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Abstract

Although many studies have shown that pol III transcription is strongly
regulated in higher eukaryotes, it is poorly understood how this regulation is
achieved. The basal pol III factors TFIIIB and TFIIIC have been implicated as
common targets for regulation. I have developed reproducible purification protocols
for yielding partially purified active human TFIIIB and human TFIIIC. The purity of
hTFIIIB and hTFIIIC obtained are a significant improvement upon that of hTFIIIB
and hTFIIIC typically used in our laboratory, allowing regulatory studies to be
conducted with a much higher level of confidence than previously.

One established repressor of pol III transcription is the tumour suppressor
RB. Recently, the related proteins p107 and p130 have also been shown to inhibit
pol III transcription. Here, I show that endogenous p107 and p130 cofractionate and
coimmunoprecipitate with endogenous TFIIIB, suggesting that, like RB, p107 and
pl130 stably associate with TFIIIB under physiological conditions. I have also
investigated why the binding of RB to TFIIIB inhibits pol III transcription. For
several genes transcribed by pol II, RB represses transcription through the
recruitment of the histone deacetylase HDACI1, which is thought to deacetylate
histones at the promoter resulting in the formation of a more compact chromatin
structure less accessible to transcription factors. However, the repression of pol III
transcription in vitro by RB is unaffected by the presence of the histone deacetylase
inhibitor trichostatin A. Using an immunoisolated pol III complex that contains pol
I, TFIIIC and TFIIIB, I show that recombinant RB can specifically disrupt the
interaction between TFIIIB and TFIIIC.

The serine/threonine kinase CKII is identified as a novel activator of
mammalian pol III transcription and is shown to stably interact with endogenous
hTFIIIB. Significantly, CKII kinase activity appears to promote the binding of
TFIIB to TFIIC. The receptor tyrosine kinase neu (erbB2) is also implicated in the
regulation of pol III transcription. A rodent ovarian epithelial cell line transformed
by an activated neu oncogene is found to display elevated pol III activity. TFIIIC2
B-block binding activity is specifically elevated. Using the purified TFIIIB and
TFIIIC fractions, I show that TFIII?{?§,}Im1t1ng in the untransformed control cell
line, indicating that upregulation of) "R'T»FVI‘IIC2 activity in response to neu

transformation can at least partly account for the increase in pol III activity.
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Chapter 1.

Introduction

1.1 Eukaryotic RNA polymerases

In prokaryotes, a single RNA polymerase is responsible for the production of
all cellular RNA. This contrasts with the situation in eukaryotes in which there are
multiple DNA-dependent RNA polymerases (80, 476). There are three distinct
nuclear RNA polymerases and mitochondria and chloroplasts each have their own
unique RNA polymerase (80, 476). The mitochondrial and chloroplast RNA
polymerases reflect the partial maintenance by these organelles of their own genetic
system derived from their endosymbiotic origin. The three nuclear RNA
polymerases are thought to have evolved from a common ancestor. An initial
fortuitous gene duplication event is likely to have first given rise to two RNA
polymerases prior to the evolution of the present day tripartite system found in all
eukaryotes (80).

The three nuclear RNA polymerases (pols) are not redundant activities as
they are unable to functionally compensate for one another, as demonstrated by the
lethality of separate mutations in each one of the pols. There is a precise division of
labour; each of the three RNA polymerases is responsible for the transcription of a
different set of genes. Thus, RNA polymerase I (pol I) synthesises the 45S
ribosomal RNA (rRNA), RNA polymerase II (pol II) synthesises all messenger RNA
(mRNA) and most small nuclear RNA (snRNA), and RNA polymerase III (pol III)
synthesises 5S rRNA, transfer RNA (tRNA), U6 snRNA and a variety of other small
RNAs. The evolution of three distinct nuclear RNA polymerases functionally
specialised for the dedicated expression of different sets of genes may have been
necessary to achieve the increased, more complex regulatory control upon gene

expression required in eukaryotes.
1.2 Pol III transcripts

RNA polymerase II, being entirely responsible for the transcription of genes

that encode proteins, transcribes by far the largest variety of different genes. In



contrast, pol I is only responsible for the production of a single transcript, 45S rRNA.
Nonetheless, pol I transcription constitutes ~70% of total nuclear transcription in an
actively growing cell (410). Each 45S rRNA molecule is cleaved to generate one
molecule each of 5.8S rRNA, 18S rRNA and 28S rRNA, essential RNA components
of the ribosome, the site of cellular protein synthesis. The gene encoding the 45S
rRNA is highly re-iterated in the eukaryotic genome, which may be necessary to
ensure sufficient levels of 5.8S rRNA, 18S rRNA and 28S rRNA are produced to
make enough ribosomes to support the biosynthetic requirements of the cell (410). It
has been estimated that ~10 million copies of each of these rRNA molecules must be
synthesised each cell generation in an actively growing higher eukaryotic cell.

Approximately 10% of nuclear transcription is carried out by pol III (569).
The genes transcribed by pol III, so-called class III genes, encode a variety of small
stable RNAs, many of which have critical roles in cellular metabolism (568). The
most abundantly expressed class III genes are those encoding 5S rRNA and tRNA
molecules, highly conserved pol III transcripts, both of which have essential
functions in the complex process of translation (568). 5S rRNA, the smallest of the
ribosomal RNAs and the only one transcribed by pol III, is ~120 nt in length and is
found in all eukaryotes as part of the large subunit of ribosomes. As for the 45S
rRNA gene, the 5S rRNA gene is found in multiple copy number; there are ~300-400
5S rRNA genes in the haploid human genome (495). tRNAs, which are ~70-90 nt
long, act as translational adaptors serving to convert the genetic information
contained within the nucleotide sequence of a messenger RNA into a particular order
of amino acid residues in a protein, as specified by the genetic code. The fidelity of
this process is dependent on the appropriate amino acid having been attached to each
tRNA molecule in accordance with the anticodon sequence of the tRNA molecule.
Base-pairing of the anticodon of a tRNA molecule with the complementary codon in
the mRNA ensures that the correct amino acids are covalently linked, as dictated by
the nucleotide sequence of the mRNA. The recently published draft of the human
genome sequence contains 497 tRNA genes; these are thought to encode
approximately 60-90 different tRNA species (199).

Other important class III genes include those encoding U6 snRNA, H1 RNA
and MRP RNA, each of which is involved in post-transcriptional processing (568,
583). U6 snRNA functions in pre-mRNA splicing as part of the spliceosome, a large

ribonucleoprotein (RNP) complex that catalyses the removal of introns and accurate



splicing of exons (353). U6 snRNA is the most highly conserved of the spliceosomal
RNAs and has been shown to be essential in yeast (56, 258). H1 RNA is part of
RNaseP, an endoribonuclease involved in the processing of the 5'-termini of pre-
tRNA (26). MRP RNA, which is closely related to Hl RNA and can fold into a
similar secondary structure, is part of MRP RNase, another endoribonuclease, which
has an important role in the endonucleolytic cleavage of the 45S precursor rRNA
(383). The influence of pol III transcription on protein synthesis may therefore
extend beyond the production of 5S rRNA and tRNAs, indirectly through its effects
on post-transcriptional processing.

Another essential class III gene is that encoding 7SL RNA, which is involved
in the correct targeting of proteins to their appropriate intracellular location. 7SL, a
highly conserved 300 nt transcript, forms the scaffold of the signal recognition
particle (SRP), which is required for the cotranslational insertion of nascent
polypeptides into the endoplasmic reticulum (547).

The VAjand VAy genes of adenovirus and the EBER1 and EBER2 genes of
Epstein-Barr virus are also transcribed by pol III. The adenoviral VA RNAs,
expressed at high levels during late stages of viral infection, are involved in
subverting the translational machinery of the host cell towards the more effective
production of viral proteins (519). A similar role is likely for the EBER RNAs as
multiple copies of these short RNAs can substitute for VA; during adenovirus
infection (35).

Other class III genes encode transcripts that are hitherto of unknown function
(568, 583). These include 7SK and the various gene families of short interspersed
nuclear elements (SINEs). SINEs are quantitatively the most important class III
genes in higher organisms (250). Rodent species contain several SINE families;
these include the ID gene family and the B1 and B2 gene families. The B2 family,
which is rodent-specific, is represented by ~80,000 copies of the B2 gene in the
haploid mouse genome, constituting ~0.7% of the total genomic DNA (29).
Approximately 1% of the genome of Xenopus laevis is comprised of a SINE DNA
called satellite 1 (309). The major SINE in primates is the Alu gene, of which there
are about 500,000 to one million copies in the haploid human genome (251). This
constitutes ~5% of the total human genomic DNA. Clearly, a significant proportion

of the genome of a variety of eukaryotes consists of SINE DNA.



The extraordinarily high copy numbers of the various SINEs are thought to
have arisen by retrotransposition (558). This involves the reverse transcription of the
SINE transcripts and integration of the resulting DNA into novel genomic sites. For
some genes amplified by retrotransposition, the transcription of a gene copy requires
its fortuitous insertion in the DNA adjacent to an active promoter. This dependency
on external promoter elements for transcription severely limits the rate of
transposition. However, SINEs, like the majority of class III genes, contain internal
promoter elements. Therefore, each gene copy produced contains the necessary
information for its own transcription and is not reliant on its site of integration in the
DNA for expression and the generation of further copies. This may explain the very
high rate of transposition of SINEs.

The major SINE families appear to be derived from class III genes of known
physiological significance. Genes from the B2 and ID families share significant
homology with tRNA genes and their transcripts can form similar secondary
structures (110). In contrast, the Bl and Alu families are thought to have evolved
from the 7SL gene (531). Such SINEs may therefore simply represent particularly
mobile pseudogenes and may be totally devoid of function. Alternatively, perhaps
certain of these SINEs have acquired functions during the course of evolution.
Although a variety of functions have been proposed for particular SINEs (227), a
functional role for a SINE family has yet to be convincingly demonstrated. Even if
the individual SINE families have no specific function, the mobility of these short
repetitive elements and their integration into novel genomic locations will inevitably
have had major effects on the structure and evolution of the genome. The
transposition of SINEs creates novel genetic combinations within the DNA. Such a
large number of small homologous sequences are also likely to cause an increase in
the levels of recombination, a major source of genetic variability.

These genetic changes induced by SINEs make a significant contribution to
the fluidity and adaptability of the genome. However, such genetic change can also
be highly detrimental; for example, essential genes may be disrupted. Clearly,
SINEs have the potential to be potent mutagens and inflict serious genetic damage,
which may partly explain why SINEs are only found to be expressed at extremely
low levels in cells. Although there may be as many as one million Alu genes in the
haploid human genome, a growing HeLa cell only contains about 100-1000 Alu

transcripts (335). In contrast, approximately one million 7SL transcripts were



detected per HeLa cell, yet there are only four 7SL genes in the entire genome. Alu
genes are derived from 7SL; however, they lack the upstream promoter sequences of
7SL and the internal promoter elements may also have acquired changes further

reducing Alu expression (531).

1.3 Promoter structure of class III genes

Class III genes show a marked diversity of promoter organisation, consistent
with the broad range of different genes that are transcribed by pol III. There are
three basic classes of promoter recognised by pol III, type I, type II and type III (157,
411, 583). Genes with a type I or type II promoter, which together constitute the
majority of class III genes, are unusual in that they require intragenic sequences, so-
called internal control regions (ICRs), for their expression. In contrast, transcription
of genes with type III promoters is entirely determined by sequences that lie
upstream of the start site (299). Type III promoters resemble those of genes
transcribed by pol I or pol II in that they are completely independent of intragenic

sequence elements.

1.3.1 Type I promoters

The type I promoter is unique to 5S rRNA genes. Extensive mutagenesis of a
somatic 5S rRNA gene from Xenopus laevis defined three essential sequence blocks
for transcription, each located in the coding region of the gene: the A-block (+50 to
+64), the intermediate element (+67 to +72) and the C-block (+80 to +97) (39, 416,
417). The identities of the bases in between these individual sequence elements have
no effect on transcription efficiency; however, changes in the spacing of the elements
were poorly tolerated (417). Linker scanning mutagenesis of the sequence between
the A-block and the transcriptional start site suggests that this sequence can have a
major influence on 5S rRNA production under conditions that are suboptimal for
transcription (150, 270, 596). The 5'- and 3'- flanking regions can also affect

transcription levels under less favourable conditions. These effects are purely



modulatory, however, under optimal conditions the region from +50 to +97,
encompassing the A-block, the intermediate element and the C-block, suffices for
efficient transcription.

A synthetic 5S gene consisting solely of the coding region of a human 5S
rRNA gene is transcribed in a HeLa extract (584). Clearly, the expression of 5S
rRNA genes is possible in the absence of extragenic sequence. The 5’ flanking
region of the human 5S rRNA gene was capable of stimulating transcription ~10
fold, however (495). Although the flanking sequences can clearly influence
transcription, they are poorly conserved and can generally tolerate mutations
reasonably well. In contrast, the A- and C- blocks and the intermediate element are
strongly conserved between species and mutations in these regions abolish

transcription.

1.3.2 Type II promoters

Most class III genes, including the tRNA, VA, Alu, Bl, and B2 genes, have a
type II promoter (568, 583). Transcription of these genes, like 5S rRNA genes, is
dependent upon discontinuous intragenic sequence elements. The internal control
region of type II promoters consists of two essential sequence elements, an A-block
and a B-block, each ~10bp, optimally separated by ~30-60nt of non-essential DNA,
although larger distances of up to 365bp can be tolerated (18, 138). The A-blocks of
type I and type II promoters are homologous and sometimes interchangeable (94).
However, the A-block of type II promoters are much closer to the start site (at ~+10-
to +20) than the corresponding region of type I promoters, which tend to be found
~40bp further upstream (158). This difference may reflect the dominant role of the
A-block of type II promoters in start site selection (94, 138).

The tRNA genes and adenoviral VA gene have been extensively studied as
model templates for genes with a type II promoter. The A- and B- blocks of tRNA
genes are remarkably well conserved, both between genes encoding different tRNA
isoacceptors and between tRNA genes from different species (158). Even certain
bacterial and chloroplast tRNA genes contain similar sequences and can therefore be

transcribed by pol III (149, 176). Chimeras constructed from the 5 half of a tRNA™"



gene and the 3’ half of a tRNAM® gene, or vice-versa, were active for transcription,
demonstrating the functional compatibility of the A- and B- blocks from different
genes (158). The A- and B- blocks of tRNA genes encode the D- and T- loops
respectively of tRNA molecules, both of which are absolutely essential for tRNA
function. The high level of sequence conservation of the A- and B- blocks of tRNA
genes is therefore likely to reflect selection both for tRNA and promoter function.
Nevertheless, point mutations in the A- and B- blocks can severely affect
transcription efficiency. Consensus sequences of TGGCNNAGTGG for the A-block
and GGTTCGANNCC for the B-block have been derived (158). Mutational analysis
of the yeast SUP4 tRNA™" gene suggests that the consensus sequences closely
coincide, although not perfectly, with the sequences that give optimal promoter
activity (8). The A- and B- blocks together constitute the minimal promoter
requirements for accurate tRNA transcription. A chemically synthesised
oligonucleotide corresponding to these two sequence elements separated by a 51 bp
spacer was able to direct efficient transcription in a HeLa cell extract (389). As for
5S rRNA genes, flanking regions are able to modulate transcription efficiency but are
generally poorly conserved. The 5' flanking regions of tRNA genes show little or no
homology even between different genes that encode the same tRNA isoacceptor
(568). There is evidence to suggest that this sequence variation is involved in the
differential regulation of tRNA genes, which is necessary for the tRNA population to
be adapted to differing codon and amino acid usage in different cell types (568).

All type II promoters contain sequences highly homologous to the A- and B-
blocks of tRNA genes. The promoter requirements are very similar for different
genes with type II promoters; indeed, B2 promoter sequences have been shown to
cross-compete with those of tRNA or VA, genes (182, 577). As for tRNA genes, the
A- and B- blocks of the adenoviral VA gene have been shown to be sufficient for its
transcription in vitro (430, 444, 553, 599). Linker scanning mutagenesis has
identified both positive and negative modulatory sequences upstream of the start site
of the VA gene, although the overall effect of surrounding sequences is stimulatory
(430). The VA, gene is transcribed more strongly than tRNA genes; however, the
sequences responsible for this difference in transcription efficiency have yet to be
elucidated. Flanking sequences that are able to influence transcription levels are not

conserved between different genes with type II promoters and are poorly



characterised. These differences, as well as how closely the sequences of the A- and
B- blocks match those that are optimal for transcription, are likely to be responsible
for the differential promoter strength of different class III genes with type II

promoters.

1.3.3 Type III promoters

A minority of pol III templates, such as the vertebrate U6 and 7SK genes and
mammalian MRP genes, have a type III promoter (112, 281, 390, 610). The
distinguishing feature of this type of class III promoter is the notable absence of
intragenic promoter elements. The type III promoter resides exclusively in
extragenic sequence, specifically in the 5’ flanking region of the gene (157, 568,
583). The entire coding sequence of human and mouse U6 genes can be replaced
without any effect on transcription, either in vitro or in vivo (112, 301). The same
has also been shown to be true of the human 7SK and MRP genes (281, 390, 610).

Whereas the U6 snRNA gene is transcribed by pol III, the other U snRNAs,
Ul, U2, U4 and U5, are products of pol II transcription (300, 379, 432).
Nevertheless, despite being transcribed by different RNA polymerases, the promoters
of vertebrate U6 snRNA genes are remarkably alike those of the U snRNA genes
transcribed by pol II (302). Upstream sequences required for efficient transcription
of human U6 genes are a TATA box between —-30 and -25, a proximal sequence
element (PSE) between —66 and —47 and a distal sequence element (DSE) between -
244 and -214 (19, 72, 112, 302, 338). The human U6 PSE and DSE show
substantial homology with elements found at comparable positions in the promoters
of the class IT U snRNA genes (19, 72, 111, 302, 338). Indeed, the PSEs of the
human U2 and U6 promoters are identical at 13 out of 17 positions and are
functionally interchangeable (338, 406). The DSEs of the human U2 and U6
promoters are also interchangeable (19, 72, 302). However, a TATA box, a very
common feature of class II genes, is absent from the promoters of U snRNA genes
transcribed by pol II. Paradoxically, the TATA element is a major determinant of
polymerase specificity (338, 339, 362). Inactivation of the TATA box allows the U6
snRNA gene to be transcribed by pol II (362). Conversely, the insertion of a TATA



box into the corresponding position of a U2 promoter can convert the U2 gene into a
pol III template (338). However, the U6 TATA box alone is insufficient to confer
recognition by pol III upon the Ul gene (329). To switch the polymerase specificity
of the U1 gene also requires that the PSE be moved 4 bp further upstream so that the
distance between it and the TATA box is the same as in the U6 promoter (329). Pol
III transcription of the U6 snRNA gene is severely impaired by changes in the
separation of the PSE and TATA box (167, 339). The exact sequence requirements
for a class III TATA box also differ slightly from those of a class II TATA box, as
revealed by the differential sensitivity of pol II and pol III transcription to particular
mutations of the Xenopus U6 TATA box (486). Clearly, the choice of polymerase
for transcription of the individual U snRNA genes can be influenced by a number of
factors.

The promoter structure of the human 7SK gene is very similar to that of
vertebrate U6 genes with TATA, PSE and DSE sequences all located upstream of the
coding region in almost identical positions to their U6 counterparts (568). In contrast
to this similarity, the promoters of vertebrate and yeast U6 genes are vastly different
from one another. The U6 promoter of the yeast Saccharomyces cerevisiae is
tripartite, with upstream, intragenic and downstream promoter elements (56, 57,
137). An A-block at +21 to +31 is essential for transcription, both in vitro and in
vivo (67, 137). Efficient transcription of yeast U6 genes in vivo is also dependent
upon a functional B-block sequence, unusually located 120bp downstream of the
termination site in S. cerevisiae (57, 137). This novel positioning of the B-block may
reflect an incompatibility of the B-block sequence with the function of the highly
conserved U6 transcript. The upstream sequence of the gene contains a consensus
TATA box at —30 to —25 . Although this sequence can influence start site selection
and stimulates expression in vitro, it has little effect on transcription in vivo (67, 79,
137, 357). Additionally, a sequence around —55 shows partial homology to PSEs of
vertebrate U6 promoters but has little or no effect on the level of transcription (67,
137).

Whereas the vertebrate U6 promoter resides entirely upstream of the coding
sequence, transcription of the yeast U6 genes is dependent upon downstream A- and
B- blocks. The yeast U6 promoters are therefore similar to the type II promoters of
tRNA and VA genes (583). The totally extragenic promoter organisation of the U6

genes has therefore evolved relatively recently, since the divergence of the metazoan



and yeast lineages. The most obvious advantage of acquiring an extragenic promoter
is that the promoter sequences are no longer constrained by serving a dual function
and having to be compatible with transcript function. The promoter can evolve
independently of the coding sequence, which may allow the evolution of a more
complex promoter capable of more intricate control and fine-tuning of transcriptional
output.

In contrast to the diversity of promoter organisation of the U6 snRNA genes,
the promoters of most class III genes are quite well conserved between yeast and

vertebrates (568).

1.3.4 Mixed promoters

A few class III genes have promoters that cannot be easily categorised into
any of the aforementioned promoter types; these include the human 7SL and Epstein-
Barr virus EBER2 genes (411). These genes rely on both internal and upstream
sequences for their efficient expression. For example, the human 7SL gene has
intragenic A- and B- blocks that are required for expression. However, these are
fairly degenerate compared to the A- and B- blocks that are typical of type II
promoters (8). Sequences upstream of +1 are therefore also necessary for significant
levels of transcription of the human 7SL gene (51, 532). Indeed, 5' deletion to —37
reduces transcription more than 20-fold in transfected HeLa cells (51). A binding
site for activating-transcription-factor (ATF) occurs at —51 to —44 (51). Point
mutation of this binding site mimics the effect of 5’ deletion to —37 (51). Moreover,
extracts from cells pretreated with forskolin so as to induce the cAMP signal
transduction pathway known to stimulate ATF activity support substantially
enhanced levels of transcription of the human 7SL gene (51). In contrast, expression
of the human 7SK gene, which has no ATF binding site, was unaffected by forskolin
treatment demonstrating the specificity of this effect (51). Sequences downstream of
-37 are also required for efficient transcription, which may include a putative TATA
box at —28 to —24 (51).

The EBV EBER2 gene similarly requires a combination of internal and

external promoter elements for its efficient expression (228). The EBER2 promoter
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has intragenic A- and B- blocks that are essential for transcription; these are less
degenerate than are those of the human 7SL gene (228). Nevertheless, deletion of
sequences upstream of -46 reduces EBER2 expression in transfected cells to ~7% of
the wild-type level (228). This is thought to be due to the loss of upstream binding
sites for ATF and Sp1 (228). In addition, a TATA box at —28 to —23 can stimulate
transcription ~5-fold (228).

The EBV EBER2 and human 7SL promoters are examples of promoters with
diverse combinations of sequence elements that can cooperate to direct efficient pol
III transcription (583). Thus, A- and B- blocks, homologous to those of type II
promoters, can be effectively combined with sequence elements such as ATF- and
Sp1- binding sites, which were originally defined as cis-acting regulatory elements of
class II promoters (51, 228). The A- and B- blocks can also be combined with
sequence elements from type III promoters, as the 5’ flanking sequence of the human
7SL gene can be efficiently substituted by that of the 7SK gene (282). The structure
of these genes is analogous to the modality of class II promoters. It is also
noteworthy that a few cis-acting elements are common to both class II and class III
genes, including the TATA box, ATF- and Spl- binding sites, and octamer motifs
found in DSEs.

1.4  RNA polymerase III

The existence of multiple forms of nuclear RNA polymerase was originally
demonstrated by DEAE Sephadex chromatography of solubilised nuclei preparations
(443). The polymerase activity of extracts from embryonic sea urchin nuclei could
be resolved into three distinct peaks by gradient chromatography on DEAE Sephadex
(443). Moreover, the chromatographic properties of the individual peaks of activity
were maintained during their separate rechromatography, suggesting the resolved
polymerase activities are not interconvertible but represent distinct entities (443).
The three nuclear RNA polymerases, named according to their order of elution from
DEAE Sephadex, have subsequently been shown to display differential
chromatographic behaviour on a variety of columns (80, 440, 441, 467). They can

also be distinguished by their sensitivity to the toxin a-amanitin, produced by the
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poisonous Amanita mushrooms (268). a-amanitin inhibits transcription elongation
by interfering with polymerase translocation (116). In mammals, whereas pol I
activity is highly resistant to a-amanitin toxicity, pol II is extremely susceptible with
50% inhibition at 25ng/ml a-amanitin and pol III is moderately sensitive with 50%
inhibition at 20pug/ml a-amanitin (467). These differential sensitivities to a-amanitin
were used to determine which polymerase is responsible for transcribing particular
genes.

The eukaryotic nuclear RNA polymerases are large multisubunit protein
complexes made up of twelve or more different polypeptides. RNA polymerase III,
the largest of the three nuclear pols, has been purified from a variety of organisms
including human (247, 553, 554), mouse (490), frog (440, 441), silkworm (489),
fruitfly (181), wheat (252, 516) and yeast (83, 184, 535). The polypeptide
composition is quite well conserved between the different species. Saccharomyces
cerevisiae pol III, which is the most extensively characterised, both biochemically
and genetically, consists of seventeen subunits, ranging in size from 10 to 160 kD
(83). The genes for sixteen of the seventeen subunits have now been cloned; all of
them were found to be unique and essential for yeast cell viability (83). In contrast,
several pol II subunits are dispensable for growth (598, 609).

The largest and second largest polypeptides of yeast pol III, C160 and C128,
are structurally and immunologically related to the largest and second largest
polypeptides of pols I and II (9, 49, 63, 368). Moreover, they display substantial
homology to B’ and B respectively of Escherichia coli RNA polymerase (9, 249, 368,
506). The B’ and B subunits together harbour the active site of the polymerase and
are involved in basic pol functions, such as interactions with the DNA template and
nascent RNA and the binding of nucleoside triphosphate substrates. The largest two
subunits of pols I, IT and IIT are thought to be functionally equivalent to B’ and P
(122, 368, 526). C160 and C128 of yeast pol III both have zinc finger motifs
suggesting they may participate in DNA binding and the C128 subunit is labelled by
nucleotide analogues (438, 526). The phenotypic effects of mutations in C160 and
C128 suggest that they are involved in similar core pol functions to the prokaryotic
and B’ subunits (122, 436, 478). Two other subunits of yeast pol III, AC40 and
AC19, which are shared with pol I, show some sequence homology to the

prokaryotic o subunit, which functions in the assembly of the pol (120).
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Furthermore, a temperature-sensitive mutation in AC40 causes a defect in the in vivo
assembly of pols I and III, suggesting functional equivalency with E.coli a subunits
(354). Together, C160, C128, AC40 and AC19 constitute the enzymatic core of
yeast pol III.

Of the remaining thirteen subunits, five of these are also found in pols I and II
(ABC10a, ABC10p3, ABC14.5, ABC23, ABC27) (83). Although highly conserved,
with 40-75% amino acid identity between the yeast and human homologues, the
absence of homologous subunits in prokaryotic RNA polymerases suggests that they
are probably not directly involved in the catalytic steps of transcription (483). At
least one of the subunits, ABC23, is thought to be required for the structural and
functional integrity of the pols (311). The other shared subunits may perform similar
structural roles. They may also provide the opportunity for co-ordinate regulation of
transcription by pols I, IT and III. Yeast pol III also contains eight unique subunits
(83). These pol IlI-specific subunits are required for specific transcription by pol III.
Indeed, mutations in several of these subunits or antibodies raised against particular
subunits, have been shown to have no effect on the efficiency of pol III transcription
of non-specific templates, but the accurate transcription of pol III templates is
substantially reduced (236, 244, 522). However, these pol IlI-specific subunits are
insufficient for the accurate and specific recruitment of pol III to class I genes.
This is also true of pols I and II. The purified nuclear pols have no sequence-
specificity for DNA and thus are unable to specifically recognise the promoter
elements of genes that together define the pol specificity of the gene and specify the
site of transcription initiation. The assistance of additional proteins, so-called
transcription factors, is required that serve to recruit the pol to the appropriate start
sites of the appropriate sets of genes, thus ensuring accurate and specific initiation of
transcription (405). Each of the nuclear pols utilises a different set of transcription
factors (411, 613).

1.5 Transcription factors utilised by pol III

The transcription factor requirements for basal pol III transcription are not the

same for every pol III template; this depends on the promoter structure of the gene
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(411, 568). Thus, genes with a type I promoter have different transcription factor
requirements to genes with type II or type III promoters. For example, 5S rRNA
genes are the only genes that require transcription factor IIIA (TFIIIA) (134, 473).
TFIIIA is therefore a gene-specific transcription factor. However, although the exact
requirements differ between genes of the different promoter types, there is also
considerable overlap. Transcription factor IIIB (TFIIIB) and transcription factor IIIC
(TFIIIC) are required for the transcription of all class III genes and may therefore be

regarded as general pol III transcription factors (473, 568).

1.5.1 TATA-binding protein

The TATA-binding protein (TBP) is an essential component of TFIIIB. It
was originally thought that its involvement in transcription was confined to TATA
box-containing class II genes. The surprising discovery that a minority of class III
genes, typified by the vertebrate U6 snRNA gene, also contain a TATA box as an
essential component of their promoters raised the possibility that TBP may also be
required for the transcription of a restricted set of pol III templates. It was first
assumed that a TATA-binding factor distinct from TBP was involved, because the
TATA box of class III genes has similar but distinct sequence requirements to the
TATA boxes associated with class II genes (362, 391, 486). Moreover, the class III
TATA box is a major determinant of the pol III specificity of these genes (338, 362).
Subsequently, it was shown that TBP and the TATA-binding factor required for the
transcription of TATA box-containing class III genes copurify and that cloned TBP
can efficiently substitute for this factor in supporting U6 transcription (339, 356,
485). It is now clear that the class IIIl TATA-binding factor and TBP are the same.

Rather unexpectedly, it was found that the transcription of TATA-less class
III genes also requires TBP (573, 575). This was first suggested by the observation
by White et al. that transcription of TATA-less pol III templates is dramatically
inhibited by the preincubation of cell extracts with short oligonucleotides containing
TATA box sequences from class II promoters (575). This was shown for six
different TATA-less pol III templates in all, 5S, tRNA, VA, Alu, B1 and B2, as well
as the TATA-containing U6 and EBER2 genes (575). In contrast, oligonucleotides
with mutated TATA boxes unable to bind TBP failed to inhibit transcription (575).
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The addition of pure recombinant TBP restored pol III transcription to extracts
preincubated with TATA box oligonucleotide competitor, suggesting that the
sequestered TATA-binding factor required for transcription is TBP (575). The
specific inactivation of TBP by mild heat treatment or its removal from extracts by
fractionation also abolished transcription of TATA-less pol III templates (237, 575).
Addition of recombinant TBP to replace that depleted was able to restore
transcription, providing further evidence of a role for TBP in the transcription of all
class III genes (237, 575). Similar biochemical experiments suggested that TBP is
also required for transcription of pol I templates and some TATA-less, as well as
TATA-containing, pol II templates (213, 434, 479, 574). In recent years it has
become clear that TBP is not required by all class II genes however.

In vivo evidence for the involvement of TBP in transcription by all three
nuclear RNA polymerases was provided by genetic analyses in yeast (105).
Expression of both TATA-less and TATA-containing class III genes was rapidly
inhibited in yeast strains with a temperature-sensitive mutation in TBP upon
incubation at the non-permissive temperature (105). The inhibitory effect on pol III
transcription of an inactivating mutation in the largest subunit of pol II has much
slower kinetics, suggesting that this inhibition due to loss of TBP function was not an
indirect consequence of pol II transcription also being inhibited. Pol I transcription
was also dramatically reduced, suggesting an in vivo role for TBP in transcription by
all three nuclear pols (105). Extracts prepared from mutant TBP strains following
incubation at the non-permissive temperature were unable to support pol I, II or III
transcription (464). The addition of recombinant TBP restored transcription by each
pol, demonstrating that the devastating effect of the TBP mutation on in vivo
transcription by each of the pols is a direct one and independent of its effects on
transcription by the other two nuclear pols (420, 464).

TBP is the only classless transcription factor identified to date and as such
may be regarded as the most general. It also constitutes an obvious target for the co-
ordinated regulation of transcription by pols I, IT and III. A general role for TBP in
nuclear transcription has been shown both in yeast and human suggesting this is
likely to be the case in many, if not all, eukaryotes. In support of this, TBP has been
highly conserved through evolution (213). The N-terminal region of TBP is variable
both in size and sequence, but the C-terminal region is extremely well conserved.

The C-terminal 180 residues of TBP are 100% identical in human, mice and frogs
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and at least 80% identical between human and yeast (146, 198, 509). Moreover, in
yeast the conserved C-terminal region is sufficient for cell viability and mutations in
TBP that affect basal transcription by pols I, II and III all map to this region (105,
420, 464). However, recent work from the Tjian laboratory suggests that TBP may
not be required for pol III transcription or restricted cell-type specific pol II
transcription in Drosophila (193, 508).

The Drosophila genome contains a single TBP gene but also has two distinct
genes that encode proteins homologous to TBP (109, 429). One of these, TBP-
related factor 1 (TRF1) binds specifically to TATA sequences and shows
considerable sequence similarity to TBP, with ~60% overall identity in the
conserved C-terminal domain of TBP (109). The immunodepletion of TRF1 from
Drosophila extracts was found to specifically inhibit pol III transcription of tRNA,
5S and U6 genes (508). In contrast, depletion of TBP was observed to have no effect
on the level of pol III transcription, suggesting that TRF1 and not TBP may be
required for pol III transcription in Drosophila, at least in vitro (508). These results
came as a surprise, as it had previously been shown that the overexpression of TBP
in Drosophila tissue culture cells by transient transfection stimulates pol III
transcription, both of TATA-less and TATA-containing class III genes, suggesting
TBP is limiting for pol III transcription in these cells (527). One plausible
explanation is that overexpressed TBP may be able to substitute for TRF1. However,
it has yet to be demonstrated that in the context of a living cell, TRF1 has a role in
pol III transcription in Drosophila. In support of this possibility, antibody staining of
polytene chromosomes revealed that TRF1 colocalises at a number of sites that
contain one or more tRNA genes (193). A subsequent immunolocalisation study
using a different TRF1 antibody showed that TRF1 colocalises at the majority of
sites at which the TFIIIB component BRF was detected (508). However, this TRF1
antibody appeared to have lower specificity than that used in the previous study and
TRF1 staining was very extensive, raising the possibility that the observed
colocalisation was due to non-specific TRF1 antibody staining or was coincidental
(508). There does not appear to be a mammalian homologue of Drosophila TRF1,
however, several orthologs of a TBP-like protein have recently been identified in
humans, which conceivably might perform analogous functions (32, 380, 429).

TBP fractionates extremely heterogenously during column chromatography

of cell extracts, suggesting that it may be part of several different protein complexes,
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each with distinct chromatographic behaviour (33, 55, 91, 371, 421, 456, 507, 524).
Indeed, gel filtration analysis of HeLa extract suggests that there is very little or no
free TBP in the cell (524). TBP participates in transcription by the nuclear pols as
part of three different pol-specific TBP-containing multisubunit protein complexes,
SL1 (103, 133, 616), TFIID (130, 175, 425, 426, 524) and TFIIIB (237, 264, 340,
484, 507, 573), that are required for transcription by pol I, pol II and pol III
respectively. The polypeptides that interact with TBP in each of these complexes,
so-called TBP-associated factors (TAFs) appear to be different, suggesting it is the
TAFs that confer the class specificity upon the different complexes (91, 103, 507).
The extent to which TBP is shared between pols I, II and III therefore seems to be
dictated by the distinct sets of TAFs with which it associates. In HeLa cells there
does not seem to be much, if any, free TBP in the cell suggesting that there may be
competition between the different class-specific TAFs for binding to TBP (434, 524).
Nevertheless, in most mammalian cells investigated, TBP is not normally limiting for

pol III transcription. In yeast, there are significant amounts of free TBP in the cell.

1.5.2 TFIIB

The accurate initiation of transcription requires the formation of a functional
preinitiation complex at the promoter of the gene, a precisely ordered complex of
transcription factors assembled on the DNA that accurately recruits and positions the
pol over the start site for initiation (40, 405). For TATA-containing pol II templates,
TFIID nucleates preinitiation complex formation, the TBP contained within this
complex enabling it to specifically recognise and bind to the TATA sequence located
upstream of the start site (442). Similarly, the TBP contained within TFIIIB is
thought to enable TFIIIB, in co-operation with a PSE-binding factor
(PBP/SNAPc/PTF) that binds sequence-specifically to the PSE, to nucleate complex
formation at class III genes such as the vertebrate U6 and 7SK genes that also have a
TATA box (376). However, for TATA-less class III genes, TFIIIB is recruited to the
promoter by protein-protein interaction with other transcription factors such as
TFIIIA and/or TFIIIC that are able to specifically bind to the promoters of these
genes (36, 318, 472). In yeast, once TFIIIB has been recruited to the promoter and is
stably bound, TFIIIC and TFIIIA can be stripped away by high salt or heparin and

17



TFIIIB alone is able to support multiple rounds of accurate transcription by pol III
(263). Thus, clearly TFIIIB is the central class III initiation factor. The essential
role of this factor in pol III transcription is reflected by the considerable effort that
has been devoted to its purification and elucidation of its composition, both in yeast
and in mammals (568).

An early attempt by Klekamp and Weil to purify TFIIIB from yeast by ion-
exchange chromatography yielded weakly active fractions highly enriched in a
60kDa polypeptide that constituted ~30% of the total protein in the most highly
purified fraction (283). To investigate whether this abundant 60kDa polypeptide
corresponds to TFIIIB, it was gel-purified and polyclonal antibodies were raised
against it (283). The resulting antiserum inhibited tRNA and 5SS transcription
reconstituted either with yeast or human extracts, whereas the preimmune serum did
not (283). Furthermore, preincubation of the antiserum with purified 60kDa protein
used to raise it blocked its inhibitory effect on transcription. The authors thus
concluded that this 60kDa polypeptide likely constitutes yeast TFIIIB (yTFIIIB)
(283). However, whereas the partially purified TFIIIB fractions were capable of
reconstituting tRNA transcription in the presence of partially purified TFIIIC and pol
111, the gel-purified 60kDa polypeptide was unable to do so despite multiple attempts
at renaturation (283), raising the possibility that additional proteins may be required
for TFIIIB activity. In support of this, quantitative analyses of transcription
reconstituted using the partially purified fractions estimated that 100-150 molecules
of 60kDa polypeptide were required per template molecule (283). Although such a
stoichiometry could simply reflect the inactivation of the 60kDa protein during
purification, an equally plausible explanation is that other proteins are also required
for TFIIIB activity that are present in much smaller quantities, the bulk of these
having been removed during fractionation.

Kassavetis et al. later partially purified yeast TFIIIB by a fractionation
scheme based on that of Klekamp and Weil but slightly modified (267). Their most
highly purified TFIIIB fraction still contained at least 25 electrophoretically
separable polypeptides after five chromatographic steps, but nevertheless had ~60-
fold higher specific activity than that of Klekamp and Weil (267). Notably, a 60kDa
species was not a major constituent of this fraction (267).

Bartholomew et al. used this partially purified fraction and an ingenious

photocrosslinking approach (23) to probe the polypeptide composition of yTFIIIB.
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DNase I footprinting analysis with crude extract had earlier shown that the assembly
of active pol III transcription complexes on yeast 5S rRNA and tRNA™" genes
caused protection of the entire transcription unit and ~45 bp of 5’ flanking sequence
immediately upstream of the transcriptional start site (48). To dissect the interactions
of the individual class III transcription factors with the DNA and their contributions
to this extensive footprint, DNase I protection analyses with partially purified
TFIIIA, TFIIIB and TFIIIC had then been performed (48). The activity providing
protection of the upstream region of the tRNA™" gene was found to consistently
copurify with TFIIIB activity (267). Furthermore, protection of this region was
dependent on the prior interaction of TFIIIC with the B-block and was resistant to
heparin, both properties of TFIIIB and its interactions with tRNA gene promoters
(267). Together, these observations suggest that this upstream DNA-binding activity
and TFIIIB are the same. Bartholomew et al. exploited this apparent ability of
yTFIIIB to bind to the 5’ flanking sequence of these genes to search for putative
components of the factor using a novel photocrosslinking method (24). In this
method, a photoactive nucleotide, 5-[N-(p-azidobenzoyl)-3-aminoallyl]-deoxyuridine
(N3RdU), is incorporated into specific sites in the DNA, adjacent to radiolabelled
nucleotides (23). The modified DNA is incubated with appropriate protein fractions
for a short time to allow the assembly of proteins on the DNA probe and is then
irradiated with ultraviolet light. Irradiation generates a reactive nitrene group from
N3RdU that is able to rapidly form covalent bonds with polypeptides in very close
proximity to the photoactive nucleotide, thus “tagging” them with radiolabelled
DNA. The probe is then incubated with DNase I and micrococcal nuclease so that
those regions of the DNA not bound by protein are destroyed. The size of the
"tagged” proteins can then be determined by SDS-PAGE.

The structure of N3RdU places the reactive nitrene on a 0.9 to 1nm tether,
thus ensuring only proteins in the space just outside the DNA helix, within a distinct
spatial region, will be detected (23). This approach, using photoactive nucleotides
incorporated into the 45bp upstream region protected from DNase I digestion in a
crude extract, detected two polypeptides, of 70 and 90kDa in size, within the
partially purified TFIIIB fraction (24). The specificity of their crosslinking to this
region of DNA was demonstrated by its dependence both upon a functional promoter

and the presence of TFIIIC (24). The crosslinked 70 and 90kDa polypeptides are
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distinct and separate components of TFIIIB. In support of this, the two polypeptides
were found to be preferentially crosslinked by photoactive nucleotides located on
opposite sides of the DNA helix suggesting they have distinct spatial distributions
within this upstream region (24). They also produce different V8 protease digestion
patterns (24).

The 70 and 90kDa polypeptides are only minor components of the partially
purified TFIIIB fraction of Kassavetis et al. used in these crosslinking experiments
(267). Upon further purification of this fraction on Mono S, a cation exchanger,
TFIIIB was split into two essential components, B’ that eluted at ~275mM NaCl in a
100mM-400mM NaCl gradient and B" that eluted in the subsequent 1M NaCl step
(261). Together, the B’ and B" fractions were able to reconstitute both the
transcriptional and photocrosslinking properties of TFIIIB (261). Photocrosslinking
associated the B’ fraction with the 70kDa polypeptide of TFIIIB and the B" fraction
with the 90kDa polypeptide of TFIIIB (261). Indeed, the B’ fraction was found to be
highly enriched in a 70kDa polypeptide that represented ~5% of the total protein,
which was distributed among ~10 polypeptides (261).

Three different groups independently cloned the BRF1 gene (TDS4/PSF4)
that encodes the 70kDa polypeptide component of yeast TFIIIB (64, 101, 342).
Database searches revealed that the N-terminal half of this protein shares extensive
sequence homology with the pol II general transcription factor TFIIB, which is much
smaller (64, 101, 342). The protein was therefore named yBRF, short for yeast
TFIIB-related-factor (101). The sequence similarity between TFIIB and yBRF
suggested that yBRF may function in pol II transcription. However, despite this
homology, in contrast to the rapid decline in tRNA synthesis observed, a reduction in
the levels of yBRF was found to have no effect on the in vivo expression of either
class II or class I genes (64, 342). Similarly, in vitro transcription of tRNA and 5S
rRNA genes was found to be substantially diminished in extracts lacking functional
yBRF, whereas transcription by pols I and II was as efficient as in wild type extracts
(101). Recombinant yBRF was able to rescue transcription of tRNA and 5S rRNA
genes in these BRF-deficient extracts and could also stimulate their expression in
wild type extracts, but had no effect on transcription by pols I and II (101). These
results demonstrate that yBRF is a pol III-specific factor and suggest that it is usually

limiting for pol III transcription. Indeed, yeast strains with a dominant mutation in
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the BRF1 gene that specifically increases the in vivo expression levels of yBRF were
found to have higher pol III transcriptional activity than wild-type strains (342).

The bulk of the homology between yBRF and the various TFIIB proteins that
have been cloned is within three distinct regions, a putative zinc finger at the extreme
N-terminus and two imperfect direct repeats (64, 101, 342). The direct repeat region
of TFIIB has been shown to interact directly both with TBP and pol II, consistent
with the proposed function of TFIIB as a bridging factor between promoter-bound
TBP and pol II during preinitiation complex formation (183). Since this region is
well conserved in yBRF it suggested that yBRF might also interact with TBP and,
perhaps, pol III since several subunits are shared between pols II and III. In support
of this, two of the groups that cloned the BRF1 gene isolated the gene as an allele
specific multi-copy suppressor of TBP mutations (64, 101). The allelic specificity of
the suppression is suggestive of a direct interaction between TBP and yBRF. A
combination of in vitro and in vivo experiments showed TBP to be essential for yeast
pol III transcription (105, 464). However, the crosslinking experiments of
Bartholomew et al. that detected the 70 and 90kDa subunits of TFIIIB did not
identify a polypeptide of ~27kDa corresponding to the size of yeast TBP (24).
Nonetheless, TBP was detected in the partially purified TFIIIB fraction used for
crosslinking and a significant amount was found in the B’ fraction that is enriched in
yBRF (264). In contrast, no TBP was detected by western blot analysis in highly
purified fractions of TFIIIC and pol III (264). In addition, antibodies against TBP
were found to specifically supershift a heparin-stripped TFIIIB-tDNA complex in an
EMSA, demonstrating that TBP is part of this TFIIIB complex (264). Subsequently,
it was shown that recombinant TBP and recombinant BRF directly interact (235,
271). GST-BRF pulldown assays were used to map the regions of BRF to which
TBP binds (271). As expected, the conserved direct repeat region of BRF was able
to specifically bind TBP. Rather surprisingly, however, the C-terminal region alone
was also shown to bind TBP with even higher affinity (271). Moreover, three
separate point mutations in TBP that specifically inhibit pol III transcription in vivo
were found to prevent TBP from interacting with the C-terminal half of BRF yet had
no effect on its interaction with the direct repeats (271). This strongly suggests that
the interaction between TBP and the C-terminal half of BRF is of physiological

significance. The N-terminal direct repeat region was also found to interact with a
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subunit of pol III, consistent with the homologous region of TFIIB binding pol II
(271). However, within this region the two pols interact with different repeats,
moreover, the pol III subunit, C34, that directly binds to this region of BRF is unique
to pol III (183, 271). In addition, the N-terminal half of BRF, but not the C-terminal
half, was found to interact with the largest subunit of yeast TFIIIC (82). Thus, the N-
terminal half of yBRF may perform an analogous function in pol III transcription to
the highly homologous TFIIB since it participates in interactions both with the
activity that recognises class III promoters (TFIIIC or TBP depending on promoter
type) and the polymerase itself. Although there is significant conservation between
TFIIB and the N-terminal half of BRF, these regions clearly actively participate in
determining the differential pol specificity of TFIIB and BRF.

In contrast to the N-terminal region, the C-terminal half of yBRF has no
obvious sequence similarity with any other known yeast protein. It is characterised
by being highly charged, with 21% acidic residues (D or E), 17% basic residues (K
or R) and 14% Ser and Thr residues (271). The high charge density of the C-
terminal region of BRF has been well maintained through evolution (271). Sequence
comparisons of yBRF cloned from three evolutionarily distant yeast species
Saccharomyces cerevisiae, Kluveromyces lactis and Candida albicans, showed the
N-terminal half of the protein to be highly conserved, especially the direct repeat
region. The C-terminal half was found to be much less well conserved but it does
contain three discreet areas of strong conservation that are likely to be essential for
BRF function, yeast homology regions I, II and III (HI, HII and HIII) (271). In
support of this, the deletion of the last 165 amino acid residues of yBRF, which
includes the HII and HIII domain, prevented the binding of TBP (271). The HII
domain is thought to mediate the interaction of TBP with the C-terminal half of BRF
(11, 102, 262, 265, 271). The exact function of the other two homology domains
have yet to be fully elucidated, but their high level of conservation suggests that they
may mediate other important interactions of BRF.

The TFCS5 gene encoding the 90kDa polypeptide of yTFIIIB has also been
cloned (266, 439, 452). It actually encodes a 594 amino acid protein with a predicted
molecular mass of ~68kDa that migrates anomalously as a ~90kDa protein on SDS
PAGE (266, 439, 452). The protein, which has been called B”, has little or no

sequence similarity with other known proteins except for a putative SANT domain
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also found in N-CoR, SWI3 and ADA2 (1). This motif, which shares weak
homology with the DNA-binding domain of the oncoprotein Myb, is implicated in
protein-protein and protein-nucleic acid interactions (1).

TBP, BRF and B are all essential for yeast cell viability and, specifically,
pol III transcription. Despite its indispensability, however, B” is remarkably
resistant to truncation (266, 297). Although B" is essential for U6 transcription,
extensive deletion analysis has failed to identify a single amino acid that is absolutely
required for transcription with only four isolated amino acids yet to be tested (297).
A core B"” protein of only 176 amino acids (out of 594) has been found to be
sufficient for U6 transcription, although a larger domain is required for tRNA
transcription (297). This is likely to reflect the TFIIIC dependency of tRNA
synthesis. Two distinct domains (I and II), the first of which includes the SANT
domain, that both seem to be necessary for tRNA transcription can function on an
either-or basis for U6 snRNA synthesis (297). B'' makes multiple contacts within
the preinitiation complex (24, 253, 261, 264, 266, 439, 452), which may explain why
it is so tolerant of deletion mutagenesis, the loss of any individual contact being
compensated by other interactions made by the protein (266).

The recombinant B" protein is able to replace the Mono S B’ fraction in
DNA binding and transcription of yeast tRNA and U6 genes, indicating that it is the
sole essential component of the B” fraction (266). Similarly, recombinant TBP and
recombinant BRF together are sufficient to reconstitute all the properties of B’
TFIIIB activity (264). Indeed, it has been possible to reconstitute yTFIIIB from
entirely recombinant components (266, 439, 452). However, although TFIIIB
reconstituted from recombinant TBP, BRF and B" displayed identical DNA binding
properties to native yTFIIIB, the factor was found to be less active for transcription
(266, 452). This may be because the recombinant polypeptides are not folded
correctly or lack important post-translational modifications. Alternatively, some
component(s) may be missing from the transcriptional system reconstituted with
recombinant TFIIIB components. Perhaps there are additional subunits of yTFIIIB
that have yet to be identified that are nonessential but stimulatory, analogous to the
TFIID TAFs that are dispensable for basal transcription of TATA-containing class II
promoters but are required for activated transcription. It is also plausible that the

component is an essential part of TFIIIB but present in residual amounts as a
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contaminant in the purified complementary fractions used to reconstitute
transcription. Alternatively, the putative missing component may be distinct from
TFIIIB. A prime candidate for such a component is TFIIIE, which has been detected
in both native B’ and B” fractions (121, 122). Ruth et al. found that transcription
reconstituted with recombinant TBP, BRF, and B" is stimulated by TFIIIE (452).
Thus, yeast TFIIIB consists minimally of BRF, TBP and B”, but there may be
additional, perhaps regulatory, subunits. However, the identification of any such
subunits is made more difficult by its apparent lability (235, 261). Indeed, yTFIIIB
has yet to be purified to anywhere near homogeneity without its resolution into at
least two separate components. B’ is easily dissociated from TFIIIB by a variety of
mild chromatographic procedures (235, 261). It has been suggested that yTFIIIB is
not a stable molecular entity, except when in a DNA-bound state (83, 235).

The composition of mammalian TFIIIB is much less well characterised than
that of yeast. The mammalian factor was first identified as a single polypeptide of
60kDa in size, as was originally reported for yeast TFIIIB by Klekamp and Weil
(545). This followed chromatography of HeLa cell extracts on a series of ion-
exchange columns in a fractionation scheme essentially the same as used by
Klekamp and Weil. A 60kDa polypeptide was found to constitute ~90% of the
protein in the most highly purified fraction which was capable of supporting
transcription of tRNA, 5S and VA genes in the presence of partially purified
complementing fractions providing a source of TFIIIA, TFIIIC and pol III (545).
Additional support for TFIIIB being a 60 kDa protein was provided by the
sedimentation of TFIIIB activity at ~60kDa following glycerol gradient
centrifugation of either crude or partially purified fractions (545). However, it was
subsequently demonstrated that TBP is an essential component of human TFIIIB, as
in yeast (340, 371, 484, 507, 573). Thus, antibodies raised against TBP were found
to specifically immunoprecipitate TFIIIB activity (91, 340, 371, 507, 573).
Furthermore, a subpopulation of TBP molecules were found to consistently
cofractionate with TFIIIB during a variety of chromatographic procedures (340, 371,
484, 507, 514, 573). The 60kDa protein reported by Seifart’s group is therefore
likely at best to be only one component of a larger TFIIIB complex.

Gradient chromatography on Mono Q, a strong anionic exchanger, splits

human TFIIIB (hTFIIIB) into two components raising the possibility that hTFIIIB,
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like yeast TFIIIB, might be labile (91, 340, 371). Lobo et al. found that these
components eluted at 380mM and 480mM KCIl and named them 0.38M-TFIIIB and
0.48M-TFIIIB, respectively (340). TBP was only found in the 0.38M-TFIIIB
fraction (340). The active component of this fraction could be specifically
immunodepleted using anti-TBP antibodies. Moreover, whereas recombinant TBP
was unable to reconstitute transcription of 5S and VA; genes in a TBP-
immunodepleted extract, the 0.38M-TFIIIB fraction was able to do so (340). This
suggests that one or more TAFs exist in a complex with TBP in the 0.38M-TFIIIB
fraction and that these are required for VA and 58 transcription.

Using anti-TBP antibodies, a polypeptide of 88-90kDa was found to
specifically coimmunoprecipitate with TBP and TFIIIB activity from 0.38M-TFIIIB
fractions and other TFIIIB-containing fractions, suggesting that it might be a subunit
of TFIIIB (374, 552). The cDNA for this protein was isolated and found to encode a
677 amino acid protein (374, 552). The N-terminal 280 residues are 41% identical to
S.cerevisiae BRF and 24% identical to human TFIIB (374). The protein is therefore
referred to as human TFIIB-related factor (hBRF) (374). Regions of extensive
homology shared by all three proteins include a zinc finger motif and two imperfect
direct repeats (374). This is also true of BRF homologues cloned from
Caenorhabditis elegans (CeBRF) and Drosophila melanogaster (DmBRF) (316, 508).
The C-terminal half of hBRF is highly divergent with little homology to the yBRFs
except for yeast homology regions II and III, which are conserved (374). The
conservation of yeast HII and HIII domains between metazoan and lower eukaryotic
BRF species suggests that these two domains are likely to be required for core BRF
function. The C-terminal half of hBRF also has a region of low homology to chicken
HMG?2, including an acidic C-terminal tail typical of HMG2 proteins (552).
However, CeBRF lacks an HMG2-like motif, suggesting such a motif is not essential
for metazoan BRF function (316). Like the yeast BRFs, hBRF has two TBP-binding
sites, a weak one in the N-terminal half and a strong one in the C-terminal half (552).

Immunodepletion of hBRF from HeLa nuclear extracts was found to severely
inhibit transcription of VA and tRNA genes, demonstrating its essential role in
human pol III transcription (374, 552). Transcription could be restored by the
addition of recombinant BRF and TBP but not by rBRF alone, consistent with the
stable association of TBP and BRF within hTFIIIB (374, 552). That rTBP and rBRF

were sufficient to reconstitute transcription suggests that any other components of
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hTFIIIB are either loosely associated, displaced by the antibodies, or not required for
basal expression. Gel filtration of 0.38M-TFIIIB suggests that the complex has a
molecular weight of 300kDa, so it is unlikely that TBP and BRF are its sole
constituents (340).

In addition to hBRF, a variety of other polypeptides were also found to
coprecipitate with TBP following the immunoprecipitation of partially purified
TFIIIB fractions with anti-TBP antibodies (91, 340, 374, 507). Taggart et al.
identified a tightly-associated polypeptide of 172kDa (TAF172) and another more
loosely-associated polypeptide of unreported size (TAF-L) (507). Lobo et al.
detected polypeptides of 54, 83 and 150kDa (340), Chiang et al. detected
polypeptides of 60, 87, 96 and 190kDa (91), and Mital et al. detected polypeptides
of 27, 45, 67 and 70 kDa, as well as a 90kDa polypeptide that corresponds to hBRF
(374). At present, however, hBRF is the only polypeptide identified by this approach
to be confirmed as a subunit of hTFIIIB. Some of the polypeptides detected
appeared substoichiometric to TBP and BRF, suggesting they may only be loosely
associated or may bind TBP indirectly. This may partly explain some of the
differences in the polypeptides detected by the different groups, the relationships
between which are presently unclear (434). Although it remains to be seen which, if
any, of these polypeptides are actually subunits of hTFIIIB, the coprecipitation of so
many polypeptides suggests that the polypeptide composition of hTFIIIB might be
complex.

Although the exact composition of hTFIIIB remains uncertain, significant
progress has recently been made with the cloning of a human homologue of yeast B”
(463). Human B” (hB") is substantially larger than its yeast counterpart, with a
predicted molecular mass of 156kDa (463). There are three major regions of
sequence similarity, a putative SANT domain (oo 415-472) that is 43% identical
with that of yeast B"’, a 131-amino acid region immediately upstream of this domain
of 21% identity and a 115-amino acid region immediately downstream of the SANT
domain of 17% identity (463). In addition to human and Saccharomyces cerevisiae
B", sequences coding for putative B” homologues have also been detected in mouse,
Drosophila melanogaster, Caenorhabditis elegans, Schizosaccharomyces pombe and
Arabidopsis thaliana genomes (463). In all of these organisms, the B" SANT

domain is extremely well conserved, suggesting that it may be essential for B"
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function (463). The most notable feature of the large C-terminal extension of hB"’
that is missing from yB"’ is a stretch of 19 short repeats of 26-28 amino acids. These
repeats are similar to sequences that form coiled-coil structures from proteins
belonging to the myosin and intermediate filament families, but a similar structure is
not predicted for this region of hB"' (463). An essential role for hB" in human pol III
transcription is suggested by its immunodepletion from cell extracts which was found
to severely compromise class III gene expression but had no effect on pol II
transcription from the adenovirus major late promoter or the human Ul snRNA
promoter (463). Furthermore, the addition of bacterially expressed recombinant hB"
to depleted extracts was able to restore pol III transcription (463). TFIIIB therefore
seems to be strongly conserved between yeast and humans, all three core yeast
subunits, TBP, BRF and B”’, having structural and functional homologues in human
TFIIIB.

However, whereas in yeast there is a single form of TFIIIB that is necessary
and sufficient for the transcription of all class III genes, in humans there appear to be
multiple forms of TFIIIB that function at different class III promoters. There is now
substantial evidence that the TFIIIB requirements for type III promoters are different
to those of types I and II (340, 365, 374, 463, 514, 515, 552). There are several
examples of the physical separation of these requirements by column
chromatography (340, 514). Teichmann and Seifart separated two forms of hTFIIIB
on EMD-DEAE-Fractogel (EDF) (514). One form, hTFIIIB-a, which eluted in
200mM KCIl, was active for U6 but not VA transcription. Conversely, the other
form, hTFIIIB-B, which eluted with TBP and BRF in 300mM KCl, was capable of
supporting VA| but not U6 transcription (514). hTFIIIB-a and hTFIIIB- were also
found to behave differently on Cibacron blue and on a Sephacryl-S300 HR gel
filtration column (514). It is well established that hBRF is necessary for the
transcription of type I and type II genes, but its requirement for transcription of type
IIT genes has been controversial (374, 552). Whereas Wang and Roeder observed
inhibition of U6 and 7SK gene expression following immunodepletion of extracts
with anti-BRF antibodies (552), Mital et al. found that immunodepletion of hBRF
inhibited VA| but had no effect on U6 transcription (374). A possible explanation of
this discrepancy is suggested by the recent cloning by two different groups of a novel
gene that encodes a protein, BRFU (463) (or hTFIIIB50) (515), that is highly related
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to hBRF and hTFIIB. This protein is specifically required for transcription of human
U6 and 7SK genes but not the adenoviral VA gene (463, 515). It might be the anti-
BRF antibodies of Wang and Roeder recognised both hBRF and BRFU, but those of
Mital et al. only depleted extract of hBRF (374, 552). In addition to BRFU, several
splice variants of hBRF (hBRFs 2, 3 and 4) have also recently been discovered (365).
It is reported that the different splice variants function at different class III genes
(365). Thus, hBRF, hereon referred to as hBRF1, is the most active variant in
transcription of type I and II promoters whereas a different variant, hBRF2, a 139
amino acid protein that completely lacks the first N-terminal direct repeat of hBRF1,
is implicated in U6 gene expression. The form of TFIIIB required for U6
transcription may therefore contain two distinct BRF species, BRFU and hBRF2. In
contrast, BRF1 is required for the expression of genes with type I or type II
promoters. The recently identified hB" is an essential component of TFIIIB for the
transcription of both VA; and U6 genes, suggesting that, like TBP, it is a common
factor of the different forms of TFIIIB utilised by different class III genes (463). At
present it is unclear whether the identity of the BRF species within the TFIIIB
complex represents the only difference in the composition of TFIIIB utilised by type
III promoters versus types I and II, or whether there are additional protein
components that may be involved in conferring promoter specificity. Possible
candidates include proteins of 54, 48, 42 and 40kDa that were found to stably
associate with BRFU (TFIIIB50) during its immunopurification (515). That these
proteins might constitute active components of TFIIIB is suggested by the ability of
this immunopurified complex to restore U6 transcription to extracts depleted of
BRFU (TFIIIB50), whereas recombinant BRFU alone was unable to do so (515).
The resistance of this immunopurified complex to stringent washing with 500mM
KClI provides support that these BRFU-associated proteins may be of physiological
significance (515). A protein of similar size to BRF2 (365) was also observed in
some preparations of the BRFU (TFIIIB50) complex (515).

1.5.3 TFIIIC

TFIIIB alone has little or no sequence-specific affinity for DNA. Its
recruitment to class III genes with type I or type II promoters requires TFIIIC (318).
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TFIIIC specifically recognises and binds to the A- and B- block intragenic promoter
elements of type II promoters. This sequence-specific DNA-binding activity of
TFIIIC has greatly facilitated its purification (71, 118, 156, 267, 291, 331, 408, 505,
608). The factor was first purified from yeast where it is also referred to as t factor.
Yeast TFIIIC comprises of six polypeptides of 138 (325), 131 (355, 431), 95 (407,
505), 91 (14), 60 (119) and 55 kDa (351) (referred to as t138, t131, 195, 191, 160
and 155 respectively). These polypeptides were found to tightly associate and
copurify as a single entity during ion-exchange chromatography and affinity
chromatography on specific tDNA or B-block columns (71, 156, 267, 408, 505).
Limited protease treatment of TFIIIC generated a smaller form of the factor that
retained its DNA-binding affinity but was only able to bind the B-block (360). This
suggested that the A-block and B-block binding domains of TFIIIC are separate. In
support of this, visualisation of yeast TFIIIC-tDNA complexes by electron
microscopy revealed TFIIIC to consist of two linked globular domains, each of ~300
kDa and ~10 nm in diameter (465). The linker connecting the two DNA-binding
domains appears flexible and able to stretch (67, 465), accounting for the remarkable
feat of TFIIIC to bind to A- and B- blocks separated by a wide variety of distances
(18, 138). All six polypeptides of TFIIIC have been cloned and have been shown to
be essential for yeast cell viability (14, 119, 325, 351, 355, 407, 431, 505). Although
several of the polypeptides contain sequences that closely resemble known DNA-
binding motifs (326, 355, 505), none of the polypeptides seem to be able to bind
specifically to DNA on their own, suggesting the A-block and B-block binding
domains may be composite, involving more than one polypeptide. Photocrosslinking
experiments showed 1131, 195 and 155 to be positioned in close vicinity to the A-
block, suggesting that they may be involved in TFIIIC binding to the A-block (23,
24). Only t138 is accessible to photocrosslinking from the B-block, suggesting it is
likely to be directly involved in B-block DNA binding (23). TFIIIC fractions
consisting primarily of just T138 and 195 retain a substantial proportion of TFIIIC
DNA binding activity, suggesting that these polypeptides are the major quantitative
determinants of tDNA recognition (155).

Human TFIIIC is less stable than the yeast factor (118, 607). It is resolved
into two components, TFIIIC1 and TFIIIC2, during ion exchange chromatography on
Mono Q (607). Both of these components are required for transcription of tRNA, 5S
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and VA genes (118, 331, 553, 607) but only TFIIIC1 is required for U6 and 7SK
transcription (307, 397, 604). The subunit composition of TFIIIC1 has yet to be
determined. Sedimentation analysis suggested a mass of up to 200kDa for TFIIIC1,
assuming that it is globular, however little further progress has been made towards its
characterisation (607). TFIIIC2 has been highly purified and found to comprise of 5
polypeptides of 220, 110, 102, 90 and 63 kDa (o, B, v, 9, €, respectively) (291, 331,
608). TFIIIC2 binds specifically and with high affinity to the B-block region of VA
and tRNA genes (44, 553, 607). TFIIIC1 enhances the B-block footprint generated
by TFIIIC2 and extends it both 3’ and 5' to include the A-block (553, 607).
However, it remains to be determined whether TFIIIC1 binds directly to the A-block
or induces rearrangements in TFIIIC2 allowing the latter to do so. All five subunits
of TFIIIC2 have been cloned (230, 231, 307, 331, 488). In contrast to TFIIIB and
pol III, TFIIIC seems to be very poorly conserved between yeast and humans.
Human TFIIICo and TFIIICP, which together appear to be responsible for the
specific B-block binding activity of TFIIIC2 (43, 44, 291, 481, 608), show no
significant homology to any of the subunits of yeast TFIIIC. This is very surprising
because the A- and B-block sequences are highly conserved between yeast and
mammals. hTFIIICS also lacks significant sequence similarity with any of the yeast
TFIIIC subunits (230). However, the remaining two components of TFIIIC2 display
weak homology to particular subunits of yeast TFIIIC; hTFIIICe shares 22% identity
with 195 and hTFIIICy is 31% identical to t131, both of which contain 11 copies of a
tetratricopeptide repeat (TPR) (231).

1.5.4 TFIIIA

TFIIIB, TFIIIC and pol III are sufficient for basal transcription of class III
genes with type II promoters, however, 5S transcription requires an additional factor
called TFIITA (134, 473). Like TFIIIC, TFIIIA is poorly conserved between species,
for example frog and yeast TFIIIA share only 20% overall sequence identity (13).
Despite the sequence divergence of TFIIIAs from different species, in every species
the factor is characterised by its possession of nine tandemly arranged, zinc-

dependent DNA binding domains, commonly referred to as zinc fingers (13, 373,

30



381). The TFIIIA zinc fingers have a single zinc ion coordinated by two cysteine
and two histidine residues. The loop-like structure or “finger” created is thought to
consist of an antiparallel B-sheet packed against an a-helix (31). The a-helix of such
fingers typically make sequence-specific contacts in the major groove of DNA.
TFIIIA is highly modular, with clusters of zinc fingers binding specifically to distinct
regions of the 5S gene ICR. The N-terminal three fingers (fingers 1-3) bind the C-
block, finger 5 binds the intermediate element, fingers 7-9 bind the A-block, whereas
fingers 4 and 6 span these promoter regions, functioning primarily as spacer elements
(98, 139, 200, 201). TFIIIA also specifically contacts TFIIIC, thus serving as a
molecular adaptor between TFIIIC and the 5S gene promoter and allowing TFIIIC to
recruit TFIIIB to 5SS genes (318, 472).

1.5.5 PTF/SNAPc

Class III genes with a type III promoter such as 7SK and vertebrate U6 genes
have distinct transcription factor requirements from genes with type I or Il promoters
(307, 365, 374, 432, 463, 514, 515, 546, 604). The lack of an internal control region
(ICR) obviates the need for TFIIIA or TFIIIC2, however the poorly characterised
TFIIIC1 is required for transcription (307, 604). Since type III promoters contain a
TATA box, TFIIIB can bind to such promoters independently of other factors.
However, recruitment of TFIIIB to the TATA box is greatly enhanced by a factor
called SNAPc/PTF that binds the PSE of these promoters (604). This factor is
essential for transcription of 7SK and vertebrate U6 genes (604). It has five subunits,
all of which have been cloned (17, 208-210, 455, 592, 605). The largest subunit,
SNAP190 (PTFa), contains a Myb DNA-binding domain and can be crosslinked to
the PSE (592). The U6 and U2 PSEs are functionally interchangeable suggesting
that the same PSE-binding factor may be employed by class II and class III snRNA
genes (334, 338). Indeed, immunodepletion of extracts of SNAPc/PTF was found to
inhibit not only U6 and 7SK transcription but also pol II transcription of Ul and U2
genes (17, 208, 210, 455, 605). Moreover, purified SNAPc/PTF was able to restore
transcription of these genes; thus it seems that there is a single PSE-binding protein

shared by pols II and III.
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The very strict PSE-TATA box spacing requirement of type III promoters
suggests that TFIIIB and SNAPc/PTF interact (167, 329, 339, 543). Indeed, subunits
of SNAPc/PTF have been shown to bind directly to TBP (17, 208, 210, 455, 605).
This may explain how SNAPc/PTF stimulates TFIIIB recruitment to the U6
promoter. Conversely, TBP enhances SNAPc/PTF binding to the PSE (376). It
seems that SNAPc/PTF and TFIIIB cooperatively interact facilitating the recruitment
of each other to the promoter. Despite this, their binding to the PSE and the TATA
box respectively is relatively slow. SNAP190 contains a C-terminal extension that
inhibits it from interacting with the PSE, perhaps by masking its DNA-binding
domain (377). However, interaction with a pol II- and pol III- transcriptional
activator called Octl, which binds octamer motifs found in the DSE of these
promoters and those of pol Il-transcribed U snRNA genes, overcomes this
autoinhibition (375). Thus, whereas the association of SNAPc with the PSE of the
human U6 gene takes over one hour in the absence of Octl it is complete in 15-30

minutes in its presence (375).

1.6 Preinitiation complex formation on class III genes and interactions

between class III transcription factors and with pol III

The formation of active transcription complexes on the different class III
genes was initially investigated by means of the template exclusion assay. This
approach monitors the ability of a gene that is preincubated with limiting amounts of
factor(s) to exclude transcription of a second gene added subsequently; preferential
transcription of the first gene indicates the stable interaction of a limiting component
during the preincubation, thereby precluding its association with the second gene.
Using this assay, ordered stepwise assembly pathways for the formation of
preinitiation complexes on type I and type II promoters have been defined (Fig. 1.1).
Thus, TFIIIB was found only able to bind to VA and tRNA genes after TFIIIC had
bound (318). In the case of a 5S gene, TFIIIC was found to bind after TFIIIA and
before TFIIIB (318). Using separated TFIIIC1 and TFIIIC2 it was found that
TFIIIC?2 is the first factor to bind to VA; or tRNA genes, consistent with its B-block
binding activity (117). TFIIIC1 and TFIIIB can then interact in either order to form

a functional preinitiation complex (117).
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Figure 1.1

Stepwise assembly of class III preinitiation complexes in vitro

A)
Flow chart indicating the order of interaction of transcription factors and polymerase

with a typical type II promoter such as that of a tRNA gene.
B)

Flow chart indicating the order of interaction of transcription factors and polymerase

with the promoter of a 5S rRNA gene.
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Such assembly pathways defined in vitro with separated components clearly
may differ from how functional preinitiation complexes are formed in vivo. Indeed,
Wang et al. (551) recently reported the discovery of a human pol III holoenzyme,
that is, a complex of the pol III machinery that is fully functional for accurate and
specific pol III transcription that exists independently of DNA, suggesting that
preinitiation complexes may be preassembled off the DNA. Nevertheless, these
sequential assembly pathways are an indication of how transcription complex
formation might occur in vivo and provide some information of interactions that
likely occur between the transcription factors and with pol III that may be
functionally important.

The current knowledge of the network of interactions between individual
components of the pol III transcriptional machinery is most advanced in yeast where
the majority of the components required for basal transcription have been cloned
(83). Protein-DNA photocrosslinking has been used to map the positions of the
various components of the pol III transcriptional machinery on a yeast tRNA
promoter (23, 24). Thus, yBRF and B’ can be specifically crosslinked to sequences
located ~40bp upstream of the transcriptional start site in a TFIIIC-dependent
manner (24). 1131 is the only subunit of TFIIIC accessible for crosslinking with
photoactive nucleotides located upstream of the start site (24, 25). This subunit is
therefore an excellent candidate for interacting with TFIIIB and correctly positioning
it on the DNA. Moreover, 1131 contains 11 tetratricopeptide repeats (TPRs) which
are known to mediate protein-protein interactions (355). Two-hybrid analysis
showed that 1131 interacts both with yBRF (82) and yB"” (452). In addition,
recombinant yBRF has been shown to bind directly to t131 (271). Significantly,
1131 is one of the two subunits of yTFIIIC that has sequence similarity with a
subunit of human TFIIIC suggesting that these interactions may be conserved.
Indeed, the human homologue of t131, hTFIIICy, directly binds hBRF (231). It has
also been shown to directly associate with TBP (231). In yeast, 160 interacts with
TBP (119). In the vertebrate system interactions have also been described for
hTFIIICe with hBRF and hTBP (231).

The assembly of TFIIIB on a yeast tRNA promoter can be reconstituted in
vitro using isolated recombinant yeast TFIIIB subunits (266, 452). A precisely

ordered series of interactions are required. YBRF is the first factor to associate with
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the TFIIIC/tDNA complex, followed by TBP and then B (264). In the absence of
BRF, TBP cannot be recruited, whereas recruitment of B"’ requires both TBP and
BRF (264, 266, 452). Each step in the sequential assembly of TFIIIB on DNA is
accompanied by changes in the photocrosslinking efficiency of 1131 and yBRF
(264). Such changes are suggestive of conformational rearrangements. This may
explain the paradoxical ability of yeast TFIIIB, which alone has little or no affinity
for DNA, to bind so tightly to DNA once fully assembled on the DNA by TFIIIC. It
seems that yeast BRF contains a cryptic DNA-binding domain in its C-terminal half
that becomes unmasked by the conformational changes that occur in the factor
during the assembly of TFIIIB on the promoter (234). By hiding the DNA-binding
domain, which is sequence independent, this prevents BRF from being randomly
dispersed on irrelevant DNA sites through the genome.

In yeast, TFIIIA and TFIIIC are dispensable for transcription once they have
recruited TFIIIB to the promoter (263). TFIIIB in turn is responsible for the
recruitment of pol III to the promoter and correctly positioning it over the start site
for transcription initiation. All three subunits of yeast TFIIIB are required for the
stable recruitment of pol III however so far only yBRF has been shown to directly
interact with the polymerase (22, 145, 271, 564). Prior to initiation, the C160, C128
and C34 subunits of pol III are all accessible to crosslinking upstream of the start site
and may therefore be in the close vicinity of promoter-bound TFIIIB (21, 22, 415).
As such, these three pol III subunits constitute excellent candidates for interacting
with TFIIIB. One of these, C34, has been shown to directly bind yBRF (271). The
human homologue of C34, C39, interacts directly with both hBRF and TBP (554).
The functional conservation of an interaction between TFIIIB and this subunit of pol
III through evolution suggests that their interaction may be essential (554). In
support of this, C34/C39 appear to play a crucial role in the recruitment of pol III to
class III genes, which is also dependent upon interaction with TFIIIB (236, 554).
Thus, antibodies against C34 were found to potently inhibit tRNA synthesis in vitro
but had little effect upon nonspecific transcription of poly(dA.dT) by pol III (236).
Furthermore, mutations in C34 that impair its interaction with yBRF also inhibited
pol III recruitment (61). A similar role for C39 is suggested by its selective
dissociation from human pol III by sucrose sedimentation in 0.5M KCIl or partially

denaturing conditions as part of a stable subcomplex that also includes C62 and C32
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(554). Human pol IIT that has been depleted of this subcomplex is fully competent
for transcription elongation and termination but has lost the ability to support
promoter-directed initiation (554). Accurate initiation can be restored to the depleted
polymerase by adding back recombinant or natural subcomplex (554). The
homologous yeast proteins C34, C82 and C31 also form a subcomplex, which
dissociates from yeast pol III during native gel electrophoresis (535, 565).
Interactions between the human and yeast pol III subcomplexes and TFIIIB have
only been detected for C34/C39 (554, 564). Recently, however, a direct interaction
has been described between the newly identified yeast pol III subunit C17 and yBRF
(145). C17 also interacts with C31 (145). Thus, at least two subunits of yeast pol III,
C34 and C17, may contribute to the specific recognition of TFIIIB by the enzyme.
Both subunits are essential, suggesting that their roles in recruiting pol III to class III
genes are not redundant.

The interaction site on yBRF for C34 has been mapped to the direct repeat
region in the TFIIB-related N-terminal half of the protein (271). This region is
highly conserved between BRF and TFIIB, raising the remote possibility that C34
might also bind TFIIB. However, GST-pulldown assays have failed to detect an
interaction between TFIIB and C34 (271). TFIIB performs an analogous role in pol
II transcription to BRF in the pol III system since it is involved in the specific
recruitment of pol II to class II promoters. Moreover, it is the direct repeat region of
TFIIB that binds pol II (183). Importantly, C34 and C17 are both unique to pol III
and have no similarity to any pol I or pol II subunit (145, 437, 499). This, and the
selectivity of the interaction between BRF and C34 and that between BRF and C17
may be essential in defining the pol specificity of class III gene preinitiation
complexes, although other interactions involving pol III may also be important.

Direct interactions have recently been detected between pol III and TFIIC
(129, 148, 230, 231). In yeast, two-hybrid screening detected an interaction between
1131 and the ABC10a polymerase subunit that is found in all three nuclear pols
(129). This has been confirmed in vitro using recombinant proteins (129).
Additionally, a temperature sensitive mutation in ABC10a has been shown to be
specifically suppressed by the overexpression of a mutant form of t131 (129).
Furthermore, the mutation in ABC10a was found to weaken the interaction with

1131 and the suppressive mutation in t131 increased the interaction between the two
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proteins (129). Thus, the interaction between ABC10a and t131 appears to be
functionally important. This is rather surprising because yeast TFIIIC is dispensable
for transcription in vitro once TFIIIB has been recruited (263). Promoter-bound
yTFIIIB is able to recruit pol III for multiple rounds of accurately initiated
transcription with the same efficiency as a fully assembled transcription complex
containing TFIIIC and, for 5S genes, TFIIIA (263). However, in a physiological
context TFIIIB may not be sufficient and interactions between TFIIIC and pol III
may be required. These may contribute to the recruitment of pol III or may be
necessary for a post-recruitment function. Alternatively, in vivo, pol III may be
recruited preassembled with TFIIIB and TFIIIC as part of a holoenzyme. The
ABC10a-t131 interaction may be involved in the formation and/or stability of such a
complex. In support of the possible existence of a yeast pol III holoenzyme, Seifart’s
group has immunopurified yeast pol III enzyme that contains immunologically
detectable amounts of TBP, BRF and TFIIIC (83). Interestingly, this potential
holoenzyme form contained functional amounts of TFIIIC but had to be
supplemented with TFIIIB components for transcriptional activity (83). An
interaction has also been detected by two-hybrid analysis between the yeast pol III
subunit C53 and a fragment of t131 (148), however this interaction could not be
detected using the entire T131 protein (129). In humans, interactions of TFIIICS with
C39 and C62, and TFIIICe (homologous to 195) with C62 (homologous to yeast
C82), have been reported (231).

The assembly of a functional preinitiation complex on class III genes is a
slow process. Once formed however the complex is extremely stable with its
constituent components all remaining associated after transcription initiation (40,
154, 317, 318, 405). With pol III being the only factor that is recycled, once a
preinitiation complex has formed on a class III gene the gene tends to be committed
to multiple rounds of transcription (40, 154, 318). A very different situation exists
for pol II, where most of the components of the transcription complex dissociate
following initiation; only TFIID remains at the promoter, and the other factors must
reassemble for each cycle (612). Clearly, the need of the class II factors to
reassociate makes reinitiation slow and inefficient however it also provides
considerable scope for regulating each round of transcription that is not available to

pol IIT (123). The scope for regulation of transcription elongation and termination is
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also less for pol III. Whereas pol III appears to be able to carry out these two
processes accurately and efficiently on its own, pol I and pol II both require the
assistance of dedicated elongation and termination factors (411). After the formation
of a stable preinitiation complex, the transcription of class III genes can proceed
extremely rapidly. Even the recycling of pol III has been optimised such that after
the initial round of transcription, cycles are 5- to 10- fold more rapid than the first
(123). The polymerase is recycled without actually being released from the template;
consequently the slow initial step of polymerase recruitment is avoided (123).

Pol IIT transcription is therefore notably more efficient than that of pol II and
the level of basal pol III transcription is relatively high (568). Such transcriptional
efficiency may be necessary to ensure that sufficiently large quantities of 5S rRNA
and tRNA are produced to sustain adequate levels of cellular protein synthesis.
Clearly, however, the translational requirements of a cell can vary considerably. For
example, a cell that is actively proliferating will require substantially higher levels of
protein synthesis than a cell that has withdrawn from the cycle and is in a state of
quiescence. Although absolutely essential, the levels of 5S rRNA and tRNA needed
by the cell can therefore also alter drastically. Rather than synthesise a vast excess of
5S rRNA and tRNA to cater for variations in the amounts required of these two
transcripts, it appears that their transcription by pol III is tightly regulated, thereby
allowing their production to be tailored to the metabolic demands of the cell (568).
This will reduce the energy load on the cell but also provides a potential point of
control of the biosynthetic capacity of the cell. Pol III transcription of the other class

IIT genes is also subject to regulation (568).

1.7  Regulation of RNA polymerase III transcription

A variety of proteins have been found to be able to modulate the rate of pol
III transcription, either in a positive or a negative fashion (568). As such, these
modulatory proteins are, potentially, regulators of pol III transcription. In support of
this, pol III transcription has been shown to be regulated in response to changes in a
number of different physiological conditions (569). The mechanisms which cells
employ to regulate expression of class III genes under particular cellular and

environmental conditions are slowly being elucidated. Many of the proteins shown
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to modulate the level of pol III transcription have been implicated. Changes in the
chromatin structure of class III genes can also influence the level of transcription and

may have a role in the physiological regulation of pol III transcription (569).

1.7.1 Activities that reduce pol III transcription

Drl

Drl, a 19kDa nuclear phosphoprotein, was originally isolated from Hela
cells because of its ability to repress pol II transcription (242) but it has subsequently
been shown to inhibit pol III transcription as well (576). The factor has been highly
conserved through evolution, with 37% sequence identity between the human and
yeast proteins, and is essential for yeast cell viability (276). Drl functions as a
transcriptional repressor by directly binding TBP and blocking essential interactions
made by the protein that are required for transcription (242, 276, 576, 602). For
example, Drl inhibits pol II transcription by preventing promoter-bound TBP from
interacting with the pol II-recruiting factor TFIIB (242). The exclusion of TFIIB
binding to TBP is thought to result from conformational changes in the structure of
TBP induced by the binding of Drl1 (370). Drl does not bind TFIIB (602) and
contacts a surface of TBP that is spatially removed from the TFIIB-docking site
(277). Using recombinant proteins, Drl has also been shown to interfere with the
binding of TBP to the pol III-specific factor BRF (576). Thus, Drl appears to inhibit
transcription by pols II and III by very similar mechanisms, in each case it prevents
TBP from binding to a class-specific factor that is required for polymerase
recruitment; TFIIB in the case of pol II and its homologue BRF in the case of pol III
(242, 576). Unlike TFIIB though, two distinct regions of BRF contact TBP (82, 271,
552). By analogy to its effects on TFIIB, Drl may disrupt binding to the N-terminal
direct repeats of BRF through conformational changes in TBP. However, whereas
TFIIB and this region of BRF interact with TBP at a site distinct from that bound by
Dr1, the C-terminal domain of BRF appears to make a pol III-specific high-affinity
interaction with the basic repeat region of TBP, the very same region to which Drl

binds (271). Point mutagenesis indicates that the binding sites of Dr1 and BRF in the
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basic repeat region of TBP extensively overlap (64, 271, 277). Thus, BRF and Drl
are in direct competition for binding this region of TBP.

By targeting TBP and being able to repress both pol II- and pol III-
transcription Drl has the potential to coordinately regulate the transcriptional
activities of these two polymerases (576). TBP is also required for pol I transcription
as part of the basal factor SL1 (103). However, whereas the addition of highly
purified recombinant or native Drl to human extracts was found to potently repress
the expression of a variety of different class III genes including tRNA, VA and U6,
pol I transcription of rRNA under the same conditions was unaffected (576).
Similarly, the overexpression of Drl in yeast was found to inhibit tRNA synthesis
but had no discernible effect on pol I transcription (276). In contrast to pols II and
III, pol I transcription is seemingly immune to the repressive effects of Drl. By
selectively inhibiting pols II and III, Drl1 may be able to shift the balance of nuclear
transcription in favour of pol I, which could be of considerable value when rRNA

levels are limiting.

The retinoblastoma protein, RB, a 105kDa nuclear phosphoprotein (324), was
the first tumour suppressor to be identified, over a decade ago (153). The
retinoblastoma susceptibility gene that encodes RB was initially cloned because of its
association with an inherited predisposition to retinoblastoma, a rare paediatric
tumour of the retina (153). Individuals who inherit a non-functional allele of the Rb
gene have a roughly 90% chance of developing retinoblastoma at an early age (580).
For retinoblastoma to actually arise, however, this requires the inactivation of the
remaining allele of the Rb gene, since inactivating mutations in Rb are recessive
(580). Loss of RB function appears to be a universal feature of both the familial and
sporadic forms of this tumour and is likely to be the rate-limiting step in its initiation
(226). Inactivating mutations in both alleles of the Rb gene have also been identified
in a variety of other human cancers including many sarcomas, bladder and small cell
lung carcinomas (226, 557, 580). In many other human malignancies a wild-type Rb

allele is retained, but RB function is still disrupted, for example because of the
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association of RB with viral oncoproteins or the hyperactivity of cyclin-dependent
kinases that switch off RB (557).

The ability of RB to function as a tumour suppressor can be explained by its
normal roles in the cell. Thus, RB suppresses both the proliferation (increase in
number) and the growth (increase in mass) of cells and is involved in ensuring that
the cell does not divide and grow when conditions are unfavourable (557). When RB
function is missing, the ability of cells to arrest proliferation and growth is severely
compromised and the cell is less sensitive to normal regulatory signals; these
changes constitute a major step towards carcinogenesis (482, 557, 580). RB is also
implicated in promoting cell differentiation, which may also contribute to its tumour
suppressor functions (95, 214, 245, 322). All of these functions of RB appear to be
at least partly attributable to the effects of RB on gene expression (173, 214, 290).
For example, RB is able to cooperate with certain transcription factors such as C-
EBP family members and MyoD to activate the transcription of a number of pol II-
transcribed genes involved in differentiation (179, 475).

RB is a highly abundant protein and can bind and regulate a variety of
transcription factors (214, 290). One of the key targets of RB is the factor E2F (3,
131, 305, 310, 556). E2F activates the expression of a range of pol II-transcribed
genes that are important for cell cycle progression (3, 131). These include several
genes that are required for DNA replication, such as those encoding DNA
polymerase a and the replication origin-binding protein HsOrcl, as well as genes
that drive the cell cycle such as cdc2 and various cyclins. RB can bind to E2F,
inactivating it, and can form a repressive complex that actively inhibits the
transcription of these E2F-responsive genes that are required for passage through the
cell cycle, thereby providing a possible explanation as to how RB is able to constrain
cell proliferation (3, 131). The effects of RB on gene expression are not restricted to
pol II-transcribed genes, however. RB can directly inhibit transcription by all three
nuclear RNA polymerases (Fig. 1.2) (313, 566, 567). Whereas only a very restricted
number of genes transcribed by pol II are inhibited by RB, it appears to be a general
repressor of pol III transcription (314, 579). In a growing cell, pols I and III are
responsible for ~80% of total RNA synthesis (411). The bulk of this is devoted to
the production of rRNA and tRNA, which are essential components of the

translational machinery. By limiting the production of these, RB may be able to
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Figure 1.2

Suppression of cell growth and proliferation by RB

The pol II transcription factor E2F promotes the expression of a variety of genes
required for cell cycle progression. These include the genes that encode for DNA
polymerase a (DNA pol «), dihydrofolate reductase (DHFR), thymidine kinase
(TK), cdc2 and various cyclins. RB, by inhibiting E2F, can suppress transcription of
these E2F-responsive genes thereby providing a brake on cellular proliferation. In
addition, RB also represses the pol I factor UBF and the pol III factor TFIIIB thereby
reducing the synthesis of rRNA and tRNA, important determinants of the
biosynthetic capacity of the cell. By restraining protein synthesis, this may provide a

mechanism for RB to suppress cell growth.
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suppress the level of protein synthesis, which could provide a brake on cellular
growth (313, 567). Careful measurements in animal cells have demonstrated that the
rate of growth is directly proportional to the rate of protein accumulation, the main
determinant of which is protein synthesis, although turnover also makes a
contribution (27).

The ability of RB to repress pol III transcription was initially demonstrated in
vivo by transient transfectio