001). Metal ion A is held in position by the
aspartate side chains of an absolutely conserved motif “NADFDGD” which occurs
between positions 470 to 500 of Rpb1 (Zaychikov et al., 1996) and forms a prominent
loop (Cramer et al., 2000). These side chains form a complex with the active site
magnesium ion. About 20 base pairs of DNA are accommodated between the active site
and the edge of the enzyme, in the cleft formed by the two subunits, sandwiched between

the two masses of protein that act like jaws.



Fig 1.1 Structure of RNAP 1l of §. cerevisiae (Cramer et al., 2000)

A. Top view of the X-ray crystal structure of RNA Polymerase II of S. cerevisiae at 2.8 a& resolution.

B. Cartoon showing the interaction between the different Rpb subunits

20



Fig 1.2 Architecture of RNAP Il of §. cerevisiae (Cramer et al., 2000)

A, Top view of & space fill model showing the structural components of the enzyme. B. Cartoon of the side
cutaway view showing the pore through which nucleotides enter the active site,
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The pore through which the nucleotides gain entry to the active site consists of a
conserved motif PxIxKPxxL WxGKQ (where X is any amino acid), which is essential for
the interaction of Rpbl with Rpb8 (Briand et al., 2001).

The C-terminal domain (CTD) of most Rpb I orthologs consist of heptapeptide
repeats with the consensus YSTPSTS. The CTD is required for enhancer driven
transcription in Mus musculus (Gerber et al., 1995). This domain also recruits factors
involved in co-transcriptional processes like 5 capping, splicing and transcription
termination. The hydroxyl side chains of the CTD are hyperphosphorylated during
elongation and hypophosphorylated during initiation of transcription. Most protists lack
regular repeats but have a frequent occurrence of hydroxyl containing amino acids in this
domain (Dacks et al., 2002).

Assembly subcomplex (Rpb3, Rpbl1, Rpb10, Rpb12) - Rpb3 and Rpb1] form a
heterodimer and nucleate the assembly of the holoenzyme (Kimura et al., 1997). Rpb3
then also binds to Rpb]0 and Rpb12 to form the entire assembly subcomplex. Rpbi0)
probably acts as a scaffold protein as it contains three bundled a-helices stabilized by a
zine ion (Mackereth et al., 2000). Rpb11 links the subcomplex to the Rpb! lobe while
Rpb12 and Rpbl10 link it to the Rpb2 lobe by direct interaction (Fig 1.1 and Fig 1.2).

The Jaws (Rpb5 and Rpb9 - Rpb5 and Rpb9 (along with some regions of RpblI)
flank the RpbI-Rpb2 cleft and position the downstream DNA. The lower jaw (by
convention) is formed by regions of RpbI and Rpb5 and crosslinked to one side of the
DNA (Fig 1.1 and Fig 1.2) (Cramer et al., 2000). Two proline residues in RpbS5 contact

the backbone of DNA in the cleft. Also, RpbS interacts with the transcription factor
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TFIIB and acts as a communicating subunit for regulatory functions (Miyao and
Woychik, 1998). The other jaw is formed by Rpb9. The opening and closing of the
enzyme is possible because of the mobility of these jaws. RpbS5 is also known to bind to
three proteins which play a role in transcriptional activation, TFIIB, HBx and TAF;168
(Miyao and Woychik, 1998). This observation is consistent with RpbJ5 being positioned
in the complex such that it is exposed and accessible for interaction with other proteins.
Although rpb3 is a component of all three nuclear polymerases, the above mentioned
proteins with which it interacts are specifically involved in RNAP II transcription. The
function of RpbS5 in RNAPI and RNAP 11 is not clear.

The upper jaw of the RNAP 11 is formed by Rpb9 and regions of RpbI (Fig 1.1
and Fig 1.2). Rpb9 consists of two zinc binding domains separated by a 15 residue linker
(Cramer et al., 2000). A stretch in the linker region adds a beta strand to the sheet in the
Rpb1 region of the jaw, possibly constraining the mobility of the jaw and strengthening
its grip on DNA. Mutations in Rpb9 alter location of the transcription start site, which is
thought to be due to loss of grip on the DNA that is immediately upstream of the
transcription active site (Hull et al., 1995).

The Clamp (Rpb6) - Another mobile element in the enzyme is a hinged domain
which has been suggested to clamp the DNA to the cleft. This clamp is thought to be
formed by the N-terminal region of RpbI, Rpb6 and the C-terminal region of Rpb2. The
part of the clamp that is formed by Rpb6 consists of about 42 residues of which 17 are
negatively charged. These acidic residues become phosphorylated and dephosphorylated

and appear to play a role in transcriptional regulation. This subunit transduces
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phosphorylation-coupled regulatory signals to the transcriptional process (Kayukawa et
al., 1999)

Activators of transcription initiation (Rpb7 and Rpb4) - Rpb7 and Rpb4 form a
heterodimer which is present in sub-stoichiometric levels in RNAP II (Choder and
Young, 1993; Khazak et al., 1995). It has been proposed that binding of Rpb7 to the
nascent transcript may enhance the conformational changes triggered by the presence of
the DNA-RNA hybrid. Rpb4 stabilizes the conformation of Rpb7 that binds to core
enzyme and therefore enhances its activity. Rpb4 is dispensable in S. cerevisiae during
optimal growth conditions, partially through overexpression of Rpb7.

OB-fold (Rpb8) - The OB-fold (oligonucleotide binding) is present in proteins
that bind to single stranded nucleic acids. The solution structure of Rpb8& has revealed the
presence of an OB-fold (Krapp et al., 1998), but its role in RNA polymerase function is
not clear. A conserved motif GGLLM at position 119 in the yeast RpbS is essential for
binding to Rpb!I pore motif (PxIxKPxxLWxGKQ). However the exact function of Rpb8

is not known.

1.124 Amanitin sensitivity of RNAP II - a-amanitin, a mushroom-derived cyclic
octapeptide, inhibits RNAP II of most eukaryotes by interacting with Rpb 1. The typical
eukaryotic RNAP II is 50% inhibited by 2 to 20 pg/ml of amanitin whereas RNAP 1 is
resistant and RNAP III is 50% inhibited by 250 pg/ml (Vanacova et al., 2001). One can
therefore determine the enzyme that carries out transcription of a given gene by means of

nuclear run-on assays in the presence of amanitin. Trichomonas vaginalis and Entamoeba
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histolytica are exceptions to this rule (Quon et al., 1996). T. vaginalis RNAP Il is 50%
inhibited only at 250 pg/ml amanitin while . histolytica RNAP 1I is resistant even up to
1 mg/ml amanitin (Lioutas and Tannich, 1995).

Mode of action ~ By using o.-amanitin — RNA polymerase II cocrystals at 2.8R
resolution (Fig 1.3) (Cramer et al., 2001), it has been shown that amanitin contacts
residues in two helices in the RpbI molecule, the bridge helix (residues 810 to 825 in S.
cerevisiae) and the funnel helix or amanitin motif (residues 719 through 779). The bridge
helix traverses the cleft in RNAP II. Its residues directly contact the DNA base that is
paired with the first base in the RNA strand while the funnel helix lines a funnel shaped
cavity through which nucleotides gain access to the active site. Bartolomei et al have
described six point mutations in the amanitin motif that confer amanitin resistance in
various eukaryotes (Bartolomei and Corden, 1995).

The “bridge helix”- The movement of the bridge helix is important for the
translocation of RNAP II on DNA, and binding of amanitin to the bridge helix imposes a
constraint on its movement, hampering the translocation of the polymerase on DNA. X-
ray cocrystals showed a very strong hydrogen bond between glutamate residue 822 of the
bridge helix and amanitin (Cramer et al., 2001).

The “amanitin motif”’- The amanitin-RNAP II co-crystals show potential
hydrogen bonds (of lengths 3 and 3.3 /3\) between amanitin and amino acid residues
arginine and asparagine that lie in the funnel helix (Fig 1.3 B) (Cramer et al., 2001).

Mutations in these positions correspond to the mouse R749P / Drosophila R741H and



mouse N792D mutations that are associated with amanitin resistance (Bartolomei and

Corden, 1995).

AH755 Phe

AT27 Asp

Amanitin motif

Fig 1.3 Binding of amanitin to RNAP I (Cramer et al., 2001)

A. X-ray crystal structure of amanitin binding to RNAP I The bridge helix and amanitin motif are
indicated. Amanitin is represented in red color. B. Diagram showing the interaction between amino acid

side chains of amanitin and the two helices of Rpb /.
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Four additional mutations in the amanitin motif associated with amanitin resistance,
have been described by Bartolomei et al. These include the C777Y mutation in C.

elegans, R7T49P in M. musculus, 1779F in M. musculus and G785E in C. elegans.

1.13 Antigenic variation in G. lamblia.

1.131 Variant specific surface proteins of G. lamblia - Giardia trophozoites
exhibit antigenic variation in vitro and in vivo, of a cysteine-rich immunodominant
protein, which is expressed in large quantities on the surface of the trophozoite (Adam et
al., 1988a; Aggarwal and Nash, 1988; Nash et al., 1988). These proteins belong to a
family of 150-300 variant-specific surface protein (vsp) genes. Other terms which have
been used in literature for the VSPs include cysteine-rich protein (CRP), trophozoite
surface protein (TSP), and trophozoite surface antigen (TSA). All of the vsp genes
sequenced to date have approximately 12% cysteine content of the encoded protein and
frequent CXXC motifs. Although purified VSPs do not have free thiol groups,
trophozoite surfaces contain thiol groups which might be contributed by these cysteine
residues (Gillin et al., 1984). They may protect trophozoites in an oxygenated
environment.

After synthesis, the V'SPs are transported through the ER to the membrane, where
they diffusely coat the membrane. The N-terminal amino-acid sequence presumably
encodes a signal peptide from which approximately 14 to 17 amino acids are cleaved to
produce secreted protein (Lujan et al., 1995; Aley and Gillin, 1993). With the exception

of the CXXC motifs, the N-termini of VSPs are variable but the deduced 36-38 C-
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terminal amino acids are nearly identical for all the vsp genes that have been sequenced
(Mowatt et al., 1991; Adam et al., 1992). The degree of identity in this region is greater
than 95%. Each vsp gene reported to date ends with the amino acid motif CRGKA. The
high conservation of the C-terminus suggests an important function for this domain.
Certain VSPs have been shown to be glycosylated and palmitoylated (Hiltpold et al.,
2000). The glycosylation is O-linked and the lipid is likely to be attached to the protein
by a thioester linkage in the C-terminal region suggesting that it might act as a
membrane-anchor domain (Papanastasiou et al., 1997).

1.132 vsp gene families - The remainder of the gene (excluding the conserved C-
terminus) shows variability among the vsp genes. The variable region of some vsp genes
consist of tandem repeats (Adam et al., 1988a; Adam, 2001; Yang and Adam, 1995b)
while most of the vsp genes do not have repeats. The degree of similarity between
different vsp genes varies from complete duplication to a nearby chromosomal location
(vspl267)(Mowatt et al., 1991) to lesser levels of identity throughout the entire coding
region followed by regions of greater divergence (Yang and Adam, 1995a). For example,
there is greater than 90% identity in the nonrepeat regions of the vspA46 and vspA6-SI
(Yang and Adam, 1995b) as well as crpl36 and crp65 genes (Chen et al., 1996). These
examples suggest that the vsp gene repertoire has been expanded by gene duplication and
divergence.

There are at least two genes that are closely related to the vspC5 gene in sequence
but are present at different loci, vspC35-SI and vspC35-S2. All three of these have nearly

identical 5° regions (Yang and Adam, 1995a). In the first 160 nucleotides upstream of the
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start codon, the vspC5-SI and vspCS5-S2 gene sequences are very similar to that of the
vspC5 gene. Further upstream they diverge from the vspC5 gene but similarity between
the vspC5-S1 and vspC3-S2 genes extends to at least 253 base pairs upstream of the start-
site. However vspC5-SI and vspC5-S2 do not contain the 105 bp tandem repeat found in
vspCS5. This example of near identity followed by abrupt divergence suggests the
possibility of recombination events contributing to the expansion of the vsp gene
repertoire.

1.133 Genomic organization of vsp genes - The coding regions of the vsp genes
occupy over 2% of the Giardia genome. They are present on all the chromosomes and are
reasonably dispersed throughout the genome. There appears to be some clustering of vsp
genes as demonstrated by the proximity of the two identical copies of the vspl267 gene
(Mowatt et al., 1991) and the proximity of vsp genes on some cosmid clones (Adam
unpublished data).

Current data indicate that most of the vsp genes are not telomere associated (Yang
and Adam, 1995a; Yang and Adam, 1994; Yang and Adam, 1995b). Also, the vspA46
gene is not found in the 150 and 240 Kb telomeric Notl fragments of chromosome 4
(Yang and Adam, 1994).

1.134 Antigenic variation and control of vsp gene expression - Individual
trophozoites express only a single V'SP on their surface. Antigenic variation occurs when
trophozoites switch expression from one vsp gene to another. Trophozoites go through a
transient phase at the time of switching, during which they express two VSPs (Nash et al.,

2001).
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Variants expressing a single V'SP have been cloned by limiting dilution. Variation
oceurs slowly enough that populations with reasonably pure V'SP types can be maintained
in culture after cloning, but is rapid enough that populations must be followed
periodically for purity. The spontaneous switch from one antigen to another has been
estimated to happen once every 6 to 13 generations (Nash et al., 1990).

1.135 Transcriptional control - Northern blots with RNA extracted from these
cloned variants revealed detectable steady-state transcripts of only the expressed vsp
gene, suggesting that the control of vsp gene expression is probably at the transcriptional
level. However, this observation did not rule out the possibility of post-transcriptional
control of gene expression that might involve RNA stability or transport of transcripts
from the nucleus to the cytoplasm.

1.136 Antigenic switch is not associated with DNA rearrangements or
sequence alterations - The initial description of antigenic variation of vspA6 (CRP170)
showed significant genomic rearrangements involving the vspA6 gene locus that did not
correlate with the presence or absence of vspA6 expression (Adam et al., 1988a).
However, the variability seen on Southern blots was subsequently determined to be due
to variability in copy number of a 195 bp tandem repeat in the vspA46 gene (Yang and
Adam, 1994). The expressed copy of vspA6 was lost in a variant known as WB1269
which was derived from WBAG6 (Adam et al., 1992). Subsequent data showed that this
lost copy was one of the three or four alleles of this gene. (In this presumably asexual
organism, the term allele simply refers to nearly identical genes that physically map to

the same locus).
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vsp genes have been sequenced from the variants in which they are expressed and
from variants in which they are not expressed. No sequence changes have been reported
within the ORFs or in the nearby flanking 5° and 3" regions (Yang and Adam, 1994,
Yang et al., 1994). In contrast to antigenic variation in African trypanosomes, there
appears to be no requirement for proximity to a telomere for vsp gene expression.

1.137 Allele specific expression - In the case of the vspA6 gene there are at least
three different alleles containing either 8, 9, or 23 copies of a 195 bp repeat (Yang and
Adam, 1994). These alleles also differ in the presence or absence of 3 nucleotide
substitutions in the first copy of the repeat, and the presence or absence of 5 nucleotide
substitutions in the region 3" of the repeat (Yang and Adam, 1994). Northern blots as
well direct RNA sequencing revealed the expression of only the allele with 23 copies of
the repeat in WBAG trophozoites. Similarly, the vspC5 gene, which is expressed in
WBCS5 trophozoites, consists of a 72 bp 5" region followed by 26 copies of a 105 bp
tandem repeat and a 135 bp 3" region. Four alleles of the vspCJ5 gene which have
identical flanking sequences but different number of repeats (17, 20, 21 or 26 copies of
the 105 bp repeat) have been identified (Yang et al., 1994). Again, only one of the four
alleles is expressed as shown by Northern blots. None of these changes in repeat copy
number result in rearrangements that change the sequence of the reading or

rearrangement of the vsp gene with respect to the remainder of the genome.
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1.2 Specific Aims

1.21 Characterization of G. lamblia RNA Polymerase Il - G. lamblia is
arguably the earliest diverging eukaryote and exhibits unique properties in protein coding
transcription as discussed above. A characterization of the genes encoding the subunits of
RNAP 1l in G. lamblia is therefore of interest. In eukaryotes, transcription of protein
coding genes is carried out by RNAP I, which is sensitive to alpha-amanitin. However
there are a few exceptions. In Trypanosoma brucei, the vsg genes that encode variant
surface glycoproteins are transcribed by RNAP I and are therefore transcribed in an
amanitin resistant manner (Gunzl A 1999). RNAP Il in Entamoeba histolytica and
Trichomonas vaginalis are resistant to 1 mg/ml and 250 pg/ml concentrations of amanitin
respectively. In G. lamblia, the vsp genes that encode variant-specific surface proteins,
lack the typical RNAP II promoter. It is therefore of special interest to determine the
amanitin sensitivity of the three nuclear RNA polymerases as well as vsp gene

transcription in G. lamblia.

1.22 Transcriptional analysis of expressed and non-expressed vsp genes -
Nuclear run-on assays will be performed in order to determine the level of transcription
of expressed as well as non-expressed genes. Probes used in the run-on assays will be
designed in order to detect sense and antisense transcription at expressed and non-
expressed vsp loci. These probes will be selected such that they are unique to a single vsp

gene or gene family.



33

1.23 vsp promoter analysis - vsp genes do not contain the consensus promoter
elements that are found in the other protein coding genes. Multiple sequence alignment of
the upstream sequences of vsp genes using the web tools MEME (Multiple Expectation
Maximizations and Motif Elicitation tool) and PROMOTER SCAN did not yield any
putative promoter candidates. Different lengths of the upstream regions of the vsp(CJ and
vspA6 genes will be evaluated for promoter activity using a luciferase reporter in
transient transfection assays. Single and double stranded oligonucleotides from regions
that display promoter activity will be assayed for their ability to bind to nuclear proteins
using electrophoretic mobility shift assays (EMSAs). In addition, transient transfection
assays using a vsp promoter will be carried out in a variant that expresses the vsp as well
as one that does not. This is in order to test whether vsp promoter activity is variant-

dependent.
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CHAPTER 2

CHARACTERIZATION OF G. lamblia RNA POLYMERASE II

2.1 MATERIALS AND METHODS

2.11 Source and cultivation of organisms—G. lamblia trophozoites were grown in
modified TYI-S-33 as previously described (Keister, 1983). The WB (Smith et al., 1982)
and ISR isolates (Nash et al., 1985) have been described previously, as has the E11
cloned line of the ISR isolate (ISRE11) (Adam et al., 1988b). The YRP-840 strain of S.
cerevisiae (Hatfield et al., 1996) was grown in YPD medium (1% yeast extract, 2%

Bactopeptone, 2% dextrose) to obtain 5x10%cells.

2.12 Identification of G. lamblia rpb genes—In order to identify the Rpb subunits of
Giardia, the protein sequences of the S. pombe rpb genes were used as a query in a
TBLASTN search against the Giardia lamblia project database (www.mbl.edvw/Giardia).
We then analyzed the contigs containing the putative rpb genes. Since introns are rare in
Giardia (one has been identified in the 2Fe2S Ferredoxin gene; (Nixon et al., 2002)), the
ORFs of the primary genomic sequences were used for analysis. Each putative rpb ORF
was translated and used as a query in a BLASTP search against the NR database to
confirm whether it was the ortholog of the given gene. The contigs in the genome

database were analyzed to determine whether bidirectional sequences were available.
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Where they were not available, primer walking was used to obtain complete bidirectional
sequences.

The G. lamblia rpb7 gene was not detected in the genome database by a standard
BLAST search using the S. pombe ortholog. However, we were able to identify it by
using the consensus sequences of two conserved motifs identified by using a MEME
alignment of the Rpb7 amino acid sequences of several different organisms as a query in

a TBLASTN search.

2.13 Probes for the rpb ORFs—TFor each rpb gene, probes were hybridized to
chromosomal DNA separated by PFGE to determine chromosomal location, genomic
restriction fragment blots were done to determine copy number, and RNA blots done to
determine approximate transcript lengths. We have not described any probes for the
genes rpb4 and rpb9 since these genes were not found in the G. lamblia genome. For the
three largest subunits, namely Rpbl, Rpb2 and Rpb3, plasmid clones from the genome
project (MJ3673, NJ2874 and KJ2040) were used as probes since their inserts lie entirely
within the ORFs. In the case of rpb3, the plasmid clone KJ2040 was used for PFGE
hybridizations while an antisense oligo (described below) was used to probe genomic
restriction fragment and RNA blots. PCR products amplified from genomic DNA, using
the following primers, were used as probes for the following »pb ORFs. The number

indicated in the brackets refers to the size of the amplified product.

TACCAACAGTCTCCGACG and GTCTACGGAACGGCAGAG for rpb5a (651),
ATGGACTCACTTGCGCTG and AGAGATGTTTCCCCGCAC for rpb5h (586),

GCCCTTGATCGTGGAAAG and GTAACTCGCTGAGCTTCC for rpb6 (283),
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CTTCCACATTGAGGCCAC and CCCCCCTATTGATGTTTC for rpb7 (382),
ATCATCCCTGTTCGGTGC and TTACTTCTGCTCCGCCGC for rpbl0 (241),

CGGATCGGTACAARBACAC and GTGGGTGTGCATGATACT for rpbll (356) and

GGGARBATCAGCCTGTCG and GATTAGGGTTTGTGTTGC for rpbl2 (96). Single stranded
antisense oligonucleotide probes were used for 7pb3 (5’GGGAGCCTTTCARATTCATCGCAC)

and rpb8 (5" GCATAATCTAAGTCTGGGTAGGCE).

2.14 Identification of the G. lamblia leucyl tRNA gene—The BLAST annotation of
the Giardia genome sequences identified a putative leucyl tRNA. The G. lamblia
sequence was aligned with the C. elegans leucyl tRNA sequence using LALIGN (Huang
et al., 1991), using a +5/-4 scoring matrix with gap and extension penalties of -12 and —4
respectively. An oligonucleotide with the sequence complementary to the identified gene
(5'GCCAGCTGTGGGGTTCGAACCCACGCGGTCTTGCAACCAATGGGACTTGAATCCATCGCCTTAACCACT

CGGCCABACTGGC) was used to probe northern blots as well as run-on transcripts.

2.15 Electrophoresis and hybridization of nucleic acids—Total chromosomal
DNA was prepared and separated by pulse-field gel electrophoresis (PFGE), using the
ISR E11 isolate to identify chromosomal locations because chromosomes 1 and 2 of this
isolate can be readily distinguished (Adam et al., 1988b). Restriction enzyme digestion
and agarose gel electrophoresis of DNA were performed by standard methods. DNA was
transferred to a nylon membrane by alkaline transfer in 0.4 M NaOH. RNA was separated
on a formaldehyde gel and transferred to nylon in 10 x SSC. Double stranded DNA

probes were labeled by random priming, and unincorporated nucleotides were removed
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by Sephadex G-50 spun column chromatography. Hybridization to DNA was performed
in 5 x SSC at 50 °C and hybridization to RNA in 5 x SSC and 50% formamide at 37 °C.
Oligonucleotide probes were end labeled with y-P32 ATP and T4 polynucleotide kinase
and purified using a G-25 column. Hybridization was carried out in 6 x SSC and washing

was done in 1 x SSC at 50 °C.

2.16 RT-PCR analysis—RT-PCR was performed using the primers rpb12A
(GGGAAAATCAGCCTGTCG) and rpb12B (GATTAGGGTTTGTGTTGC). The EZ
rTth RNA PCR Kit (Applied Biosystems, Foster City, CA) was used to amplify a 96 bp
product within the rpb/2 ORF. Procedures were followed as suggested by the

manufacturer, except that a 50 °C annealing temperature was used instead of 60 °C.

2.17 Nuclear run-on assays—G. lamblia nuclear run-on assays were performed as
previously described for Trypanosoma brucei (Ullu and Tschudi, 1990) and G. lamblia
(Yee et al., 2000), with minor modifications. Trophozoite cultures were harvested in late
log phase by centrifugation at 1200 x g and washed twice in PBS. The pellets were re-
suspended in Buffer A (150 mM Sucrose, 20 mM KCI, 3 mM MgC12, 20 mM HEPES, 1
mM dTT, 10 pg/ml Leupeptin (Sigma-Aldrich, St Louis, MO, USA) to a density of 6x10°
cells/ml in 400 pl aliquots. Palmitoy! lysophosphatidylcholine (lysolecithin) was added to
a concentration of 500 pg/ml and chilled on ice for one minute. Two volumes of Buffer A
at room temperature were added and the trophozoites were then recovered by

centrifugation as described before. The pellets were washed twice in Buffer A and
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resuspended in 100 ul of the run-on cocktail (50 mM Tris-HCI pH 7.9, 100 mM KCl, 5
mM MgCl, 1 mM MnCl, 2 mM DTT, 4 mM ATP, 2 mM GTP, 2 mM CTP, 100 uCi 2p
UTP), 1 U/ul RNasin (Promega, Madison, W1, USA), 10 mM phosphocreatine and 1.2
pg/ul creatine kinase). In the amanitin experiments, amanitin was added at concentrations
of 0, 50, 250 or 1000 pg/ml. The reaction was carried out for 1 hour at room temperature
and stopped by adding DNase I (0.2 mg/ml) and proteinase K (25 mg/ml) followed by
incubation at 55 °C for 30 minutes. Radiolabeled RNA was extracted from the cells using
the DNA/RNA kit procedure for RNA extraction (Qiagen, Valencia, CA, USA). DNA
probes used for nuclear run-on assays were denatured and slot blotted onto 0.45 uM
Supercharge Nytran membranes (Schleicher and Schuell, Keene, NH, USA).

For the S. cerevisiae run-on assays, a log phase culture of S. cerevisiae was harvested
by centrifugation at 4600 x g. The pellet (3 x 107 cells) was washed with TMN buffer (10
mM Tris HCI pH 7.4, 100 mM NaCl, 5 mM MgCl,) and resuspended in 1ml of 0.5%
Sarkosyl. The suspension was placed on ice for 15 minutes and the cells recovered by
centrifugation at 4000 x g for 1 minute at 4°C. The pellet was resuspended in 100 pl of
run-on cocktail (50 mM Tris-HCl pH 7.9, 100 mM KCl, 5 mM MgCl, 1 mM MnCl, 2
mM DTT, 0.5 mM ATP, GTP, and CTP, 100 pCi **P UTP, 1 U/pl RNasin, 10 mM
phosphocreatine and 1.2 pg/pl creatine kinase). In the oi-amanitin control experiments, o-
amanitin (50 pg/ml) was added to the run-on cocktail (Tukey and Okino, 1991). The
reaction was carried out for 1 hour at room temperature and stopped by adding DNase 1
(0.2 mg/ml) and Proteinase K (25 mg/ml), followed by incubation at 55 °C for 10

minutes. RNA was then extracted from the run-on cocktail as for G. lamblia and
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hybridized to the slot blotted nucleic acid probes (discussed below) in 6 x SSC and 25%
formamide at 37 °C. The blots were washed in 1 x SSC at 50 °C. In the RNase A control
experiment, the extracted RNA was incubated at 37 °C in the presence of 1 mg/ml RNase

A for an hour prior to hybridization.

2.17 Probes used in nuclear run-on assays—A plasmid probe for ribosomal DNA in
Giardia was obtained from Tom Edlind (Edlind and Chakraborty, 1987). B-giardin
(Baker et al., 1988; Aggarwal et al., 1989) and vsp conserved region (Mowatt et al.,
1991) probes were amplified from genomic DNA using primers listed below. The vsp
conserved primers were based on the vspA6 (CRP170) (Adam et al., 1992) sequence. In
that region, all published vsp sequences demonstrate greater than 90% nucleotide
identity; thus, all vsp transcripts should hybridize to the probe (Mowatt et al., 1991) (our
unpublished data from MEME analysis of fourteen published vsp genes). The probes for
B-giardin (810 bp) (GI : X85958) and the vsp conserved region (93bp) (GI : M83933)
were obtained by means of PCR from genomic DNA using the primer sets
ATGTTCACCTCCACCCTTACG / GTGCTTTGTGACCATCGAGAG for B-giardin and

GGTGCCATCGCGGGGATCTCC / CGCCTTCCCTCTACA GATGAR for the vsp conserved region.

Custom made oligo 60mers,
GGCAAGCACGTCCCGCGCGCGGTCTTCGTTGACCTCGAGCCCACGGTCGTCGACGAGGTC and
GACCTCGTCGACGACCGTGGGCTCGAGGTCARCGAAGACCGCGCGCGGGACGTGCTTGCC, which are
the sense and antisense strands of the a2-tubulin gene were used as single strand DNA

probes. Probes for the S. cerevisiae genes were amplified from genomic DNA using the
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primers GGTTGATCCTGCCAGTAGTCATATG and GACTTGCCCTCCAATTGTTCCTCG for 185
rRNA (783bp product) (Rubtsov et al., 1980), ATATCACGGCCATGACGATATCCAG and

GGCATCARACATTTGCTGTG for B-tubulin (531bp product) GI : V01296, and

CGTTGTCGTTATCGGTCATGTCG and CGAATGGAACAGTCTTTGGGTTG for the EF-1 o gene (538

bp) GI : X00779.

2.18 MEME (Multiple Expectation maximizations and Motif Elicitation)
analysis—The Rpbl sequences of Mus musculus (GenBank U37500), Homo sapiens
(X63564), Caenorhabditis elegans (T29959), Drosophila melanogaster (P04052),
Arabidopsis thaliana (CAB81489), Helobdella stagnalis (AAA50227),
Schizosaccharomyces pombe (AL121795), Saccharomyces cerevisiae (X03128),
Aspergillus oryzae (AB017184), Plasmodium falciparum (NP_473294), Leishmania
major (AF009163), T. brucei (J03157), Mastigamoeba invertens (AF083338),
Bonnemaisonia hamifera (U90209), Trichomonas vaginalis (U20501), and G. lamblia,
and Rpc/ sequences of G. lamblia, S. cerevisiae and H. sapiens were entered in FASTA

format at the MEME website hitp://meme.sdsc.edu/meme/website/meme.html (Bailey

and Elkan, 1994). To restrict the alignment to the a.-amanitin-motif, the training
sequences included the a-amanitin motifs described for M. musculus, D. melanogaster,
C. elegans and S. cerevisiae (Bartolomei and Corden, 1995) The multiple sequence
alignment (MSA) of these orthologs was also done using Clustal W (Thompson et al.,

1994), which allows gaps to be introduced in the sequences. The results were identical to
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that of the MEME output within the amanitin motif. A similar procedure was followed in

order to obtain a block diagram of the bridge helix.

2.19 Multiple sequence alignments of Rpb orthologs — Amino acid sequences of
different Rpb orthologs were aligned using ClustalW (Thompson et al., 1994). The
BLOSUM 62 scoring matrix was use with gap and gap extension penalties of -12 and -2

respectively.

2.2 RESULTS

2.21 Identification of G. lamblia rpb genes—rpbl, rpb2, rpb3, rpb5, rpb6, rpb7,
rpb8, rpbl0, rpbl1 and rpbl2 were identified, including two isoforms of rpb5 (rpb5a and
rpb5b), but rpb4 and rpb9 were not found. The chromosomal location and approximate
transcript sizes are shown in Table 1. The rpb genes were distributed among all five
chromosomes. Analysis of each of the contigs containing the rpb genes indicated that
each rpb gene was present as a single copy. This conclusion was supported by restriction
digests (data not shown). As has been found for most G. lamblia genes because of the

short 57 and 3’UTRs, the transcripts of the rpb genes were approximately the same size as

the ORFs (Table 2.1).
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rpb Chromosome | S. pombe G. lamblia | G. lamblia G. lamblia
gene ORF (bp) ORF (bp) | transcript size | GenBank #
rpbl 5 5259 6231 6500 AF510651
rpb2 2 3633 3882 4000 AF510641
rpb3 2 1047 981 1000 AF510642
rpb5a 3 690 650 AF510643
633
rpb5h 5 606 700 AF510644
rpb6 4 429 315 430 AF510645
rpb7 3 516 450 500 AF510646
rpb8 1 378 453 470 AF510647
rpbl0 3 216 255 270 AF510648
rpbll 5 372 396 470 AF510649
rpbl2 2 192 165 2 AF510650

Table 2.1 List of 7pb genes identified in G. lamblia:

The rpb genes identified in G. lamblia using the Giardia genome database. The chromosomal location,
copy number in the genome, and transcript sizes were determined. *Transcription of rph12 was confirmed
by RT-PCR, so the transcript size was not determined.

Catalytic site (Rpbl and Rpb2)—Rpbl and Rpb2 constitute the major bulk of the
RNAP II enzyme and form the two lobes flanking the cleft through which the DNA gains
entry to the active site. The active site of the enzyme is marked by the presence of two

Mg2+ ions designated A and B. Metal ion A coordinates the 3’-OH group at the growing
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end of the RNA and the a-phosphate of the substrate nucleotide triphosphate (NTP),
while metal ion B enters along with the NTP and coordinates all the three phosphate
groups of NTP (Cramer et al., 2001).

G. lamblia Rpb1 demonstrates 32% identity and 50% similarity to the S. cerevisiae
ortholog (inferred from a BLASTp search at http:/www.ncbi.nih.gov/BLAST/). The
metal ion A is coordinated by three alternating aspartate residue side chains present in an
absolutely conserved motif “NADFDGD?”, at position 479 through 485 in S. cerevisiae
Rpbl (Zaychikov et al., 1996; Cramer et al., 2001) . This motif is found at position 496 to
502 of the G. lamblia Rpb1. NTPs gain entry through a pore (known as porel) in RNAP
I beneath the active site. The pore module has a conserved motif PxIxKPxxLWxGKQ
(where X is any amino acid), which is essential for the interaction of RpbI with Rpb8&
(Briand et al., 2001). The corresponding sequence in G. lamblia Rpbl is
PxIxYPxxRWxGKQ beginning at position 689 (Alignment 1 in Appendix B). The
Giardia sequence differs from the eukaryotic consensus at the two underlined positions.

The C-terminal domain (CTD) of most RpbI orthologs consist of heptapeptide
repeats with the consensus YSTPSTS. The CTD is required for enhancer driven
transcription. This domain also recruits factors involved in co-transcriptional processes,
such as 5" capping, splicing and transcription termination. The hydroxyl side chains of
the CTD are hyperphosphorylated during elongation and hypophosphorylated during
initiation of transcription. Most protists including G. lamblia lack regular repeats but

have a frequent occurrence of hydroxyl containing amino acids in this domain (Table

2.2).
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Organism Length of Frequency of Regular
CTD! SHT+Y+P (%) repeat
M. musculus 381 90.82 Yes
H. sapiens 405 89.63 Yes
C. elegans 298 80.53 Yes
D. melanogaster 356 73.88 Yes
A. thaliana 310 82.90 Yes
S. pombe 223 93.32 Yes
S. cerevisiae 197 86.44 Yes
A. oryzae 193 70.99 Yes
M. invertens 258 61.24 Yes
B. hamifera 199 55.28 No
P. falciparum 166 54.21 No
L. major 231 31.60 No
T. brucei 228 39.91 No
T, vaginalis 172 43.03 No
G. lamblia 253 35.57 No

Table 2.2. RpbI C-terminal domain:

This table represents the length of the C-terminal domain (CTD) in different Rpb! orthologs and the
combined frequency of serine, tyrosine, threonine and proline in the domain. The genes with regular
repeats have a higher percent of STYP residues (61-93%) than those lacking the regular repeat (32-55%).
However, even the orthologs that do not have a regular repeat have a frequency of these residues that is
greater than the background frequency of 21%. Complete genus names are provided in section 2.18.

"The amino acid length of the CTD is approximate, because there is no clear line of demarcation between
the domain and the rest of the protein and the STYP residues gradually increase in frequency.

Rpb2 of G. lamblia has 32% identity and 49% similarity to the S. cerevisize Rpb2. It
is conserved among eukaryotes through most of the sequence. The metal ion B at the
active site is held in correct position for the formation of the phosphodiester bond by

glutamate and aspartate residue side chains at positions 835 and 836 respectively in the
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yeast Rpb2 (Cramer et al., 2001; Cramer et al., 2000). These residues are conserved in all
eukaryotic Rpb2 orthologs and are present at positions 877 and 878 in the G. lamblia
ortholog.

Assembly subcomplex (Rpb3, Rpbl1, Rpb10, Rpb12)—Rpb3 and Rpb11 form a
heterodimer and nucleate the assembly of the holoenzyme. Rpb3 then also binds to Rpb 10
and Rpb12 thereby forming the entire assembly subcomplex. Rpb11 links the subcomplex
to the RpbI lobe while Rpb12 and Rpb10 link it to the Rpb2 lobe by direct interaction
(Fig 1.1). The G. lamblia Rpb3 is 28% identical and 41% similar to the ortholog in the
regions aligned by the BLASTP algorithm. Rpb11 of G. lamblia shows 25% identity and
47% similarity to the S. cerevisiae ortholog with the exception of an eight amino acid
insertion at position 81 in the G. lamblia Rpb11.

The G. lamblia Rpb10 ortholog demonstrates a high degree of similarity (75%) and
identity (52%) to the S. cerevisiae ortholog along most of the peptide. The region from
residues 3 to 55 of S. cerevisiae is conserved among species (Cramer et al., 2000) and
contains four conserved cysteine residues involved in coordinating the Zn ion (Mackereth
et al., 2000; Cramer et al., 2001), which are found at positions 9, 12, 53 and 54 in the G.
lamblia ortholog (Alignment 2 in Appendix B). An alignment of the G. lamblia and S.
cerevisiae Rpb12 orthologs demonstrated 28.6% identity and 67% similarity for the
region containing positions 12 to 53 of G. lamblia Rpb12 and S. cerevisiae positions 29
to 69.

The Jaws (Rpb5 and Rpb9)—Rpb5 and Rpb9 (along with some regions of RpbI)

flank the RpbI-Rpb2 cleft and position the downstream DNA. We identified two
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isoforms of RpbS, Rpb5a and Rpb5b using the TBLASTN function, with the S. pombe
RpbS5 as the query sequence. They are 229 and 201 amino acids long, respectively, and
are 43% identical at positions 136 through 229 of Rpb5a and 108 through 201 of Rpb5b,
while there is little similarity throughout remainder of the genes (Alignment 3 in
Appendix B). Both G. lamblia Rpb5 genes align with S. cerevisiae ortholog over nearly
the entire sequence and are 30% identical and 46% similar (RpbJSa), or 26% identical and
41% similar (Rpb5b) to the S. cerevisiae ortholog. Proline residues at positions 86 and
118 of S. cerevisiae Rpb5 contact the DNA backbone through non-specific van der Waals
interactions, which might favor a particular rotational setting for DNA while allowing its
helical screw rotation (Cramer et al., 2000). However, neither proline residue was found
in either of the G. lamblia Rpb5 sequences. We were unable to identify an Rpb9 ortholog
in G. lamblia.

The Clamp (Rpb6)—Rpb6 forms a massive clamp (along with some regions of Rpbh/
and Rpb2) that swings over the cleft (from the Rpb! lobe) during formation of the
transcribing complex, trapping the template and transcript. It is thought to restrain the
nucleic acids in that area and prevent the enzyme from dissociating from the DNA during
elongation, thereby increasing the processivity (Cramer et al., 2000; Cramer et al., 2001).
The Giardia Rpb6 is 52% identical and 68% similar to the S. cerevisiae ortholog, but
shorter by 41 amino acids at the N-terminus.

Activators of transcription initiation (Rpb7 and Rpb4)—Rpb7 and Rpb4 form a
heterodimer which is present in sub-stoichiometric levels in RNAP I (Choder and

Young, 1993; Khazak et al., 1995). It has been proposed that binding of Rpb7 to the
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nascent transcript may enhance the conformational changes triggered by the presence of
the DNA-RNA hybrid. The Giardia Rpb7 is 149 amino acids long and is 45% similar to
S. cerevisiae in the N- terminal 100 amino acids, beyond which the sequences are highly
divergent.

Rpb4 is dispensable during optimal growth conditions in S. cerevisiae, partially
through overexpression of Rpb7. We did not detect an rpb4 ortholog.

OB-fold (Rph8)—The OB-fold (oligonucleotide binding) is present in proteins that
bind to single stranded nucleic acids. The solution structure of Rpb8 has revealed the
presence of an OB-fold (Krapp et al., 1998), but its role in RNA polymerase function is
not clear. A conserved motif GGLLM at position 119 in the yeast Rpb§ is essential for
binding to Rpbl pore motif (PxIxKPxxLWxGKQ in yeast; PxIXYPxxRWxGKQ in
Giardia) (Briand et al., 2001) (alignment 4 in Appendix B). It 1s replaced by GGLIA at
position 120 in the G. lamblia ortholog. The Rpb8 sequence showed 31% identity and

62% similarity with the S. cerevisiae ortholog along the entire length of the polypeptide.

2.22 Amanitin resistance in G. lamblia—o-amanitin, a mushroom-derived cyclic
octapeptide, inhibits RNAP II of most eukaryotes by interacting with Rpbl. However,
RNAP II transcription is amanitin resistant in 7. vaginalis and E. histolytica. Therefore,
we conducted nuclear run-on assays to study the transcription of protein coding genes in
G. lamblia trophozoites using housekeeping genes that have previously been

characterized. The cytoskeletal gene, o2-tubulin, is highly expressed in trophozoites

(Elmendorf et al., 2001b). B-giardin is a cytoskeletal protein that is unique to G. lamblia
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and is found in the ventral disk that mediates attachment to the intestinal wall (Crossley
and Holberton, 1983; Baker et al., 1988; Aggarwal et al., 1989). Both have upstream
flanking regions that fit the consensus for promoters of G. lamblia protein coding genes
(Elmendorf et al., 2001b; Holberton and Marshall, 1995), and transcripts for each of the
genes have polyadenylated tails. Thus, we would expect both of these genes to be
transcribed by RNAP I1. The vsp gene transcripts also have polyadenylated tails and the
short 5° untranslated regions that are typical of G. lamblia genes, and are most likely
transcribed by RNAP II. However, vsp genes do not have the typical G. lamblia promoter
regions. The vsp genes that have been characterized demonstrate at least 90% identity in
the 110 bp 3’ region, so any vsp gene transcript should hybridize to this region ((Mowatt
et al., 1991); our unpublished data from MEME analysis of fourteen known vsp genes).
In order to evaluate the susceptibility of transcription of these genes to o.-amanitin,
run-on experiments were performed using these genes as probes to detect the appropriate
transcription product. Frequent antisense transcripts for a variety of genes have been
reported in G. lamblia (Elmendorf et al., 2001a; Knodler et al., 1999). Therefore,
complementary 60-mer antisense and sense oligonucleotides for the tubulin gene were
used to distinguish between sense and antisense transcripts in the run-on product, A
strong signal was obtained with the antisense probe and no signal (Fig 2.1A) with the
sense probe, indicating that the level of antisense transcription for the tubulin gene is
below the level of detection. In the RNase A control experiment, the run-on extract was

treated with RNase A prior to hybridization and no signal was obtained (data not shown).
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The typical eukaryotic RNAP II is 50% inhibited at 2 to 20 pg/ml of amanitin, but
with G. lamblia, we observed no inhibition in the presence of 50 pg/ml of amanitin with
the tubulin, giardin, or the vsp conserved region probes (Fig 1.1A). The rRNA gene was
used as a control for the amanitin treatment, and as expected, no effect was found at a
concentration of 50 pg/ml. In contrast to the amanitin-resistance of Giardia RNAP 11,
transcription of the S. cerevisiae EF1-o and tubulin genes was almost totally inhibited by
amanitin, while rRNA transcription was unaffected (Fig 2.1B). G. lamblia RNAP 11
transcription was not inhibited even at an amanitin concentration of 1 mg/ml (Fig 2.2). In
contrast, Actinomycin D almost completely inhibited transcription at a concentration of

10 pg/ml (Fig 2.2).
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2.1A. Giardia lamblia run-on assays

Amanitin: - +

Transcript detected

tubulin sense

tubulin antisense

e & vsp conserved

rRNA

” p-giardin

2.1B. Saccharomyces cerevisiae run-on assays

Amanitin

+

Transcript detected

rRNA
i tubulin
e tubulin *
s . tef— 1

Fig 2.1. Nuclear run-on assays

A. Run-on assays of nascent G. lamblia RNA were performed in the presence and absence of o-amanitin
(50 ug/mb). The detected transcript is indicated in the right panel.

B. Run-on assays of S. cerevisiade RNA were used as a positive control for RNAP II inhibition by a-
amanitin.

'PCR product of the tubulin ORF

*Tubulin ORF cloned into pBlueScriptll SK+



Inhibitor None Amanitin Actinomycin D
1 mg/ml 10 pg/ml
Transcript detected
rRNA
Tubulin sense
Tubulin antisense
Inhibitor None Amanitin | Actino- | Transcript
mycin D
4589 4563 151 rRNA
Counts in
each of 689 659 S5 Tubulin sense
the slots
165 149 44 Tubulin antisense

Fig 2.2. Nuclear run-on assays in the presence of 1 mg/ml amanitin or 10 pg/ml
Actinomycin-D

The table shows the number of radioactive counts in excess of background detected by a phosphorimager

over a period of 10 minutes.

2.23 Identification of the G. lamblia leucyl tRNA gene—A putative G. lamblia

leucyl tRNA sequence was identified from the BLAST annotations of the genomic
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sequences and aligned with the C. elegans ortholog using LALIGN (Huang et al., 1991).

The sequences align through their entire lengths and share 78.6% identity (Fig 2.3). An

oligonucleotide with the complementary sequence identified a band of approximately 80
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nucleotides on a Northern blot, which is about the expected size of a tRNA gene (Fig
2.4). We used the leucyl tRNA antisense oligonucleotide as a probe in nuclear run-on
assays to analyze the effect of varying concentrations of amanitin (50, 250 and 1000
ug/ml) on RNAP I transcription. RNAP III was found to be 85% inhibited at 50 pg/ml
concentration of amanitin while there was no effect on transcription by RNAP I and
RNAP II (Fig 2.5). The run-on transcripts were also analyzed on a denaturing
polyacrylamide gel (Fig 2.6). A series of bands ranging in size from 70-82 nucleotides,
which most likely represent tRNA, as well as 93 and 110 nucleotide bands were observed
in the amanitin untreated sample and not in the treated ones (Fig 2.6). We do not know

the identity of the 93 and 110 nucleotide bands.
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Position | 1—=—=~=== 10~—=mmm 20-~=mmemm 30— o 40~ ==
G. lam | GCCAGTTTGGCCGAGTGCTITAAGGCGATGGATTCAAGTCCCATTGGTTG
C. ele | ..A.G..~.....c0uivunanns T....C.T7....T........ G.
Position | 50======—=w- 60=——m—m—— TOmm o e 83

G. lam | C~-AAGACCGCGTGGGTTCGAACCCCACAGCTGGCA

C. ele/AT..C...T........iiiiinnnn. T-.GT..T

Fig 2.3. Alignment of leucyl tRNA ortholog sequences of G. lamblia and C. elegans

Sequence alignment of the putative G. lamblia leucyl tRNA gene and the C. elegans ortholog (indicated G.
lam and C. ele respectively) using the LALIGN algorithm and a +5/-4 scoring matrix with gap and gap
extension penalties of ~12 and —4 respectively reveals a 78.6% identity in the 83 nucleotide alignment.
Gaps are indicated by “-” and positions of identity are indicated by dots in the C. elegans sequence.

Size nt
1350 —
Fig 2.4. Leucyl tRNA Northern blot
240 —
155 — Northern blot of G. lamblia RNA probed with an 80-mer

oligonucleotide complementary to the leucyl tRNA

sequence. nt - nucleotides
80
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Amanitin concentration pg/ml
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Fig 2.5. Nuclear run-on assays at varying amanitin concentrations

The top panel shows the hybridization of RNAP I, RNAP II, and RNAP III probes to the nascent
transcripts of run-on reactions carried out in the presence of 0, 50, 250 or 1000 pg/mi amanitin. The
detected transcripts are indicated in the right panel. The experiment was carried out three times and the
results were consistent. sen - sense; anti — antisense

The bettom panel demonstrates the relative levels of RNAP I (IRNA), RNAP 11 (tubulin) and RNAP [1I
(tRNA) transcription at varying amanitin concentrations. The radioactive counts per minute in each of the
above shown bands was estimated by scintillation counting and normalized to the untreated sample.
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Fig 2.6: PAGE analysis of run-

on RNA extracts
110 — The run-on reactions shown in Fig 5 were
separated on an 8% denaturing

93 — polyacrylamide gel contaiping 7 M urea.
The gel was then fixed, dried and
autoradiographed. Lane 1, 2, 3 and 4 were
loaded with samples from untreated, 50,
250 and 1000 pg/ml amanitin treated run-
on experiments, respectively. Numbers
indicate size in nucleotides.

tRNA  70-82 [

2.24 Molecular correlations between Rpb/ sequence and amanitin resistance-
Using a-amanitin — RNA polymerase II cocrystals at 2.8 A resolution (Cramer et al.,
2001) (Fig 1.3) it has been shown that amanitin contacts residues in two helices in the
Rpbl molecule, the bridge helix (residues 810 to 825 in S. cerevisiae) and the funnel
helix or amanitin motif (residues 719 through 779). The residues of the bridge helix of
Rpb]1 directly contact the DNA base that is paired with the first base in the RNA strand

while the funnel helix lines a funnel shaped cavity through which nucleotides gain access
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to the active site. Six point mutations in the amanitin motif that confer amanitin

resistance in various eukaryotes have been described previously (Bartolomei and Corden,

1995).

The movement of the bridge helix is important for the translocation of RNAP If on

DNA, and binding of amanitin to the bridge helix imposes a constraint on its movement,

hampering the translocation of the polymerase on DNA. X-ray cocrystals showed a very

strong hydrogen bond between glutamate residue 822 of the bridge helix and amanitin

(Cramer et al., 2001), Our MSAs (using ClustalW as well as MEME) show conservation

of this glutamate in all Rpb/ orthologs with the exception of T. vaginalis, which has a

threonine residue at that position (Fig 2.7). Therefore, it is possible that this substitution

contributes to the amanitin resistance observed in 7. vaginalis RNAP II. The glutamate is

conserved in RNAP I of S. cerevisiae and H. sapiens, while the G. lamblia sequence

encodes a conservative substitution (aspartate).

Organism | 44# | Bridge helix sequence
M. musculus 833 PTEFFFHAMGGREGL
H. sapiens 833 PTEFFFHEAMGGREGL
H. stagnalis 740 PTEFFFHAMGGREGL
C. elegans 823 PSEFFFHAMGGREGL
D. melanogasier | 825 PSEFYFHAMGGREGL
A. thaliana 824 POEFFFHAMGGREGL
8. pombe 816 PQEFFFHAMAGREGL
B. hamifera 722 PSEFFFHAMGGREGL
P. falciparum 970 POQEVFFEAMGGREGT
A, gryzae 830 PTEFFFHAMAGREGIL
S. cerevisiae 810 PQEFFFHAMGGREGL
L. major 789 PHEFYFHTMAGREGL
I, brucei 8§12 PHEFFFHTMAGREGL
M. invertens 738 PQEFFFHMMGGREGL
T vaginalis 828 PPEFLFHAMGGRTGI
G, lamblic 037 PAEFYFHAVGGREGY
G, lamblia 1T 1099 | PFEFLAHARAGRDGYV
S.cerevisiae ITl | 858 PPEFLFHAISGREGL

H, sapiens IT]

844

PTEFFFHTMAGREGL

Fig 2.7. Bridge helix

The MEME algorithm was
used to generate the MSA
block diagram of the bridge
helix. The amino acid
position of the start of the
bridge helix in each
ottholog is indicated. The
conserved position where 7.
vaginalis Rpb1 has a
threonine substituted for
glutamate has been shaded.
Rpel orthologs are
indicated by the suffix “II1”.
Rpcl of G. lamblia has an
agpartate substitution at this
position.
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The funnel helix or amanitin motif was analyzed using the multiple-sequence
alignment (MSA) tool MEME (Bailey and Elkan, 1994). RpbI sequences of multiple taxa
and the Rpcl sequences of G. lamblia, S. cerevisiae and H. sapiens were aligned in order
to obtain a block diagram of the amanitin motif (Fig 2.8). The amanitin-RNAP II co-
crystals show potential hydrogen bonds (of lengths 3 and 3.3 )3\) between amanitin and
the residues shown at positions 5 (leucine) and 52 (asparagine) in the amanitin motif in
Fig 2.8 (Bushnell et al., 2002). These positions correspond to the mouse R749P /
Drosophila R741H and mouse N792D mutations that are associated with amanitin
resistance (Bartolomei and Corden, 1995). In G. lamblia, valine replaces the leucine at
position 5, while phenylalanine replaces asparagine at position 52. Other potential
hydrogen bonds have been suggested between amanitin and the glutamine residues at
positions 50 and 51 (Fig 2.8) which correspond to positions 790 and 791 in the mouse
Rpb1 ortholog. These glutamine residues are conserved in all the Rpb! orthologs
including G. lamblia (Fig 2.8).

Four additional mutations in the amanitin motif associated with amanitin resistance,
have been described by Bartolomei et al. Replacement of cysteine with tyrosine at
position 47 (Fig 2.8) has been associated with resistance in C. elegans (C777Y)
(Bartolomei and Corden, 1995), possibly due to the presence of the hydroxyl group of
tyrosine rather than its bulky nature, since 7. brucei has a phenylalanine at the same

position, but is a-amanitin-sensitive. This position is occupied by serine in G. lamblia.

The R749P mutation (position 9 in Fig 2.8) (Bartolomei and Corden, 1995) confers .-
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amanitin resistance in M. musculus, and in G. lamblia this position is occupied by serine.
The a-amanitin-resistant G55E mutation has been reported in C. elegans. This glycine is
conserved in all the Rpb1 sequences except G. lamblia, which has a serine residue at that
position. Replacement of isoleucine with phenylalanine at position 39 in M. musculus has
also been associated with amanitin resistance G. lamblia has a phenylalanine at this
position. These substitutions in the G. lamblia amanitin binding region probably
contribute to the amanitin resistance observed in our run-on assays.

The Rpcl amanitin motif sequences of G. lamblia, S. cerevisiae and H. sapiens
contained five of the six conserved amino acids. All the three Rpcl orthologs had

substitutions at position 52 of the amanitin motif (Fig 2.8).



Organism | AA# SEQUENCE OF MOTIF

F PH F Y D E

5 9 39 47 52 55

& ¢ ® ¢ ¢ ¢
M. msts 741 | VERIEWDADR¥CESAQKILEEINNFREMVYSGARGEA[INISQVIAYVEQONVEGKRI ¥E
H. sap 4] | YRRIL¥DALDEYGSSAQRILOEYNNFAINVVEGARGER,ANIEQVIAVVGORE VEGKHRT F&
H. sta 648 | VHRILNDBADHYGELAGRILSETPREFRANVVAGIAGHRINIEQVIADVEQONVEGRERT PG
C ele 731 | VHGILNDAADRIGEGAGRALEEFNAFRSNVVEGAKGERINISOVIAL NCRQRVERBRRI #6
B, mel 733 | VERILNDA[|DRYGGSARKSLPEYNNLAANVVSCORGFNINIAQVIALVEUONVEERRT Y6
A tha 733 | YOQVLNEALDDAGE FANKS LAY N LEANVIACSRGET LN IS ONTALVEGUHVEGRRI ¥ o
S. pom 34 | YERILNGALDVAGREAEHSLEDANNVEYUNYARGSRGSFINIAQMEALVELOIVEDURT FE
B ham 630 | VHEVINGARDHIGASACRFLLRSNN IKRUVSACSREEFINISLICALVGROUVELRRALIATYGE
P, fal 878 | VHUELNCAREMAGKVASESLDERUNIFSNVASGERGOIIHIBQIISLYERQUVEBRRI #6
A. ory 738§ | VORALANAIDEAGIESERSLEDLNNAIGKARGGERGATINESOMTAVYGLCEVEGRRT £6
S cer 718 | YVRAFLNEARDRAGRLAEVILHDLRHVEQNVYMAGEROEPLNIAQMSREVEROSVEGRRIATG
L. maj 697 | VAR HACREEARERALS VAR HEFRVNIEAGSXGSDAHICQIAVEVEUQEVABERY BE
T brs 730 | VESRLNKCHBEARRXALSHYARTHSFRVMIBAGSKGUDLNICQIRAVFVEOLRVAGERT Fe
M. inv 646 | TRHKSLGDALIWAGRKEFLESLKYDNANFALMIESGIKGHEMNICQIZCHVORRNVERKRIAFE
T. vag 736 | VAFLTNEILIKFYEVINARIAGDNLEEHLIACGONCADFUNSERIIGUVERQRHEBRAVEY G
G lam 843 | VIGRVEGTSLALEAVICDAR HANALLVMINAGSRKOREFNMMQISSSLOQUFLQSKRM HA
G. lam T 1007 | EQILSNYVREESCAQIALRELEFTWE LIMSLCGEKGS INIAGMIIRLGRQSF¥GEsSRA DD
S cer 1T 766 | IGGLASAVIBEVGDVCIKELDNWHA LIMAICGSEGHVLWVOQHVAYVORUIIEGHAY DG
H. sap I 782 | InRELSYIRDHAGSACLRELDRSNGE LINALUGSHGEFINIPOMIREVEROAISGERY DO

Fig 2.8. The Amanitin motif

MEME was used to generate the block diagram of the amanitin motif. Amino acid positions have been assigned such that the start of the motif

is labeled as position 1. The start site of the motif in each RpbJ and Rpcl ORF is shown in the colummn labeled AA # Point mutations that have
been associated with «-amanitin resistance in Epb/ are indicated at the top of each of the six amino acid positions. The borders around the amino
zcids in those positions indicate the organism in which each mutation was identified. For complete genus and species names, see section 2.18.

6%
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CHAPTER 3

TRANSCRIPTIONAL ANALYSIS OF VSP GENES

3.1 MATERIALS AND METHODS

3.11 Source of trophozoites - G. lamblia trophozoites were grown in modified
TYI-S-33 as previously described (Keister, 1983). Three different antigenic variants of
the WB isolate, WBA6 (Nash and Aggarwal, 1986), WBCS5 (Nash et al., 1988)and
WBI1267 (Mowatt et al., 1991)expressing the vsp genes vspA6, vspC5 and vspl267

respectively were used in the study.

3.12 Nuclear run-on assays — Run-on assays were performed as described in
Chapter 2 under section 2.17 with the difference that the blots were washed at 1 x SSC

after hybridization instead of 2 x SSC.

3.13 Probes used in the run-on assays — Single stranded 80-mer
oligonucleotides (72-mer in the case of C55A and C55S) were used as probes in the run-
on assays in order to distinguish between sense and antisense transcripts. The MEME
algorithm was used to align fourteen known vsp genes; vspA6 (G1:M83937, M83933,
500530, L25058-61), vspC5 (L25651-2), vspl267 (M63966), vspl269 (M83934),
vsp417-1 (M33641), vsp417-2 (M95814), vsp417-4 (AF065168), vsp4A1 (Z83743),
vspA6-S1(U17980), vspd6-S2 (U17981), vspC5-SI(L25653), vspC5-S2 (L25654,

L43616), crp65 (L39804) (Chen et al., 1996) and crpl36 (L29079) (Chen et al., 1995).
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Regions that are conserved among the different vsp ORFs were identified from the
MEME output. We then selected the regions that are unique to a given vsp gene or family
for probing the run-on transcripts, in order to minimize the chances of cross hybridization
between different vsp transcripts. The sequences of the oligonucleotide probes are

provided in the following table.

PROBE SEQUENCE

AGIUA TGAGGCCAGRAGCTGGCACAGCACCGCTCTGGTTTGCATTAAGAGGCGCACGGGATCCTGCTTCATGTCACGGAATTCAA
AGIUS TTGAATTCCGTGACATGAAGCAGGATCCCGTGCGCCTCTTAATGCARACCAGAGCGGTGCTGTGCCAGCTTCTGGCCTCA

AGHA CATTCAGGCCAACCATCGATCGATGGACTGCATGCATCAGCCAGTGCGACTGCAAARATCAAACCAATTCCTACCAACAT
AGES ATGTTGGTAGGAATTGGTTTGATTTTTGCAGTCGCACTGGCTGATGCATGCAGTCCATCGATCGATGGTTGGCCTGAATG
AGRA CTGACGCACGTCCCCGTCGGGTCGCTGGGATTCGTCTTCTTCAGGTAGGGCGLGGLGCCGTTTGCGTCGCATTTGGTGCA
AGRS TGCACCAAATGCGACGCAAACGGCGCCGCGCCCTACCTGAAGAAGACGAATCCCAGCGACCCGACGGGGACGTGCGTCAG

12I0A CTGACGCACGTCCCCGTCGGGTCGCTGGGATTCGTCTTCTTCAGGTAGGGCGCGGCGCCGTTTGCGTCGCATTTGGTGCA

12IUS GTAGCATAGTAATAACCAGATGAATCTTTTTAGCTTTAAGTACCTTTACTAACAGGACTCTTACCCTATAATAAGCTGAG
125A CCAGCTTCACAACTATTTCCACTATTCTTGCAATCTACTGCARATGTAGATAATATAAGATAGAAGGCTATCARCAACAT
1288 ATGTTGTTGATAGCCTTCTATCTTATATTATCTACATTTGCAGTAGATTGCARGAATAGTGGRRATAGTTGTGAAGCTGG

VSPCA AGCAGAGGAAGCCCACGAGGCCCCCCACGACGACGACGACAGCGACGGAGATCCCCGCGATGGCGCCAGTGGAGAGGCCG
VSPCS CGGCCTCTCCACTGGCGCCATCGCGGGGATCTCCGTCGCTGTCGTCGTCGTCGTGGGEGGCCTCGTGGGCTTCCTCTGCT
CBIUA TGGTGCTCGACTCACGTGTTACTTGTGTGTTTCACTCAGTAACATGAGACGTCAGGAGAAGAATGTTTAACAGCCAATTA
C510Us8 TAATTGGCTGTTAAACATTCTTCTCCTGACGTCTCATGTTACTGAGTGARACACACAAGTAACACGTGAGTCGAGCACCA

ChHhAa GCTGGGCGCGEETTGTTTAGTGCGTTGCGCGGCGAGGCCGCTCATCAARAAGCAGAGAGCTGGTAGTAACAT
CBERS ATGTTACTACCAGCTCTCTGCTTTTTGATGAGCGGCCTCGCCGCGCAACGCACTARACAACCCGCGCCCAGT
CBRA TGTCGGTGTTGGGGTCGAAGCCCGCTGCGCACTGGTCGCAGTGGACATTGTCGGCGTTACACTGCTCGCAGTTGTCGACC
CHRS GGTCGACRACTGCGAGCAGTGTAACGCCGACAATGTCCACTGCGACCAGTGCGCAGCGGGCTTCGACCCCARCACCGACA

12695A  CAGGTCGCGGCGTGGTCTCCGTCTGGCTGGCAGGCCGCCATGAGCGCGCTCGCTACGAACAGGGGTATCAGTTGGAACAT
126958 ATGTTCCAACTGATACCCCTGTTCGTAGCGAGCGCGCTCATGGCGGCCTGCCAGCCAGACGGAGACCACGCCGCGACCTG

6554 TTAGAGGCCTTCTCGCAGCCGTCCTTCCCGCTGTCCTTTGCAAGCACTGTTGCACAAACTAGGAGAAATCCTACCAACAT
6558 ATGTTGGTAGGATTTCTCCTAGTTTGTGCAACAGTGCTTGCAAAGGACAGCGGGAAGGACGGCTGCGAGAAGGCCTCTAA
4A5A CAGGTCAC TATGTGGTCTCCGTCTTGCTGGCAAGGTGCTGCAAAGGAGCCCAGCACAACATAAAAGGCTGTTAATAACAT
AARS ATGTTATTAACAGCCTTTTATGTTGTGCTGGGCTCCTTTGCAGCACCTTIGCCAGCAAGACGGAGACCACATAGTGACCTG

41752 TTTCCATCGTCAGCTTCTTGGGTGCAGGCTGTCCGTGCCAGCTGAAGGATGACGATCGCGAGCARAAATCTGCCGAACAT
41758 ATGTTCGGCAGATTTTTGCTCGCGATCGTCATCCTTCAGCTGGCACGGACAGCCTGCACCCARGARGCTGACGATGGAAA
1365A GTGTAGCCCGGGAAGCATGTGTCCTTCCCGCTGTCCTTTGCCAGCACGGTTGCACAAATTAGGAGAAATCCTACCAACAT
13658 ATGTTGGTAGGATTTCTCCTAATTTGTGCAACCGTGCTGGCARAGGACAGCGGGAAGGACACATGCTTCCCGGGCTACAC
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3.14 Indirect fluorescence assays — Trophozoites from culture were harvested by
centrifugation at 2000 x g and washed twice with PBS and resuspended in PBS. The
suspension was placed on a 10-well slide treated with poly-lysine and placed on a 37 °C
heating block. After the drying, the slide was heat fixed. The primary antibody which is a
mouse monoclonal (6E7 for vsp46 and 5C1 for vspl267) (Nash and Aggarwal, 1986;
Mowatt et al., 1991) were added to the respective wells and incubated at 25 °C for 20
minutes in a moist chamber. The slides were then washed gently with PBS. An anti
mouse IgG- FITC antibody was then added and the last two steps were repeated. After
the final wash with PBS, 50% glycerol-PBS was added on to the slide and a cover slip
was placed. In each field, the total number of trophozoites and the number of positives
for the given antigen were counted in order to obtain a percentage of positives.

3.15 Steady state RNA analysis — Steady state RNA from WBCS5 and WB1267
trophozoites was analyzed by preparing total RNA using the Qiagen DNA/RNA kit. The
RNA samples from WBCS and WB1267 trophozoites were analyzed by northern as well
as slot blots. Oligonucleotides used in the run-on assays were end labeled with y**P-ATP
as described in section 2.15 and used as probes. All blots were washed at 50 °Cin I x

SSC.
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3.2 RESULTS

Steady state RNA of only the expressed vsp gene is detectable in northem blots.
In order to determine whether the control of gene expression is at the level of
transcription or post transcription, we performed nuclear run-on assays to determine the
level of transcription of a vsp gene in trophozoites that express that gene and those that
express a different vsp. Trophozoite populations expressing a given vsp gene, were
obtained by cloning by limiting dilution. Antigenic variation in vitro is slow enough that
populations predominantly expressing a single vsp can be maintained in culture (75-90%
variant purity is obtained in a culture size of 10° cells depending on the variant) but rapid
enough that they are monitored regularly for variant purity by IFAs or northern blots.

3.21 Transcriptional control of the vspA6 gene ~ The WBAG trophozoites can
be conveniently detected by IFAs, using a monoclonal antibody 6E7 which binds
specifically to vsp46. We therefore carried out nuclear run-on assays in two trophozoites
populations, one containing 75% WBAG6 trophozoites and one with <2% of WBAG6
trophozoites. The probes used for detecting rRNA and tubulin are described in Chapter 2
under section 2.17. vspA6 sense, vspA6 antisense, vspC3 sense and vspC5 antisense
transcripts were detected using the probes A6RA, A6RS, C5RA and CSRS described

under section 3.13 in this chapter.
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% WBAG6 75% <2%
Transcript detected

rRNA

Tubulin sense

Tubulin antisense

vspCS5 sense

T s vSpCS antisense

vspAG sense

vspAG antisense

Fig 3.1. Run-on analysis of vspA6 and vspCS genes in WBAG6 and non-WBA6

trophozoites

Nuclear run-on RNA was purified from two different populations of trophozoites and hybridized to slot
blotted single stranded oligonucleotide probes. The band detecting sense transcripts of the vspA6 is
indicated with an arrow.

Our run-on assays suggest that the vspA46 gene is controlled at the level of
transcription as we observe a strong signal for vspA6 sense transcripts only in the case of
WBAG® trophozoites (Fig 3.1). We did not observe a sense signal for vspC5, which is not
expressed in these sets of trophozoites, suggesting that a non-expressed vsp gene is
transcriptionally silent. Interestingly, we obtained an antisense signal for vspC5 in both

the populations of trophozoites (see section 3.22).

3.22 Transcriptional control of the vspCS gene — In order to verify the initial
results that suggested transcriptional control of vsp expression in WBAG6 trophozoites, we

carried out nuclear run-on assays with two other variants of trophozoites WBCS5 (<2% of
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WBA6 or WB1267 in IFAs) and WB1267 trophozoites (>70% WB1267 and <2% WBA6
in IFAs), that express vspC5 and vspl267 respectively. Transcription of vspA6, vspC5,
and vsp! 267 was analyzed with the use of probes from different regions [upstream, 5°
and repeat regions (in the case of vsp(5 and vspA6) — see Fig 3.2}, using oligonucleotide

probes from regions that are relatively unique to each of these vsp genes.

= = -
Upstream 5§ ,°  Variable >, 3 Downstream

£ A
T A
¢ A
& %

I T 1T
Tandem repeats in certain vsp genes

Fig 3.2. Generic structure of a vsp gene

The coding regions of vsp genes contain a variable 5 region and a conserved 3° region that is
greater than 95% conserved among vsp genes. In the case of certain vsp genes like vsp(CS and vspd 6, the
variable region contains tandem repeats. vspCS5 contains 105 bp repeats while vspA6 contains 195 bp
repeats.

The run-on transcription signal obtained from different regions of the above mentioned
three vsp genes are indicated in Fig 3.3 alongside the gene diagrams with sense
transcripts shown above and antisense transcripts shown below. vsp(C5 sense transcription
was observed in the WBCS run-on assay and not with the WB1267 trophozoites (Fig

3.3), suggesting transcriptional control of vsp(C5 expression. However, we did not
observe vspl 267 sense transcription in the WB1267 run-on assay. One possible reason

could be that this gene has a weak promoter and our run-on assay was not sensitive
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enough to pick up the signal. We observed antisense transcripts in the repeat region of the
vspC5 gene in WB1267 trophozoites and not in WBCS trophozoites. However, we do not
observe antisense transcripts of vspA46 or vspl 267 in any trophozoite population. There is
a weak signal of sense transcripts in the 5" region of the vsp46 gene in WBCS5 and
WB1267. There is a possibility that these transcripts are abortive because continuous
transcription of the vspA6 gene should result in a several fold stronger signal in the repeat
region which is not the case. We did not observe any transcription signals in the
immediate upstream regions of these vsp genes. This is not surprising considering the fact
that 5"UTRs are very short in Giardia, it is only one nucleotide long in the case of the
vspC5 gene (Yang et al., 1994).

In addition, the transcription of other well characterized vsp genes (vsp1269,
crp65, vsp4Al, vsp417-1 and crpl36) was assayed. The probes for these genes were
80mer oligonucleotides from the 5 regions of these genes since the 3° regions of vsp
genes are more conserved and the chances of cross-hybridization between different vsp
genes is greater in these regions. Signals for sense or antisense transcripts (Fig 3.4) of
vspl1269, vsp4Al and vsp417-1 were either weak or absent. However, we observed a
weak but significant signal of sense transcripts of for crp65 and crp136 in the WB1267
run-on assay. These transcripts could have resulted from a population of trophozoites in
the culture that express these genes or from cross hybridization to some other transcripts
or from abortive transcription of these genes in WB1267. To distinguish between these
possibilities, we carried out steady state RNA analysis by Northern blots and RNA slot

blots (described later in this chapter).
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We observed a strong sense signal for the 3" conserved region of vsp genes. This
was expected since the probe should hybridize to all vsp genes in the 3" region.
Surprisingly, we also observed a strong antisense signal in this region. Whether thisisa
genuine signal was determined by northern blots described below).

The transcription signal obtained from the non-repeat regions of vsp genes was
quantitated by scintillation counting of each slot. Figure 3.5 represents the level of

transcription of different genes in a graphical format.
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Ure

WBCS

Non-repeat eoding region

Fig 3.3 Nuclear run-on analysis of vspCS5, vsp1267 and vspA6 genes in WBCS and

WIB1267 trophozoites.

The diagrams of the three vsp genes ave shown with different regions shaded in different colors. The bands
on the top of the gene diagram indicate sense transcripts and bands on the bottom indicate antisense
transcripts. The two sets of bands for sense and antiseuse transcripts were obtained from run-on assays with
WEBCS (top) and WEB1267 trophozoites (bottom) as indicated in the right panel.
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WBCS trophozoites
ABIUS ABIUA ABSS ABBA ABRS ABRA

121us 121UA 125% 1254 vs C Vs

C584A C5RA

CBIUS Cslua »

12698 1268A Crp65S Crp65A vsp vspdAtA

vspdi7S vspdi7A Crpl136S Crpi13sA “B"ubuli$

WB1267 trophozoites
ABIUS  ABIUA A653 ABS5A ABRS AGRA

12IUS  12IUA 1258  125A  vspCS  vspCA

C5IUS  CSIUA €858  C55A  C5RS  CSRA

esaion

12688 1268A Crp653 Crp65A vspdA1S vspdAlA

vspdi7S vspdi7A Crp136S Crpi36A qugglinﬁ} rRNA

Fig. 3.4. Run-on assays of WBCS and WB1267 trophozoites

Autoradiogram of run-on blots from WBCS and WB1267 representing transcription signals from different
vsp genes. The first three rows of each blot indicate signals from different regions of vspA6, vspCJ5,
vspl267 and the vsp conserved regions. These signals are also represented in Fig 3.3 with gene diagrams to
make it easier to follow. The fourth and fifth rows of slots represent transcription of five other vsp genes as
well as tubulin and rRNA. A key for abbreviations used in this figures is provided below.

Key to abbreviations in Fig 3.4

AGIU —vspA6 Immediate Upstream
A65 -—vspA6 5 region of the ORF
AGR -~ vspA6 repeat region

128U —vspl267 Immediate Upstream
128 -~ wspl267 5" region of the ORF
vspC —vsp 3’ region (>95% conserved among vsps)
C5IU - vspC'5 Immediate Upstream
C55 —vsp(C5 §° region of the ORF
CSR ~ vspC$5 repeat region

Suffix S - Sense

Suffix A — Antisense
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Fig. 3.5. Run-on signal quantitation

The radioactive signal from each run-on slot was quantitated using scintillation counting. A slot with a
negative control probe for mammalian actin was also counted and this value was subtracted from each
reading. The counts after background subtraction were normalized with tubulin transcription as 100%.
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3.23 Analysis of steady state RNA from WBCS and WB1267- Since we do not
have antibodies specific to vspC35, we checked variant purity of the trophozoites using
total RNA northern and slot blots. Variant purity is tested by using two different probes
in northern blots, one which is specific to the given vsp gene (vspC35 in this case) and the
other that hybridizes to the conserved 3" region of all vsp transcripts. In other words, if a
WBCS culture is a pure culture, the vspC5-specific probe and the vsp conserved probe
should both detect a band of equal molecular weight (equal to the size of vspC5
transcript) in a northern. If there are other contaminating variants, the vsp conserved
probe, in addition to vspC5 transcripts, will also detect other vsp transcripts (of different
sizes).

Fig 3.6 shows results from probing for the presence of sense transcripts of vspC35,
vspl267, vspA6 and tubulin. The vsp conserved antisense oligonucleotide was used to
detect all vsp sense transcripts. vspC35 sense transcripts (3.5 kb) were detectable only in
WBC5 RNA and vspl267 transcripts (2.2 kb) only in WB1267 (Lane sets 1 and 2 in Fig
3.6). This observation confirms that the two cultures do not have significant
contamination with the other variant. Also, vsp46 was not detected in either of these
cultures (lane set 3). The vsp conserved probe (lane set 4) hybridized to the vspCS5 in
WBC5 sample (3.5 kb) and to vsp1267 (2.2 kb) in the lane containing WB1267 RNA. An
additional band of 2.4 kb was observed in both variants (in total and mRNA blots) which
probably represents an unknown vsp expressed by a fraction of trophozoites in both the

populations (Fig 3.6).
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Fig 3.6 Analysis of steady state RNA by northern and slot blot hybridization

5 ug total RNA from WBCS (lane C in each set) and WB1267 (lane 12 in each set) trophozoites
was probed with oligonucleotides specific to vspC35 sense (set 1), vsp1267 sense (2), vspA6 (3),
vsp conserved region in all vsp sense transcripts (4), and tubulin sense transcripts (5). The signal
obtained from slot blot hybridization is shown at the bottom of each lane. The blot on the right
panel is the same as lane set 4 except that mRNA was loaded instead of total RNA.

We did not observe antisense transcripts of vspC3, vspAG6, or vspi 267 from either
of the variants. The vspC5 antisense signal observed in the run-on assays with non-
WBCS trophozoites could have resulted from a short lived transcript that is not present in
steady state RNA. However, when northern blots were probed for antisense transcripts at
the vsp conserved region we did not observe any bands but the probe gave a very strong
background on Nytran as well as nitrocellulose blots. We are therefore unable to

determine whether the vsp conserved antisense run-on signals are genuine or not.
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Weak transcription signals of crp65 and crp136 were observed in the WB1267
run-on assay. When steady state RNA (northern and slot blot) was probed for the
presence of crp65 transcripts we did not detect crp65 transcripts but there was strong
cross hybridization to an abundant 7 kb transcript of unknown origin and 18SrRNA.
While the intensity of the 18SrRNA signal decreased significantly in the polyA-RNA
Northern blots, the 7kb band persisted, suggesting that it could be an mRNA species.
However, we did not observe crp136 transcripts in Northern blots. In summary, the run-
on and steady state RNA analysis suggest that vsp gene expression is controlled primarily

at the level of transcription.

Total Poly-A Total Poly-A

C 12C 12 Cc12C12

= 6.5 kb

s | 8STRNA (1.4 kb)

crp65s crpl36

Fig 3.7. Northern blots with total and poly-A RNA

Blots were probed for crp65 (left panel) and crp136 (right panel) transcripts. Lanes labeled C and 12 were
loaded with RNA samples from WBCS and WB1267 respectively.
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CHAPTER 4

Analysis of the vspC5 and vspA6 promoters

4.1 MATERIALS AND METHODS

4.11 Construction of vectors for transient transfection — A series of vectors
containing a luciferase reporter gene have been constructed with different 5° and 3°
flanking regions in pBluescript SK+. This was achieved by using PCR primers to
introduce Ncol and Mlul sites into the luciferase ORF at the 5° and 3" ends of the
luciferase ORF. The reference vector GLG consisting of 5° (800 bp upstream), fusion
(the first 13 amino acids of the coding region) and 3°(400 bp) flanking regions of the
cytoskeletal gene, -giardin, was constructed prior to my arrival in the lab. Another
vector constructed prior to my arrival is the V1100LC vector consisting of 5° (1100 bp
upstream), fusion (the first 10 amino acids of the vspC5 coding region) and 3" (300 bp)
flanking regions of the vspC35 gene (Fig 4.1). I then used the Kpnl site at the 5" end of the
insert and Ncol site joining the vsp region to the luciferase gene in the V1100LC vector
to construct a series of vectors containing different lengths of the vspC5 5" flanking
regions (0, 50, 100, 150, 200, 600) (Fig 4.2). This was achieved by carrying out PCR
reactions for different lengths of the vspC5 upstream region using 5° primers with Kpnl
sites and the 3" primer downstream from an EcoRI site in the luciferase ORF. The

products were then digested and cloned into the Kpnl / EcoRI-digested V1100LC.
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A series of vectors containing different lengths (0, 50, 100, 150, 200, 600 and
1003 bp) of the 5" flanking region and the first 15 amino acid coding region of vspA46,
were constructed using a similar strategy (Fig 4.13). These vectors have been designated
as the VAfusL.C, VAS0LC, VA100LC, VA150LC, VA200LC, VA600LC and
VA1003LC vectors respectively.

In order to construct the 0AA, 1AA, SAA and 10AA contructs, the VA1003LC
vector was digested with BamHI at -57 (from vsp46 ORF start point) and Ncol at the
luciferase start site respectively (Fig 4.4). The released fragment was replaced with the
annealed oligonucleotides which were designed with compatible overhangs to anneal to
the BamHI and Ncol digested VA1003LC vector. These oligonucleotides were also used
in the electrophoretic mobility shift assays (EMSAs). Oligonucleotide sequences are

shown in Fig. 4.4



Fig 4.11 GLG and V1100LC luciferase expression vectors
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Fig 4.12 Luciferase expression vectors with varying lengths of vspC5 5° region
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Fig. 4.13 Luciferase expression vectors with varying lengths of vspAé § region

VAfusLC
YAS0LC

VAI00LC
VAISOLC

VA200LC

VA600LC

VA1003LC e = ,‘
(1003 bp) vspAb 5 region fus LUCIFERASE 3 region
(0-1003) (51 bp) (0.3 Kh)
0AA | . I —

Similar to VA1003LC except that it lacks the fusion region

Fig 4.1 Vector constructs used in transient transfection assays

4.11 GLG is the reference vecior where luciferase is cloned between the 5" and 3 flanking regions of B-
giardin, a cytoskeletal gene. In the V1100LC vector, luciferase is between the 5° and 3" flanking
regions of the vspC5 gene,

4,12 Series of vectors similar to V1100LC but with varying lengths (0-600) of the 5° flanking region of the
vspCJ gene. The vector names indicate the length of the 5° flanking region. For example, the vector
V100LC contains 100 base pairs of the 5° flanking region of the vsp(C'5 gene.

4.13 A series of vectors with varying lengths (0-1003bp) of the 5* flanking regions of the vsp46 gene. The
3" fanking region of the vsp(5 gene has been retained.

4.12 Transient transfection assays using luciferase reporter — Trophozoites
were transfected by electroporation as described (Yee and Nash, 1995). Trophozoites
were harvested and resuspended in medium at a density of 10%/ml and divided into 0.7 ml

aliguots in 0.4 mm electroporation cuvettes. Ten ug of the vector of interest and 2 pg of
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an internal control vector [(GRG, constructed by Anuranjini Nigam) in which the firefly
luciferase gene was replaced with the renilla luciferase gene (Promega Inc, WI, USA)]
were diluted in 50 pl of water and added to the cuvette. Electroporation was carried out at
350 Volts, 1000 pF capacitance and 720 2 resistance using the ECM630 Electrocell
manipulator (Genetronics Inc, CA, USA). Electroporations were done in triplicate for
each vector. The electroporated cells were grown in 13 ml medium for six hours, then
lysed and assayed for luciferase activity using the dual luciferase assay system (Promega
Inc.). In each electroporation, the firefly luciferase activity was normalized to the renilla
luciferase gene expression from the internal control vector GRG. Statistical significance
of differences between any two data sets was determined using the paired student t-test.
4.13 Electrophoretic Mobility Shift Assay - 4.131 Nuclear extract
preparation — 10° trophozoites were harvested by centrifugation at 2000 x g for 10
minutes. Cells were washed in PBS twice and subjected to lysis in 200 pl hypotonic
buffer containing 10 mM HEPES-KOH pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM
DTT, 0.2 mM PMSF, 0.75 pg/ml leupeptin and 0.2% nonidet P-40. The suspension was
incubated on ice for 10 minutes and centrifuged at 130 x g (1200 rpm in an Eppendorf
microfuge). The supernatant was aspirated and 100 pl extraction buffer (20 mM HEPES-
KOHpH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM MgCl, 0.2 mM EDTA, 0.5 mM
DTT, 0.2 mM PMSF and 0.75 pg/ml leupeptin) was added. The suspension was
incubated on ice for 20 minutes with occasional inversion and centrifuged at 13300 x g

(12000 rpm in an Eppendorf microfuge) for 4 minutes. The supernatant was recovered
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and the protein content was estimated using the Bradford assay (Sigma-Aldrich, St Louis,
MO, USA).

4.132 Probe preparation for EMSAs - Pairs of complementary
oligonucleotides were annealed by adding 5 pg of each oligonucleotide strand in a 50 pl
volume, heating them to 95 °C and gradually cooling them from 95 to 25 °C over a period
of 40 minutes. The annealed oligonucleotides, which were designed to have 4 base
overhangs, were then labeled by end-filling with Klenow with 20 uCi each of 32p
radiolabeled dGTP and dCTP and cold dATP and dTTP. Two hundred ng of the annealed
oligonucleotides were used for each labeling reaction. The labeled DNA was then
purified on a Sephadex G-25 column.

4.133 DNA-protein binding reaction — Five ng of radiolabeled DNA (~40,000
CPM) was incubated with six pg of the nuclear protein preparation at room temperature
for 30 minutes in the presence of 10 mM Tris-HCI pH 7.6, 1 mM DTT, 15% glycerol,
100 mM KCl, 50 pg/ml poly-(dIdC), 0.1 mg/ml acetylated BSA and 130 mM NaCl. In
the cold competition reactions, a 100 fold molar excess of the unlabeled DNA was added
prior to the addition of the labeled probe.

4.134 Polyacrylamide Gel electrophoresis — The contents of the DNA-protein
binding reaction were electrophoresed through a 10% non-denaturing polyacrylamide gel.

The gel was then dried using a vacuum dryer, followed by autoradiography.



80

4.2 RESULTS

4,21 Analysis of vsp upstream regions using a bioinformatics — The genome of
G. lamblia is very compact with intergenic regions that are typically shorter than 100 bp
and can be as short as 8 to 10 bp (Adam, 2000). The promoters for non-vsp protein
coding genes in G. lamblia are located very close to the beginning of the open reading
frames, and consist of an AT-rich consensus region of 9 nucleotides at the transcription
start site (consensus AATTAAAAA), a second region 20 to 35 nucleotides upstream of
* the start site [consensus CAAAAA(A/TYT/C)AGA(G/T)TC(C/TYGAA] and a third
hexamer at 40 to 70 bases upstream of the start site (consensus CAATTT) (Holberton and
Marshall, 1995; Sun and Tai, 1999). vsp genes lack all three of these elements. Using a
bioinformatics approach, we analyzed the upstream regions of vsp genes, in order to (1)
Determine the extent of non-coding regions upstream of vsp genes and (2) Determine
conserved upstream elements that could potentially serve as vsp promoters.

We analyzed the upstream region of nine known vsp genes for the presence of
ORFs using an approach similar to the one used for identifying rpb ORFs (explained
under section 2.12), except that we used the known vsp sequence as query in order to
arrive at the contigs that contained them. Our results indicate that the vsp upstream
regions have longer non-coding regions than those found in other protein-coding genes
(Table 4.1). This observation leads us to speculate that these regions could play a role in
the control of vsp gene expression. There is also a possibility that vsp promoter / enhancer
regions could extend further upstream in comparison to non-vsp genes, the promoters of

which are usually located within 60 bp upstream of the ORFs (Elmendorf et al., 2001b).
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vSp gene Upstream non-coding Upstream ORF
vspAO 3.1 kb Dynein
vspC3 >2 kb ND
vspl267 10 kb * ND
vsp1269 2.8 kb Src hom
crp6y 0.8 kb Protein kinase
vspA6-S2 2.7kb Ankyrin
vsp417-1 0.8 kb TF
vsp417-2 4 kb Lectin
vsp417-3 20.5 kb No hits

Table 4.1. Length of non-coding regions in vsp upstream regions:

The distance between the vsp ORF and the neighboring upstream ORF is shown in the table. ND — Not
determined. * Two copies of vspl267 are present in the genome, and we have sequence information for the
upstream region of only one copy

We used the MEME algorithm to identify conserved elements in the upstream
regions of nine known vsp genes but were unable to identify promoter candidates by
means of a bioinformatics approach (MEME - see section 2.18), except a seven bp site at
the start of the vsp ORFs spanning from positions -2 through +5 with respect to the vsp
ORFs (Table 4.2). The consensus of this motif resembles the metazoan INR element,
which is known to be present at the start site of transcription (Smale and Baltimore,
1989). Moreover, since vspC5 gene transcription starts one nucleotide upstream of the
start codon and most transcripts in Giardia are known to have short 5"UTRs (0 to 8
bases), there is reason to suspect that the conserved site around the start codon may act as

an Inr element.
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vsp gene -2 -1 1 2 3 4 5
vSpAG C A T T
vspC5 C A T T

vspl267 C A T T

vsp417-1 T A T T
crpl36 T A T T
crpbs T A T T

vspl1269 T A T T
vsp4Al C A T T

Consensus Py A o T T
Metazoan cons Py Py Py Py

Table 4.2. Alignment of the putative INR element of vsp genes:

The sequence spans from two nucleotides upstream of the start codon (shaded) to the fifth nucleotide of the
ORF. Six of the 7 nucleotides are absolutely conserved. The bottom row represents the metazoan consensus
Inr element. There is a match between the Giardia and the metazoan consensus at five positions.

We analyzed vsp promoter elements by making luciferase constructs with
different lengths of the vsp upstream regions. We did this with two different vsp upstream
regions, vspC5 and vspA6 to determine whether there is conservation of spacing of the

potential promoter elements among different vsp genes.

4.22 Promoter analysis of the vspC5 gene using the dual luciferase reporter
system — To determine the vspC5 upstream elements that play a role in its transcription,
we cloned different lengths of the vspC5 gene upstream region with a firefly luciferase
reporter and studied reporter expression in WBCS5 trophozoites (Fig 4.2). As an internal
control for transfections, we co-transfected the GRG vector that contains the renilla

luciferase gene driven by the B-giardin promoter (housekeeping gene). The renilla
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luciferase differs from the firefly luciferase in its substrate specificity. Neither enzyme
cross-reacts with the other’s substrate, making it possible to assay their activities from the
same sample lysate.

Promoter activity was observed within the first 50 nucleotides of the vspC5
upstream region (VS0LC) (Fig 4.2). There was a nearly 2-fold (p<0.05) increase in
activity from V50LC to V100LC followed by a >2-fold decrease in activity in the
V150LC vector. We then observed a significant stepwise increase in expression from
150 to 600 bp upstream (V150LC, V200LC and V600LC) to a level of expression that
was comparable to the V50LC. This observation suggests that there could be a binding
site for a repressor in the region between 100 and 150 bp upstream. There is a significant
increase in expression in the V1100LC (1100 bp upstream) vector when compared to
V100LC, suggesting that the region between 600 and 1Kb upstream could have potential
enhancer elements.

In order to determine whether the expression of luciferase from the above
mentioned vectors is variant-dependent, we conducted the assays in WB1267 (70%
positive for MAb 5C1 in IFA). The expression pattern in WB1267 trophozoites is similar
to that observed in WBCS trophozoites. This observation indicates that transient

luciferase expression from a vsp promoter is achieved in a variant that does not express

that vsp gene.
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Fig 4.2 Luciferase expression from constructs with different lengths of the vspC5

upstream regions

Vectors with vspC3-luciferase constructs (see fig. 4.11 and 4.12) were transfected in WBC35 and WB1267
trophozoites. In each transfection, the ratio of firefly o renilla luciferase reading from the internal control
was normalized to the reference vector GLG. * Indicates statistically significant differences with p<0.05 in
WBCS as well as WB1267 transfection experiments as determined using the paired student t-test (n=3).
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4.23 Promoter analysis of the vspA6 gene using the dual luciferase reporter
assay system —The vspA6 promoter/enhancer regions were studied using vectors
containing different lengths of the vspA6 upstream regions (0, 50, 100, 150, 200, 600 and
1003 bp, designated as VAfusL.C, VASOLC, VA100LC...and so on up to VA1003LC -
See Fig 4.13). These were fusion constructs that included first 15 codons (not counting
the first ATG) of the vsp46 ORF. Our luciferase assays reveal that the core promoter has
a 5" boundary between 50 and 100 bp upstream, since the minimum upstream length
required to drive luciferase expression is 100 bp and there is no luciferase expression
from VAS0LC (Fig 4.3). There is a statistically significant 1.5 fold increase in expression
from VA100LC to VA150LC and no significant increase from VA150LC up to
VAG600LC. There is a nearly 2-fold increase when we increase the length from 600 to

1003 bp, suggesting the possibility of enhancer elements in that region.
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1.2

FIRx GLG

Fig 4.3 Analysis of the vspA6 promoter elements

Varying lengths (0 to 1003 bp) of the vspA6 upstream region were tested for their ability to drive luciferase
expression in transient transfection assays. Reporter expression is represented as a ratio between the firefly
luciferase activity and Renilla luciferase activity normalized to the reference vector GLG. * indicates
statistically significant differences at p<0.05 as determined by the paired student t-test (n=3).

4.24 Analysis of the fusion region of the vspA6 ORF — Deletion of the vspA6 N-
terminal 15 amino acid coding region from VA1003LC resulted in the loss of luciferase
expression (OAA construct in Fig 4.3), suggesting that the downstream boundary of the
core promoter could be located in the coding region of the gene. In order to determine the
downstream boundary of the vspA6 promoter element, we constructed luciferase vectors
with varying lengths of the vspA6 coding region as a fusion with the luciferase ORF.
These constructs, made by Anuranjini Nigam, contained the first 4 (OAA construct), 6

(1AA), 18 (5AA), and 33 (10AA) nucleotides of the vspA6 ORF (encoding 0, 1, S, and 10



87

amino acids, not counting the methionine codon) (Fig 4.4). In addition, these codons
were followed by a serine codon (TCC) in order to retain the Ncol site at the start of the
luciferase ORF, which is useful in the cloning process. Inclusion of the first codon (TTG)
following the start codon restored luciferase expression (1AA in Fig 4.5). This indicates
the requirement of the region extending up to the 5™ nucleotide (T) of the ORF, which is
also the last position of the putative Inr element. In order to test the role of the Inr
element, point mutations (including those resulting in synonymous codons) in the
putative Inr will be evaluated.

Luciferase activity decreased dropped successively with the extension of the
fusion region (from 1AA to SAA and 10AA). The reason for this finding could either be
that the extra amino acids in the N-terminus inhibit activity of the luciferase, or that there
is a repressor binding site in this region. A comparison of luciferase mRNA and protein

levels obtained with each construct will help resolve this issue.



1kb vepAB 5 flank

_Luciferase ORF

VA1003LC(15AA fusion)

Oz OAA (following ATG)

Fig 4.4 Fusion constructs with varying lengths of the vspA6 N-terminal coding region.

The region highlighted in brown is the vsp4 6 immediate upstream 57 nucleotides and highlighted in green is the fusion region
{coding region of vsp46). The 4 constructs have 0, 1, 5 and 10 codons of the vsp46 gene following the start codon. The putative

Inr element in each construct is indicated in red font (PyAATGTT motif). The first construct lacks the last base of this motif whichisa T.

B and N represent BamHI and Ncol restriction sites respectively.

88



89

1.80

4 -60 4 -~ — —_— U e

1.40 - e

1.20 4o —

1.00

FRxGLG

0.80

0.60

0.40

0.20

VA1003-0AA VA1T003-1AA

0.00

T T

VA1003-5AA VA1003-10AA VA1003-15AA
{(VA1003LC)

Fig 4.5 Analysis of the fusion (coding) region of vspA6:

The 1003 upstream region of vspA6 followed by varying lengths of the coding region of vspA6 were tested
for luciferase expression. The ratio of firefly to renilla luciferase activity was normalized to the reference
vector GLG. * indicates statistically significant differences at p<0.05 (n=3).

The region from -57 to +30 was tested gel shift assays for its ability to bind to
nuclear proteins by. Four pairs of oligonucleotides (Fig 4.4) including 4, 6, 18 and 33
nucleotides (same as those that were cloned to obtain the 0AA, 1AA, SAA and the 10AA
luciferase reporter constructs) were annealed, labeled by Klenow fill-in, and subjected to
EMSAs. We observed a gel-shift with all four probes and an additional complex of
higher molecular weight in the case of the 10AA construct (Fig 4.6 — Lanes 1, 3, 5 and 7).
Competition with a 100 fold molar excess of the cold probes abolished the gel-shift,
suggesting that the binding of DNA to protein is specific. These data suggest the presence

of a protein-binding region in the -57 to 0 region that may contribute to its promoter
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activity. The significance of the second complex formed in the case of the 10AA probe is
not clear since the region between fifth and the tenth codon is not essential for luciferase

expression, but rather causes a decrease in expression.

e (]

Probe

Fig 4.6. Electrophoretic mobility shift assay:

Oligonucleotide pairs with four bp overhangs were radiolabeled by Klenow end-filling reactions, purified
and incubated with the Giardia nuclear extract and electrophoresed through a 10% polyacrylamide gel. The
probes in lanes 1, 3, 5 and 7 were 0AA, 1AA, 5AA and 10AA respectively. Lanes 2, 4, 6 and 8 were also
loaded with reaction mixtures with these four probes with the addition of a 100 fold molar excess of the
corresponding cold probes.
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CHAPTERSS

DISCUSSION

5.1 RNAP IT and amanitin resistant transcription

5,11 Molecular basis of amanitin resistance — oi-amanitin, a mushroom-derived
cyclic octapeptide, inhibits RNAP II of most eukaryotes by interacting with the largest
RNAP I subunit, Rpbl. RNAP II-Amanitin co-crystal structures demonstrate amanitin
binding to a highly conserved amanitin motif which lines a funnel shaped cavity in Rpb1,
through which nucleotides gain entry to the active site of the enzyme (Bushnell et al.,
2002). Amanitin resistance mutations have been identified at six of these conserved
residues in several eukaryotic organisms. (Bartolomei and Corden, 1995) (Fig 2.8).

Our nuclear run-on assays indicate that RNAP II transcription in G. lamblia is
highly resistant to a-amanitin. In organisms known to have a-amanitin sensitive RNAP
HI transcription, the sequence of the RNAP II amanitin motif matches the consensus at all
six residues that have been associated with resistant mutants (Fig 2.8). T. vaginalis,
which has oi-amanitin-resistant transcription (Quon et al., 1996), differs at three of the six
amino acids, while G. lamblia differs at all six, providing a potential molecular basis for
o-amanitin-resistance in these two organisms. In contrast, G. lamblia RNAP 1II shows
greater similarity to other eukaryotes at the amanitin binding domain and is actually more

sensitive to amanitin than most other orthologs.
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5.12 Rpb subunits - Comparison with other eukaryotes — The RNAP II
holoenzyme has been characterized in Homo sapiens, Arabidopsis thaliana,
Saccharomyces cerevisiae and Schizosaccharomyces pombe and contains at least 12
subunits in these organisms (Kimura et al., 2001), (Ishihama et al., 1998), (Sakurai et al.,
1999), We found the genes encoding 10 of the 12 subunits in Giardia, with the exception
of rpb4 and rpb9.

Our inability to detect rpb4 and rpb9 may indicate their absence from the genome,
a level of divergence making them impossible to detect by BLAST or Hidden Markov
Models (the latter attempted for rbp4 as available at http://pfam.wustl.edu), or could
indicate that they have not yet been sequenced. Since the genome project is now at 7.7-
fold coverage, we expect that 99% of the genome has been sequenced, making it
relatively unlikely that these genes have not been sequenced. It is notable that these are
the only two subunits that are not essential in S. cerevisiae, lending credibility to the
possibility that these subunits are truly absent from Giardia.

Mutations in Rpb9 affect the start site of transcription (Furter-Graves et al., 1991,
Furter-Graves et al., 1994; Hull et al., 1995), but are not lethal for yeast. Since G. lamblia
transcripts have very short 5’UTRs and lack the typical eukaryotic RNAP II promoters, it
is possible that Rpb9 is not required. Alternatively, it is possible that another protein such
as Rpc9 performs that function in G. lamblia.

We found two rpb5 genes. The reason for this finding is not clear. There is a
possibility that one of them may be involved in the transcription of housekeeping genes

while the other could be involved in the transcription of regulated genes like the


http://pfam.wustl.edu
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encystation or excystation specific genes or the vsp genes that encode the surface

antigens.

5.13 Significance of RNAP II transcriptional analysis in G. lamblia — There is
considerable controversy regarding whether the cellular, molecular, and biochemical
differences between G. lamblia and other eukaryotes are ancestral or whether they
represent a more recent divergence from other eukaryotes. A better understanding of
transcription in Giardia along with its unique features may help to resolve this
controversy. In addition, it is possible that the difference in the structure of the G. lamblia
RNAP II that leads to amanitin resistance can be exploited for the development of novel

chemotherapeutic agents.

5.2 Analysis of vsp gene transcription

5.21 Transcriptional control of vsp gene expression — Previous work had shown
that steady state transcripts were found only for expressed vsp genes, ruling out
translational control. However, this finding did not rule out post-transcriptional control of
vsp gené expression resulting from decreased RNA stability or defective export from the
nucleus to the cytoplasm.

Our nuclear run-on assays indicate that expressed vsp genes are transcribed at
much higher rates than non-expressed vsp genes. We have shown this to be the case with

at least two vsp genes, vspCJ and vspA6. WBAG trophozoites had an intense vspA6 run-
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on signal and a very weak signal for vspC3. Conversely WBCS trophozoites gave an
intense run-on signal for vspC5 and weak signals for the other vsps.

In WBCS5 and WB1267 trophozoites, we observed a signal for the vspA46
transcripts in the 5° region of the gene but not in the repeat region. This could possibly be
due to abortive transcription of this gene in these variants, resulting in short transcripts
that terminate before the polymerase enters the repeat region. A well known example of
abortive transcription is that of the silent expression sites (ESs) in Trypanosoma brucei
(Pedram and Donelson, 1999).

We did not observe a signal for any of the non-expressed vsp genes in our run-on
assays except crp65 and crpl36. Since we did not observe transcripts for these genes in
Northern blots, one possibility is that the run-on signal could have been due to abortive
transcripts. In case of crp635 the run-on signal could have resulted from cross
hybridization with 18SrRNA and/or the 6.5 kb transcript that was observed in Northern
blots.

We were unable to detect transcription of vspl267 even in WB1267 trophozoites.
It is possible that the vspl267 gene itself has a lower rate of transcription and that our
assay is not sensitive enough to pick up the signal. Moreover, the probe for this gene that
was selected from a region determined to be relatively more unique to vspl267 using

MEME was very AT rich (75%). This could be an additional cause for the lack of signal.

5.22 Antisense transcription of vspC5 — In non-WBCS trophozoites, we

observed a strong antisense signal for vspCJ in the repeat region, which we did not detect
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in Northern or slot blots with steady state RNA. However, since these transcripts are only
detectable in non-WBCS5 trophozoites, it is possible that sense and antisense transcription
of vspC5 are not compatible and that in the absence of sense transcription, antisense
transcription takes place. We have no evidence for or against the involvement of these
antisense transcripts in control of expression of this gene but it is unlikely that they play a
role since vspC35 is the only example of antisense transcription that we observed.

When we analyzed the sequence of the vspC5 gene, we found a putative ORF in
the antisense orientation beginning in the 3° portion of the vspC35 gene, 88 nucleotides
upstream of the vspCJ stop codon, and extended up to 40 nucleotides upstream of the
vspC5 ORF. This ORF encodes a hypothetical protein that has no known orthologs and
has neither the Giardia RNAPII promoter elements, nor a polyadenylation site

downstream from it.

5.3 vsp promoter analysis

5.31 Sequence analysis of vsp upstream regions using bicinformatics — We
have shown that vsp genes are distinctly different from other protein coding genes in the
upstream region in two respects. First, the lengths of the vsp upstream non-coding regions
are significantly longer than those of the housekeeping genes (0.8 to 10 kb). Second, the
RNAP II consensus promoter elements that are usually found within the immediate
upstream (60 to 80 bp) of protein coding genes are missing in the vsp genes, We were
unable to identify alternative consensus elements in these regions by an informatics

approach except the seven bp putative Inr element at the start site of the vsp ORF.
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5.32 The vsp core promoter — Using transient transfection assays with different
lengths of the vspA46 upstream regions, we determined the upstream boundary of the core
promoter of vspA6 to be present between positions -50 and -100 (relative to the ORF)
since luciferase reporter expression was obtained with VA100LC but not with VASOLC
(Later Anuranjini Nigam determined the upstream boundary to be located between -57
and -50). In the case of the vspC5 gene, the upstream boundary of the core promoter is
within 50 bp upstream of the ORF.

We have provided additional evidence for the presence of a promoter element in
the upstream 57 bp of vspA6 with our EMSAs. This could be due to binding by TBP even
though there is no AT rich sequence in this region.

We determined the downstream boundary of the vspA6 promoter to be within the
ORF itself. This was inferred from the fact that deletion of the 15 amino acid fusion
resulted in loss of activity while inclusion of the first codon after the start codon (TTG)
restored activity. These results suggest that the putative Inr element which extends two
nucleotide positions into the TTG codon is required for expression. Since there is no
expression from the VAfusL.C or the VASOLC, the Inr element appears to be necessary
but not sufficient to promote gene expression,

5.33 Possible enhancer regions of vsp genes — The presence of long intergenic
vsp upstream regions suggested the possible occurrence of enhancer elements. Enhancer
elements can increase transcription beyond the levels achieved with just the core

promoter. When we increased the length of the upstream regions from 600 bp to 1000 bp
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(for both vspA6 and vspC5) in our luciferase constructs, we observed a jump in luciferase
expression. This suggests that there could be some enhancer elements in the region
between 600 and 1000 bp. In fact the upstream non-coding regions for these two genes is
longer than 1 kb, so there is a possibility of more enhancer elements beyond the 1 kb
upstream region. Enhancers serve as binding sites for several nuclear factors that form
large complexes and interact with the transcriptional machinery. In addition, these
elements could have certain other functions that require a chromosomal context because
very often, components of these complexes happen to be histone modifying enzymes. It
will therefore be interesting to study how these regions influence a reporter in the

chromosomal context.

5.34 Lines of evidence for epigenetic control of vsp gene expression —
Inheritance of vsp gene expression is semi—stable since expression switches from one vsp
gene to another once every six to thirteen generations. Switching is not accompanied by
sequence alterations or DNA rearrangements in the genome (Adam et al., 1988a; Yang
and Adam, 1994). Moreover, vsp gene expression is restricted to only one allele of the
expressed vsp gene (Yang and Adam, 1994). We have also shown that a vsp promoter can
drive luciferase expression in variants that express a vsp gene as well as those that do not.
This suggests that a chromosomal context might be necessary for the control of vsp gene
expression. It could be that the very purpose of having long intergenic vsp upstream

regions is to provide for epigenetic mechanisms to take place.
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5,35 Privileged site model for control of vsp gene expression — As we consider
possible models of epigenetic control (Fig 5.1A, B, C and D), I would like to propose the
privileged site model for vsp gene control with the following features:

(1) vsp gene transcription takes place in a particular sub-nuclear location in the nucleus
which can be occupied by only a single vsp gene at a time.

(2) Occupancy of this site is semi-stably inherited from one generation to another with a
change in occupancy once every six to thirteen generations.

(3) The default epigenetic state of a vsp locus is the repressed state unless it occupies the
privileged site. This repressed state could possibly be achieved by means of a ubiquitous
factor that binds to vsp promoters or enhancers, deacetylates histones in that locus and
silences vsp locus. This ubiquitous factor could either have a chromodomain in itself or
interacts with a chromodomain protein which in turn binds to the deacetylated H3 in that
locus and localizes it to heterochromatin where transcription is repressed.

(4) A vsp-specific transcription factor is sequestered to the privileged site and can change
the default epigenetic state of the vsp locus that occupies it, from silent to active. This
transcription factor could be part of a complex that contains a histone acety! transferase
(HAT) activity which acetylates the vsp locus. This could result in expression of the vsp
gene. A protein containing a bromodomain (could be part of the TF that contains HAT
activity) binds to the acetylated H3 in this locus and localizes it to euchromatin which is

rich in transcriptional activity.
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(5) cis acting elements that control the expression of vsp genes are present within the
upstream non-coding regions and do not encroach into the neighboring upstream ORF. A
housekeeping gene promoter itself acts as an insulator from vsp cis-elements.

(6) The two nuclei of Giardia are not functionally equivalent with respect to vsp gene
expression since the privileged site is restricted to one nucleus.

The privileged site model leads us to several testable hypotheses. First, vsp gene
transcription takes place in a single nucleus. If we identify a vsp-specific transcription
factor we can study its localization in the cell using immunofluorescence either by
producing anti-factor antibodies or by epitope tagging followed by stable episomal
transfection. A signal obtained from a single nucleus will support the hypothesis. The
most direct way to show vsp transcription from a single nucleus would be to perform
nuclear RNA FISH using an intron probe. Because of the general absence of introns in
Giardia, this approach is not an option.

The second testable hypothesis is that there is at least one vsp specific
transcription factor that occupies a distinct location in the nucleus. Transcription factors
specific to vsp genes can be potentially identified using biochemical approaches like
DNA-affinity chromatography and genetic screens like the yeast one-hybrid and two-
hybrid systems (depending on we are starting with no known TF or one TF respectively).
The next step would be to express these transcription factors with an epitope tag and
track their location in the nucleus using microscopic techniques. It will be interesting to

see whether these proteins are targeted to a set location within the nucleus. Using
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colocalization studies with epitope tracking and DNA FISH we can then determine
whether an expressed vsp gene occupies the same position.

Third, expressed vsp gene loci are associated with acetylated H3 while the
silenced vsp loci are bound to deacetylated H3. This can be tested using ChIP assays of
expressed and non-expressed vsp loci with antibodies specific to acetylated and
deacetylated H3. The model predicts the detection of only the expressed vsp gene in the
acetylated H3 fraction.

Fourth, control of vsp gene expression will be lost if we replace vsp promoter and
enhancers with a housekeeping gene promoter. This is because according to the model,
the proteins involved in control of expression recognize vsp promoter/enhancer
sequences. This can be tested by creating a chimeric vsp gene with flanking regions of a
housekeeping gene promoter and inserting it into a chromosomal location. The model
predicts that the gene will be expressed constitutively irrespective of where it is inserted
in the chromosome since the vsp flanking region or the housekeeping promoter itself is an
insulator. Although the default state of a vsp gene is the repressed state, according to this
model, repression requires a chromosomal context. This could explain why a vsp gene is
not repressed in an episomal context. Since it is not repressed, it does not require

derepression and therefore does not have to occupy the privileged site for expression.
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Fig 5.1 Privileged site model.

A. Subnuclear location of vsp gene transcription -The privileged site is a sub-nuclear organelle present
in one of the two nuclei and where vsp transcription takes place. B. Status of a vsp gene when it occupies
a privileged site - In the P-site, factor H (a histone acetyl transferase) acetylates histones and opens the
chromatin associated with the vsp locus. The vsp gene is therefore accessible to transcription factors (T¥s)
and transcription associated factors (TAFs). The vsp gene is then actively transcribed. €. Status of a vsp
gene when it is oufside the P-site - Histone deacetylase (D) is present outside the privileged site while
factor H is absent here. D deacetylates histones associated with vsp loci. As a resulf, chromatin is
condensed and the vsp loci are inaccessible to the transcription machinery. The vsp locus is therefore
transcriptionally silent. . Switch in vsp gene expression - Antigenic switching occurs when one vsp gene

is displaced by another from the P-site. The incoming vsp gene is derepressed while the one that was
displaced is transcriptionally repressed.
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polymerase II: Amanitin-Resistant Transcription. J. Biol. Chem., Jul 2003; 278: 27804 — 27810



THE JOURNAL oF BioLoaical. CHEMISTRY
© 2008 by The A i Saciety for Bi

y and Motecul

Biology, Inc.

104

Vol. 278, No. S0, Issue of duly 25, pp. 2780427810, 2003
Printed in U.S.A

Giardia lamblia RNA Polymerase Il

AMANITIN-RESISTANT TRANSCRIPTION*

Received for publication, March 31, 2003, and in revised form, May 3, 2003
Published, JBC Papers in Press, May 6, 2003, DOI 10.1074/be. M303316200

Vishwas Seshadrif, Andrew G. McArthurg, Mitchell L. Sogin$, and Rodney D. Adam§y)

From the {Departments of Microbiology and Immunology and Medicine, University of Arizona College of Medicine,
Tucson, Arizona 85724-5049 and $Josephine Bay Paul Center for Comparative Molecular Biology and Evolution,
Marine Biological Laboratory, Woods Hole, Massachusetts 02543-1015

Giardia lamblia is an early branching eukaryote, and
although distinctly eukaryotic in its cell and molecular
biology, transecription and iranslation in G. lamblia
demonstrate important differences from these pro-
cesses in higher eukarvotes. The cyelic octapeptide
amamnitin is a relatively selective inhibitor of eukaryotic
RNA polymerase II (RNAP II) and is commonly used to
study RNAP 1I transcription. Therefore, we measured
the sensitivity of G. lamblic RNAP IT transcription o
a-amanitin and found that wnlike most other eu-
karyotes, RNAP II transcription in Gierdia is resistant
to 1 mg/ml amanitin, In contrast, 50 pg/ml amanitin in-
hibits 85% of RNAP III transcription activity using
leucyl-tRNA as a template. To better understand tran-
seription in G. lamblia, we identified 10 of the 12 known
eukaryotic rpb subunits, including all 10 subunits that
are required for viability in Seccharomyces cereviziae.
The amanitin motif (amanitin binding site) of Rpbl from
G. lamblic has samino acid substitutions at gix highly
consexved sites that have been associated with amanitin
resistance in other organisms. These observations of
amanitin resistance of Giardie RNA polymerase I sup-
port previous proposals of the mechanism of amanitin
resistance in other organisms and provide a molecular
framework for the development of novel drugs with se-
lective activity against G. lamblia.

Giardia is a flagelated unicellular eukaryotic microorga-
nisam that commonly causes diarrheal disease throughout the
world. This protist is a diplomoenad with two nuclei but lacks
nucleoli and peroxisomes and mitochondria. Based on compar-
isons of 18 8 rRNA sequences, Giardie lamblic appears to be a
basal eukaryote (1-3), although there is an ongoing debate
about the interpretation of the position of Giardia in molecular
trees (3~5).

Gene organization and transcription in Giardia is unusual
relative to more commonly studied eukaryotes. Most Giardia
transcripts have a very short 5'-untranslated region (1-6 nu-
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cleotides) (6) and do not possess a 7-methyl guanosine cap (7).
Because many of the intergenic regions are less than 100 base
pairs in length (6) and can be as short as 8-10 bp," the very
compact nature of the genome might prevent the general use of
longer 5 -untranslated regions. Because of the potential impact
on organization of promoter regions, these short intergenic
elements may constrain the regulation of transcription. Eu-
karyotic RNA polymerase I (RNAP II)? promoters are highly
conserved and usually have 3 short sequences centered at 30
{TATA box)}, 75 (CAAT box), and 90 (GC box) bases upstream of
the transcription start site (8). In contrasi, the G. lamblia
RNAP 11 promoters have AT-rich sequences at the transcrip-
tion start site {consensus AATTAAAAA), 20-35 nucleotides
upstream of the start site (consensus CAAAAA(A/TXT/CIAG-
A(GTYTC(CIT)IGAA), and a third hexamer 40-70 bases up-
stream of the start site (consensus CAATTT) (9, 10). These
differences in Giardic transcription suggest the possibility that
the components of G. lamblia RNAP II that affect the tran-
scription start site may differ from those of other eukaryotes,
The RNAF II holoenzyme in eukaryotes consists of 12 sub-
units, Rph1 through Rpbl12 (11-16). Rpbil, Rpb2, Rpb3, Rpb4,
Rpb7, Rpb9, and Rpb1l are unique to RNAP II, whereas Rpb3,
Rpb6, Rpb8, Rpbl0, and Rpbl2 are also components of the
other two nuclear RNA polymerases (RNA polymerases I and
111) (16). Rpb4 and Rpb9 are dispensable in Saccharomyces
cerevisiae at optimal growth conditions, whereas the remaining

-subunits are essential for viability (17, 18).

The three nuclear RNA polymerases vary in their sensitivi-
ties to the cyclic octapeptide o-amanitin. RNAP I is resistant to
amanitin, RNAP I is 50% inhibited by 5~20 ug/ml, and RNAP
I11 is 50% inhibited by 250 pg/ml amanitin. These differences
in sensitivity are frequently exploited to study the transcrip-
tion of genes by different polymerases. For example, the aman-
itin resistance of variant surface glycoprotein gene transcrip-
tion in African trypanosomes provided the basis for the
proposal that these genes are transcribed by RNAP I (19),

However, there are organisms in which RNAP II transcrip-
tion is naturally amanitin-resistant. RNAP II transcription in
Trichomonas vaginalis is resistant to 250 pg/mi amanitin (20,
21), whereas Entamoebu histolytica transcription is resistant
to 1 mg/ml amanitin (22). In the current manuseript, we de-
scribe the genes encoding G. lamblic RNAP Il and demonstrate
a potential molecular basis for amanitin-resistant transerip-
tion of protein-coding genes in G. lamblia.

LY. Seghadri and K. D. Adam, unpublished results.

% The abbreviations used are: RNAP, RNA polymerase; MSA, multi-
ple seguence alignment; MEME, muitiple expectation maximizations
and motif elicitation; contig, group of overlapping clones; ORF, open
reading frame.

This paper is available on line at http://www.jbc.org



Amanitin-resistant Transcription in Giardia

EXPERIMENTAL PROCEDURES

Source and Cultivation of Organisms—G. lnmblia trophozoites were
grown in modified TYI-5-33 as previously described (23). The WB (24)
and ISR isolates (25) have been described previously as has the E11
-cloned line of the ISR isolate (ISRE11) (26). The YRP-840 strain of
8. cerevisiae (27) was grown in YED medium (1% yeast extract, 2%
bactopeptone, 25 dextrose) to obtain 5 X 10° cells.

Identification of G. lamblia rpd Genes—The Giardia genvme project
(281 is now at 7.7-fold coverage with an estimated 99% coverage with at
least a single pass. To identify the Rpb subunits of Giordia, we used the
protein sequences of the Schizosaccharomyces pombe rpb genes as 2
query in a TBLASTN search against the G. lamblia project data base
(www.mbledu/Giardia). We then analyzed the contigs containing the
putative rpb genes. Because introns are rare in Giardia (one has been
identified in the 2Fe28 ferredoxin gene (29)), we used the ORFs of the
primary genomic sequences for subsequent analysis, We used the trans-
lation of each putative rpb ORF as a query in a BLASTP search against
the nonredundant data base to confirm whether it was the ortholog of
the given gene. When bidirectional sequences were not available, we
used primer walking to obtain complete bidivectional sequences.

Using the 8. pombe ortholog as a query, BLAST failed to identify the
rpb7 gene in the genome data base, but -a consensus of two conserved
motifs from 8. cercvisiae, Caenorhabditis elegans, Mus musculus, Rot-
tus norvegicus, and Homo sapiens returned a putative rpb7 sequence
with a TBLASTN score of 0.24.

rpb Probes—We prepared probes for each rpb gene to determine
genomic location and organization as well as transcript length. The
ORFs of the three largest subunits, Rpbl, Rph2, and Rpb3, were found
entirely within the plasmid clones MJ3673, NJ2874, and KJ2040 (www.
mbl edw/Giardia); therefore, these plasmids were used as probes. In the
case of rpbd, we used the plasmid clone KJ2040 for pulsed-field gel
electrophoresis hybridizations and an antisense oligo {(described below)
to probe genomic restriction fragments and RNA blots. We used PCR
products amplified from genomic DNA with the following primers as
probes for the following rpb ORFs. The number indicated in the brack-
ets refers to the size of the amplified product. TACCAACAGTCTC-
CGACG and GTCTACGGAACGGCAGAG for rpbda (851), ATGGACT-
CACTTGCGCTG and AGAGATGTTTCCCCGCAC for rpb5b (586),
GCCCTTGATCGTGGAAAG and GTAACTCGCTGAGCTTCC for rph6
(283}, CTTCCACATTGAGGCCAC and CCCCCCTATTGATGTTTC for
rpb7 (382), ATCATCCCTGTTCGGTGC and TTACTTCTGCTCCGC-
CGQC for rpb10 (241), CGGATCGGTACAAAACAC and GTGGGTGTG-
CATGATACT for rpbll (356), and GGGAAAATCAGCCTGTCG and
GATTAGGGTITGTGTTGC for rpbl2 (96). We used single-stranded
antisense oligonucleotide probes for rpb3 (5'-GGGAGCCTTTCAAAT-
TCATCGCAC) and rph8 (5'-GCATAATCTAAGTCTGGGTAGGCG). Be-
cause of the small size of rpbl2, we used reverse transcription-PCR
with primers rpb12A (GGGAAAATCAGCCTGTCQ) and rpb12B (GAT-
TAGGGTTTGTGTTGC) to analyze the transcription of rpb12, The EZ
rTth RNA PCR kit (Applied Biosystems, Foster City, CA) was used to
amplify a 96-bp product within the rpbI2 ORF. Procedures were fol-
lowed as suggested by the manufacturer, except that a 50 °C annealing
temperature was used instead of 60 °C. Sequences similar to rpb4 and
rpb8 do not occur in the current coverage of the G. lomblic genome.

Identification of the G. lamblia Leucyl tRNA Gene—The BLAST an-
notation of the Giardfa genome sequences identified a putative leueyl-
tRNA. The G lamblia sequence was aligned with the C. elegans leueyl-
tRNA sequence using LALIGN (30), using a +5/—4 scoring matrix with
gap and extension penalties of 12 and —4, respectively. An oligonu-
cleotide with the sequence complementary to the identified gene (5'-
GCCAGCTGTGGGGTTCGAACCCACGCGGTCTTGCAACCAATGGG-
ACTTGAATCCATCGCCTTAACCACTCGG CCAAACTGGC) was used
to probe northern blots as well as run-on transcripts.

Electrophoresis and Hybridization of Nucleic Acids—Total chromo-
somal DNA was prepared and separated by pulsed-field gel electro-
phoresis using the ISR E11 isolate to identify chromosomal lecations
because chromosomes 1 and 2 of this isolate can be readily distin-
puished (26). Restriction enzyme digestion and agarose gel electro-
phoresis of DNA were performed by standard methods. DNA was trans-
ferred to & nylon membrane by alkaline transfer in 0.4 M NaOH. RNA
was extracted using the RNeasy kit (Qiagen, Valencia, CA), separated
on a formaldehyde gel, and transferred to nyton in 10X 8SC (13 88C =
0.15 M NaCl and 0.015 m sodium citrate). Double-stranded DNA probes
were labeled by random priming, and unincorporated nucleotides were
removed by Sephadex G-50 spun column chromatography. Hybridiza-
tion to DNA was performed in 5x 88C at 50 °C, and hybridization to
RENA was performed in 5« SSC and 50% formamide at 37 °C. Oligonu-
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Fic. 1. Nuclear run-on sassays. A, run-on assays of nascent
G. lumblia RNA were performed in the presence and absence of a-
amanitin (50 ug/mi). The detected transcript is indicated in the right
panel, B, run-on assays of S. cerevisice RNA were used as a positive con-
trol for RNAP II inhibition by a-amanitin. !, PCR product of the tubulin
ORF. ¥, tubulin ORF cloned into pBlueScriptll SK+.
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FiG. 2. Nuclear run-on assays in the presence of 1 mg/ml aman-
itin or 10 pg/ml actinomycin D, The table shows the number of
radioactive counts in excess of background detected by pbosphorimag-
ing over a period of 10 min.

cleotide probes were end-labeled with {y-"*P]JATP and T4 polynucleotide
kinase and purified using a G-25 column. Hybridization was carried out
in 86X 88C, and washing was done in 1% 88C at 50 °C.

Nuclear Run-on Assays—G. lamblie nuclear run-on assays were
performed as previously described for Trypanosoma brucei (31) and
G. lamblia (32), with minor modifications. Trophozoite cultures were
harvested in late log phase by centrifugation at 1200 X g and washed
twice in phosphate-buffered saline. The pellets were re-suspended in
Buffer A (150 mn sucrose, 20 pat KCl, 3 my MgCl,, 20 mm HEPES, §
mM dithiothreitol, 10 zg/ml leupeptin (Sigma-Aldrich) to a density of
6 x 10° cells/ml in 400-pl aliquots. Palmitoyl lysophosphatidylcholine
{lysolecithin) was added to a concentration of 500 pg/m! and chilled on
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Fic. 3. Alignment of leucyl-tRNA ortholog sequences of G. lamblia and C. elegans. Sequence alignment of the Eutative G lam()lx:a
leucyl-tRNA gene and the C. elegans ortholog tindicated G. fam and C. ele, respectively) using the LALIGN algnritbm and a +3/-4 seoring matrix
with gap and gap extension penalties of —12 and —4, respectively, reveals a 78.6% identity in the 83-nucleotide alignment. Gaps are indicated by
dashes, and positions of identity are indicated by dots in the C. elegans sequence.

ice for 1 min. Tywo volunes of Buffer A at room temperature were added,
and the trophozoites were then recovered by centrifogation as described
before. The pellets were washed twice in Buffer A and resuspended in
100 i of the run-on mixture (50 ma Tris-HCI, pH 7.9, 100 mm KCI, 5
ma MgCl,, 1 my MnCl,. 2 my dithiothreitol, 4 mym ATP, 2 mm GTP, 2
my CTP, 100 uCi of PPPJUTP), 1 unit/ul RNasin (Promega, Madison,
WD, 10 mi phosphocreatine, and 1.2 pg/ul creatine kinase). In the
amanitin experiments, amanitin was added at concentrations of 0, 50,
250, or 1000 ug/ml. The reaction was carried out for 1 h at room
temperature and stopped by adding DNase 1(0.2 mg/m]) and proteinase
K (26 mg/ml) followed by incubation at 56 °C for 30 min. Radiolabeled
RNA was extracted from the eells using the DNA/RNA kit procedure for
RNA extraction (Qiagen). DNA probes used for nuclear run-on assays
were denatured and slot-blotted onto 0.45 uM Supercharge Nytran
membranas (Schleicher und Schuell).

For the 8. cerevisiae run-on assays, a log phase culture of S. cerevi-
sioe was barvested by centrifugation at 4600 X g. The pellet (3 x 107
cells) was washed with TMN buffer (10 mum Tris HCL, pH 7.4, 100 mx
NaCi, 5 mm MgCl,) and resuspended in 1 ml of 0.5% Sarkosyl. The
suspension was placed on ice for 15 min, and the cells were recovered by
centrifugation at 4000.x g for 1 min at 4 °C, The pellet was resuspended
in 100 gl of yun-on mixture (50 my Tris-HCI pH 7.9, 100 my KC1, 5 my
MgCl,, 1 mm MnCly, 2 mM dithicthreitol, 0.5 my ATP, GTP, and TP,
100 pCi of P**PJUTP, 1 unit/ul RNasin, 10 mM phosphocreatine, and 1.2
pg/ie] creatine kinase). In the e-amanitin control experiments, a-aman-
“jtin (50 pg/ml) was added to the run-on mixture (33). The reaction was
carried out for 1 h at room temperature and stopped by adding DNase
1(0.2 mg/ml) and proteinase K (25 mg/ml) followed by incubation at
85 °C for 10 min. RNA was then extracted from. the run-on mixture as
for'G. lamblia and hybridized to the slot-blotted nucleic acid probes
{discassed below) in 6X 88C and 25% formamide at 37 °C. The blots
were washed in I1x 88C at 50 °C. In the RNase A control experiment,
the extracted RNA was incubated at 37 °C in the presence of 1 mg/ml
RNaseA for 1 b hefare hybridization.

Probes Used in Nuclear Run-on Assays—A plasmid probe for riboso-
mal DNA in Gigrdia was svbtained from Tom Edlind (34). 8-Giardin (85,
36) and psp conserved region (37) probes were amplified from genomic
DNA using the primers listed below. The vsp conserved primers were
based on the vspA6 (CRP170) (38) sequence. In that region, all pub-
lished vsp sequences demonstrate greater than 90% nucleotide identity;
thus, all usp transeripts should hybridize to the probe {37)." The probes
for B-giardin (810 bp) (GenBank™! aceession number GI X85958; and
the vsp conserved region (83 bp) (GenBank™ accession number GI
M83933) were abtained by means of PCR from genomic DNA using the
primer sets ATGTTCACCTCCACCCTTACG/GTGCTTTGTGACCATC-
GAGAG for B-giardin and GGTGCCATCGCGGGGATCTCC/ICGCCT-
TCCCTCTACAG ATGAA for the vsp conserved region.

" Customr made oligo 60-mers, GGCAAGCACGTCCCGCGCGCGGTC-
TTCGTTGACCTCGAGCCCACGGTCGTC GACGAGGTC and GACCT-
CGTCGACGACCGTGGGCTCGAGGTCAACGAAGACCGCGCGOGG-
GACGTGCTTGCC, which are the sense and antisense strands of the
aZ-tubulin gene, were used as single strand DNA probes. Probes for the
8. cerevisine genes were amplified from genomic DNA using the primers
GGTTGATCCTGCCAGTAGTCATATG and GACTTGCCCTCCAATTG-
TTCCTCG for 18 S rRNA (783-bp product) (39), ATATCACGGCCATG-
ACGATATCCAG and GGCATCAAACATTTGCTGTG for B-tubulin
(631-bp produci; GenBank™ accession number GI V01296)}, and CGT-
TGTCGTTATCGGTCATGTCG and CGAATGGAACAGTCTTTGGG-
TLG for the EF-In genre {538 bp; GenBank™ accession number GI
X00779).

MEME Analysis—The Rpbl sequences of M. musculus (GenBank™
U37500), H. sapiens (X63564), C. elegans (T29959), Drosophila mela-
nogaster (P04052), Arabidopsis theliona (CAB81489), Helobdella stag-
nalis (tAAAS0227), S. pombe (AL121795), 8. cerevisiae (X08128), Asper-

V., Seshadri, A. G. McArthur, M. L. Sogin, and R. D. Adam, unpub-
lished data from MEME (multiple expectation maximizations and motif
elicitation) analysis of 14 published vsp genes.

496 —
T468

4380 —

iave —

1358 e

248

185

-9

FiG. 4. LeucyltRNA Noxthern blot. Northern blot of G. lamblia
RNA probed with an 80-mer oligonucleotide complementary to the
leueyl-tRNA sequence.

gillus oryzae (AB017184), Plasmodium foleiparum (NP_473284),

-Leishmania major (AF009163), T. brucei (JO3157), Mastigamoeba in-

vertens (AF083338), Bonnemaisonia hamifera (U90208), T. vaginalis
(U20501), and G. lamblia and Rpel sequences of G. lamblia, 8. cerevi-
siae, and H. supiens were entered in FASTA format at the MEME web
site {meme.sdsc.edu/memelwebsite/meme. himl) (40), To restrict the
alignment to the a-amanitin motif, the training sequences included the
amanitin motif described for M. musculus, D. melanogaster, C. elegans,
and S. cerevisine (41) The multiple sequence alignment (MSA) of these
orthologs was also done using ClustalW (42), which allows gaps to be
intreduced in the sequences. The results were identical to that of the
MEME output within the amanitin motif. A similar procedure was
followed to ebtain a block diagram of the bridge helix.

RESULTS

Amanitin Resistance of RNAP I Transcription—a-Amanitin,
a mushroom-derived cyclic octapeptide, inhibits RNAP 11 of
most eakarvotes by interacting with Rpbl. To determine its
potential usefulness in studying RNAP II transcription in Gi-
ardia, we conducted nuclear run-on assays using housekeeping
genes that have previously been characterized. The cytoskel-
etal gene a2-tubulin is highly expressed in trophozoites (43),
B-Giardin is a cytoskeletal protein that is unique to G. lambliu
and is found in the ventral disk that mediates attachment to
the intestinal wall (35, 36, 44). Both have upstream flanking
regions that fit the consensus for promoters of (5. lamblia
protein-coding genes (9, 43), and wanscripts for each of the
genes have polyadenylated tails. Thus, we would expect both of
these genes to be transcribed by RNAP I1. The vsp gene tran-
scripts also have polyadenylated tails and the short 5'-untrans-
lated regions that are typical of G, lamblia genes and are most
likely transeribed by RNAP II. However, vsp genes do not have
the typical G. lamblia promoter regions. The vsp genes that
have been ctharacterized demonstrate at least 90%: identity in
the 110-bp 3’ region, so all vsp gene transcripts should hybrid-
ize to this region (37).%

Frequent antisense transcripts for a variety of genes have
been reported in G. lamblia 145, 46); therefore, we used com-
plementary 60-mer antisense and sense oligonucleotides for
the tubulin gene to distinguish between sense and antisense
transcripts in the run-on product. The antisense probe gave a
strong signal, whereas the sense probe gave no signal (Fig 14),
indicating that the level of antisense transcription for the tu-
bulin gene is low or absent. Control experiments using RNase
A before hybridization yielded no signal, as expected (data not
shown). We observed no inhibition of transcription in the pres-
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Fig. 5. Nuclear yrun-on assays at
varying amanitin concentrations.
The top panel shows the hybridization of
RNAPT, RNAPII, and RNAP I probes to
the nascent transcripts of run-on reac-
tions carried out in the presence of 0, 50,
950, or 1000 pg/ml amanitin. The de-
tected tramscripts are indicated in the
right panel. The experiment was carried
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ence of 50 pg/ml amanitin with the tubulin, giardin, or the vsp
conserved region probes (Fig 14). RNAP I transcription as
measured by hybridization to the rRNA gene was unaffected at
a concentration of 50 pg/ml. In contrast to the amanitin resist-
ance of Giardia RNAP II, transcription of the S. cerevisiae
EF1l-a and tubulin genes was almost totally inhibited by 50
pg/ml amanitin, whereas rRNA transcription was unaffected
(Fig 1B). Actinomycin D almost completely inhibited G. lam-
blia RNAP 1 and RNAP 11 transcription at a concentration of 10
ng/ml (Fig. 2).

Amanitin Susceptibility of RNAP III Transcription—Be-
cause eukaryotic RNAP III transcription is partially suscepti-
ble 1o high concentrations of amanitin, we used the leucyl-
tRNA gene to evaluate the sensitivity of Giardia RNAP 111
transcription to amanitin. A putative G. lamblia leucyl-tRNA
sequence from the BLAST annotations of the genomic se-
quences was 78.6% identical to the C. elegans ortholog (Fig. 3).
A complementary oligonucleotide identified an 80-nuclectide
band on a Northern blot (Fig. 4), which is the expected size of
a tRNA gene. Run-on assays at varying concentrations of
amanitin (50, 250, and 1000 pg/ml) using the leucyl-tRNA
antisense oligonuclectide probe demonstrated that RNAP 111
transcription was 85% inhibited by 50 pg/ml of amanitin,
whereas RNAP I and RNAP Il transcription was unaffected
(Fig. 5). When we separated the run-on transcripts on a dena-
taring polyacrylamide gel, we observed a series of bands rang-
ing in size from 70 to 82 nucleotides (Fig. 6), which most likely
represent tRNA, as well as 93- and 110-nucleotide bands,
which were present in the amanitin untreated sample and not
in the treated ones. We do not know the identity of the 93- and
110-nucleotide bands.

Identification of G. lamblia 1pb Genes—To evaluate the po-

Amanitin Concentration
pghml

tential molecular basis for amanitin resistance as well as other
differences of G. lamblic RNAP 1I transcription from that of
other enkaryotes, we identified the genes that encode the sub-
units of RNAP II from the Giardia genome data base. We
identified rpbl, rpb2, rpb3, rpbs, rpb6, rpb7, rpb8, rpblo,
rpb1l, and rpbl2, including two isoforms of rpb5 (rpb5a and
rpb5b), but did not find rpbd4 or rpb9. However, we did identify
rpc9, which demonstrated a 23% identity with the S. cerevisiae
Rpb9 along almost the entire length of the polypeptide, includ-
ing the cysteine residues that coordinate Zn®" ions in both
Rpb9 and Rpce9. Table I shows the chromosomal location and
approximate transcript sizes for each of the rpb genes. The rpb
genes are distributed among all five chromosomes, and restric-
tion digests (data not shown) show that each is present as a
single copy. As for most G. lamblic genes, the transcripis of the
rpb genes were approximately the same size as the ORFs
(Table 1). The comparisons of the G. lamblia and 8. cerevisiae
Rpb amino acid sequences are shown in Table 1.

Molecular Correlations between the Rpbl Sequence and
Amanitin Resistance in G. lamblia and Other Organisms—
Amanitin contacts residues in two helices in Rpb1, the aman-
itin motif (residues 719-779 in 8. cerevisiae) and the bridge
helix (residues 810-825), as shown by a-amanitin-RNA polym-
erase 11 co-crystals at 2.8-A resolution (47). The residues of the
bridge helix of Rpbl directly contact the DNA base that is
paired with the first base in the RNA strand, whereas the
amanitin motif forms a helix that lines a funnel-shaped cavity
through which nucleotides gain access to the active site. The
amanitin-RNAP 11 co-crystals show potential hydrogen bonds
between amanitin and S. cerevisiae residues 722 (leucine) and
769 (serine) (48), which are also conserved in other eukaryotes.
Therefore, we analyzed this region with the MSA tool MEME
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Fie. 6. PAGE analysis of run-on RNA extracts. The run-on reac-
tions shown in Fig. 5 were separated on an 8% denaturing polyacryl-
amide gel containing 7 M urea. The gel was then fixed, dried, and
autoradiographed. Lanes I-4 were loaded with samples from un-
treated, 50, 250, and 1000 pg/ml amanitin-treated run-on experiments,
respectively.

(40) (Fig. 7). These positions are shown at positions 5 and 52 on
Fig. 7 and correspond to the mouse R749P/Drosophila R741H
and mouse N792D mutations that are associated with aman-
itin resistance (41). In G. lamblia, valine replaces the leucine at
position 5, whereas phenylalanine replaces asparagine at po-
sition 52. Other potential hydrogen bonds have been suggested
between amanitin and the glutamine residues at positions 50
and 51. These glutamine residues are conserved in all the Rpbl
orthologs including that of G. tamblia (Fig. 7).

Four additional mutations in the amanitin motif asseciated
with amanitin resistance have been described (41). Replace-
ment of cysteine with tyrosine at position 47 (Fig. 7) is associ-
ated with resistance in C. elegans (C777Y) (41), possibly be-
cause of the presence of the hydroxyl group of tyrosine rather
than its bulky nature, since 7% brucei has a phenylalanine at
the same position but is a-amanitin-sensitive. This position is
occupied by serine in G. lamblia. The R749P mutation (position
9 in Fig, 7) confers a-amanitin resistance in M. musculus, and
in G. lamblic this position is occupied by serine. The a-aman-
itin-resistant G55E mutation has been reporied in C. elegans.
This glycine is conserved in all the Rpbl sequences except
G. lamblia, which has a serine residue at that position. Re-
placement of isoleucine with phenylalanine at position 39 in
M. musculus has also been associated with amanitin resist-
ance. G. lamblia has a phenylalanine at this position. Thus, the
amanitin motif of G. lamblia Rpbl differs from that of other
eukaryotes at all six conserved positions that have been asso-
ciated with amanitin resistance in other organisms,

The Rpcl amanitin motif sequences of G. lamblia, 8. cerevi-
siae, and H. sapiens contained five of the six conserved amino
acids. All the three Rpel orthologs had substitutions at pesition
52 of the amanitin motif (Fig. 7).
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The movement of the bridge helix is impertant for the trans-
location of RNAP II on DNA, and binding of amanitin to the
bridge helix imposes a constraint on its movement, hampering
the translocation of the polymersase on DNA, X-ray co-crystals
showed a very strong hydrogen bond between S. cerevisive
glutamate residue 822 of the bridge helix and amanitin (47).
This glutamate is conserved in all Rpbl orthologs with the
exception of T, vaginalis, which has a threonine residue at that
‘position (Fig. 8). Therefore, it is possible that this substitution
contributes to the amanitin resistance observed in T. vaginalis
RNAP I1. The glutamate is conserved in RNAP III {Rpcl) of
8. cerevisine and H. sapiens, whereas the G. lamblia sequence
encodes a conservative substitution (aspartate).

Other Comparisons of G. lamblia RNAP II with Other Eu-
karyotes—Rpbl and Rpb2 form the two lobes flanking the cleft
through which the DNA gains entry to the active site. The
active site of the enzyme is marked by the prescnee of two Mg”~
ions, designated A and B (47). The metal ion A is coordinated by
three alternating aspartate residue side chains present in an
absolutely conserved motif, NADFDGD, at positions 479485
in S. cerevisiae Rpbl (47, 49). This motif is found at positions
496-502 of the G lamblia Rpbl and is in perfect alignment
with the motif in all the other eukaryotes in the MSA generated
uvsing ClustalW with a BLOSUMS62 substitution model (data
not shown). The metal ion B at the active site is held in correct
position for the formation of the phosphodiester bond by gluta-
mate and aspartate residue side chains at positions 835 and
836, respectively; in the yeast Rpb2 (47; 50). These residues are
conserved in all eakaryotic Rpb2 orthologs and are present at
positions 877 and 878 in the G. lamblia ortholog in our MSAs
(data not shown),

The C-terminal domain is required for enhancer-driven tran-
scription and consists of heptapeptide repeats (consensus Y5-
TPSTS) in most Rpbl orthologs. The C-terminal domain also
recruits factors invelved in co-transcriptional processes, such
as b’ capping, splicing, and transcription termination. The
hydroxyl side chains of the C-terminal domain are hyperphos-
phorylated during elongation and hypophosphorviated during
initiation of transcription. Moest protists including G. lamblia
lack vegular repeats but have a frequent occurrence of hydrox-
yi-containing amino acids in this domain (Table 1),

Nucleotide triphosphates gain entry through a pore (known
as porel) in RNAP II beneath the active site. The pore module
has a conserved motif PXIXKPXXLWXGKQ (where X is any
amino acid), which is essential for the interaction of Rpbl with
Rpb8 (51). The sequence of the G. lambliaz Rpbl pore medule is
PXIXYPXXRWXGKQ, beginning at position 689. The rph8 mo-
tif that interacts with rpbl, GGLLM, at position 119 in the
yeast is replaced by GGLIA at position 120 in the G. lamblia
rpb8 gene.

In 8. cerevisioe, Rpb5 and Rpb9 (along with some regions of
Rpbl) flank the Epb1-Rpb2 cleft and position the downstream
DNA. We identified two isoforms of Rpb5 in G. lamblia using
the TBLASTN function with 8. pombe Rpb5 as the query se-
quence. They are 229 and 201 amino acids long and positions
136-229 of Rpb5a and 108-201 of Rpbsb are 43% identical,
whereas there is little similarity throughout the remainder of
the genes. Both G. lamblia Rpbb genes align with S. cerevisiae
ortholog over nearly the entire sequence and are 30% identical
and 46% similar (Rpbba) or 26% identical and 41% similar
(Rpb3b) to the 8. cerevisiae ortholeg. Thus, in terms of overall
alignment, the two G. lamblia Rpb5s are nearly as similar to
5. cerevisiae Rpb5 as to each other. Proline residues at posi-
tions 86 and 118 of 5. cerevisiae Rpbb contact the DNA back-
bone through nonspecific van der Wasls interactions, which
might favor a particalar rotational setting for DNA while
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Tapwr I
G. lamblia rpb subunits

% Amino acid X
8. serevist O, lamblia G. lumblic similarity/ G lnmblqt%

rph gene Chromosome . ceé;é%z‘sme o 8{’;}7 (.rarsmiz;cerlpt Sldi:'gg;; (x:nlgjz::xk

orthologs
bp bp

rpbl 5 5181 6231 6500 50/32 AF510651
rpb2 2 3675 3882 4000 49/32 AF510§41
rpb8 2 957 981 1000 4128 AF5106‘42
rpbbo 3 648 690 850 46/30 AF510643
rpbéb 5 648 606 700 41/28 AF51()§44
rpbé 4 468 315 430 68/62 AF510(345‘
rpb7 3 5186 450 500 45/22 AF510646
rpb8 1 441 453 470 62/31 AF510647
rpbl0 3 213 255 270 75/52 AF510648
rpbll 5 429 396 470 47/25 AF510649
pbl2 2 213 165 - 67/29 AF510650

« Transcription of rpbI12 was confirmed by reverse transcription-PCR; therefore, the transcript size was not determined.
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F16. 7. Amanitin motif, MEME was used to generate the block diagram of the amanitin wmetif. Amino acid positions have been assigned such
that the start of the motif is labeled as position 1. The start site of the motif in each Rpbl and Rpel ORF is shown in the column labeled AA#, Point
mutations that have been associated with a-amanitin resistance in Rpb1 are indicated at the top of each of the six amine acid positions. The borders
around the amino acids in those positions indicate the organism in which each mutation was identified.

allowing its helical screw rotation (50). Neither proline residue
was present in either of the G. lamblia Rpb5 sequences.

DISCUSSION

Our nuclear run-on assays indicate that RNAP I transerip-
tion in G. lomblia is highly resistant to a-amanitin. In organ-
isms known to have a-amanitin-sensitive RNAP II transcrip-
tion, the sequence of the RNAP II amanitin motif matches the
consensus at all six residues that have been associated with
resistant mutants, except that S. pombe, T. brucei, and
8. cerevisiae each have a single conservative substitution (Fig.
7). These six residues are found in the amanitin binding site, as
demonstrated by RNAP IT-amanitin co-erystal structures (48).
T. vaginalis, which has e-amanilin-resistant transcription
(20), differs at three of the six amino acids, whereas G. lamblia
differs at all six, providing a potential molecular basis for
w-amanitin resistance in these two organisms. The protist
M. invertens also differed at three positions, but the susceptibility
of its transcription to a-amanitin has not yet been. reported. In
contrast, G. lamblic RNAP III shows greater similarity to other
eukaryotes at the amanitin binding domain and is actually more
sensitive to amanitin than most other orthologs.

Cur inability to detect rpb4 and rpb9 may indicate their
absence from the genome, a level of divergence making them

Organism | AAH Bridge heliz sequence
84, meusculus 33 (PTRFPYFPHAMGGRRGL
H. sspiens 833 PTEFFREAMGECREGTL
| . stageadic 748 |(PTEFPFRAMGGRBGL
L. slsgans 323 | POEFFIEAMOGGRBGL
B, smelapopaster | 825 (POARFYIFRANGERBGYL
| A theliane 124  POEFYFPRAMGOREGL
§. posabe 16 |POQEFPFEANMAGREGL
B. hamifers 22 |POLPFFBAMGORBGL
| 2. fulelparius )7 | PQEVFFBAMGGRAGE
4. oryae %) | PYBFPFHAMAGREGL
8. cerevisiae 8l  POUBRFFFHAMGORBGL
L. mafor T8 | PHEFYFREIMAGREGL
t T, bruce 812 (PHEFFFETMAGREGY
M. invertens 738  PQREFYTEMMOGREGL
7. vaginelis 928  PPEPLIBAMGORGGI
G, lemblia 937 PABFXFHAVGORBGY
[ ] 1093 |PFEFLAHARMAGRADGY
8. cerevisiee 1l | 858 PPEFPLFBAISGREBGL
H, sapiens 1} B4 PTEFPFETMAGREGEL

F1c. 8. Bridge helix motif. The MEME algorithm was used to
generate the MSA block diagram of the bridge helix. The amino acid
position of the start of the bridge helix in each ortholog is indicated. The
conserved position where T vaginalis Rpbl has a threonine substituted
for glutamate has been shaded. Rpcl orthologs are indicated by the
suffix III. Rpel of G lamblic has an aspartate substitution at
this position. ’






