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Vaccinia virus, the prototypical orthopoxvirus, was used as a vaccine to

protect recipients against smallpox. As a large, dsDNA-containing virus that

replicates in the cytoplasm of infected cells, it must carry within its virions the

full complement of enzymes necessary for viral mRNA and DNA synthesis. These

include a large, multi-subunit RNA polymerase with homology to prokaryotic

and eukaryotic polymerases. The battle against smallpox turned up a drug,

isatin-β-thiosemicarbazone (IBT), that specifically inhibits vaccinia virus

intermediate and late gene transcription termination, although the specific target

for that inhibition is unknown. Mutants that are resistant to the drug have

previously been mapped to two elongation factors and the second-largest subunit of

the RNA polymerase.

Our study extended the collection of IBT-resistant vaccinia virus mutants. We

identified novel alleles of the elongation factor G2 and implicated the largest

subunit of the RNA polymerase in the control of elongation. Each mutant

identified in our study compensates for the elongation-promoting effects of IBT

through a defect in transcription elongation. A method was also developed to

xii



screen individual vaccinia virus gene products for roles in intermediate and

late transcription elongation. Using this method, a mutant mapping to the

H5R gene and capable of growing in the presence of IBT was identified, thus

providing indirect evidence for an involvement of H5 in transcription elongation.

Additionally, it appears possible that IBT-resistant mutants can be mapped to a

number of genes other than the large RNA polymerase subunits and previously

discovered elongation factors.
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CHAPTER 1
INTRODUCTION

1.1 Poxviruses

Poxviruses owe much of their notoriety to the fact that variola virus, a member

of the family, is the causative agent of smallpox. Smallpox is a devastating disease

that ravaged the human population around the globe for centuries, scarring

and killing untold numbers. In the 20th century alone, smallpox is thought to

have claimed approximately 500 million lives [1]. In 1953 a plan was conceived

to eradicate smallpox globally. At the heart of this plan was vaccination, the

deliberate infection of healthy individuals with another, less pathogenic poxvirus.

Cowpox virus was likely the original vaccine strain, but later vaccinia virus was

used. This procedure, originally developed by Edward Jenner in 1796, was highly

effective at stemming the spread of the disease. Vaccination was effective for several

reasons, including ease of administration and thermostability of the vaccine. Of

paramount importance, however, was the immunological cross-reactivity among

members of the poxvirus family. These factors, the plan itself, and the diligence

of those who carried it out resulted in what may be the single greatest triumph

of modern medical science. On December 9, 1979, the World Health Organization

certified that smallpox had been eradicated.

While interest in vaccinia virus began as a result of its use in vaccination

against smallpox, it was sustained by the unique biological properties of the

poxvirus family. Members of the poxvirus family enjoy a degree of autonomy that

is unmatched by any other virus family. Poxviruses are large, double-stranded DNA

(dsDNA)-containing viruses that replicate exclusively in the cytoplasm of infected

cells. They contain a large genome, varying in size from 134 kbp in bovine papular

1
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stomatitis virus [2] to 360 kilobase pairs (kbp) in canarypox [3]. The archetypal

poxvirus, vaccinia virus, contains a 195 kbp genome. The cytoplasmic lifestyle

and DNA genome require poxviruses to encode the enzymes required for genome

replication and transcription, a task that is facilitated by the large coding capacity

of their genomes. Because poxviruses perform DNA and RNA synthesis in the

cytoplasm, free from the enormous complexity of the nucleus, they have long been

used as models for studying DNA replication and transcription. Because of its rich

history, the relative safety in which it can be studied, and its ease of growth in cell

culture, vaccinia virus has been and continues to be the de facto subject for studies

of poxviral genetics, biochemistry, and (to a lesser extent) host interactions.

The remainder of this section addresses specific aspects of vaccinia virus

biology, though many of the comments here apply to other poxviruses as well. A

brief discussion of the vaccinia virus life cycle is presented first and is followed by a

more detailed review of the vaccinia virus transcription paradigm.

1.2 Life Cycle

The vaccinia virus life cycle consists of a series of tightly regulated, coordinated

events. These include cell entry, uncoating, early gene transcription, DNA

replication, intermediate gene expression, late gene expression, and virion

morphogenesis. Each of these processes is complex, and they are understood to

varying degrees. The areas in which there is the least consensus of opinion are virus

entry and morphogenesis. Morphogenesis has been the subject of continued debate

for decades.

1.2.1 Cell Entry

Entry of vaccinia virus into the host cell can be accomplished by three different

forms of the virion. These include intracellular mature virus (IMV), cell-associated

enveloped virus (CEV), and extracellular enveloped virus (EEV). The CEV and

EEV forms are identical, except that CEV is attached to the cell surface, while
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Figure 1–1: The poxvirus life cycle. Entry of the intracellular mature
virus (IMV) form of the vaccinia virion into the cell occurs by
membrane fusion. (For simplicity, the entry of other infectious
virion forms is omitted.) After a partial uncoating step,
early gene transcription is carried out with the context of
the partially intact virion core particle (shown surrounded
by a dotted line). Early gene products play an essential
role in DNA replication and the subsequent transcription of
intermediate genes. Intermediate gene products are required
for late gene transcription. Late gene products include factors
necessary for early gene transcription in the subsequently
infected cell. They are incorporated along with viral DNA into
IMV virions as they go through a number of transformations
in the viroplasm from crescents to immature virions (IV)
to immature virions with nucleoids (IVN) and finally to
IMV. Trafficking of IMV along microtubules is necessary
for a double membrane wrapping through the Golgi or early
endosomes (not shown) to form intracellular enveloped virus
(IEV). Additional movement along microtubules brings the
IEV to the cell surface, where another fusion event leaves
cell-associated enveloped virus (CEV) attached to the cell
surface. This CEV can polymerize intracellular actin filaments
to propel itself into an adjacent cell or detach from the
membrane to become extracellular enveloped virus (EEV).
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EEV is not. A fourth form, intracellular enveloped virus (IEV) is an intermediate

between IMV and CEV. The mechanism of cell entry varies according to virion

type, but regardless, it is incompletely understood. What is known about entry by

IMV and CEV/EEV is discussed next, while the formation of these particles will be

described later (Section 1.2.5).

Although IMV is the most-abundant virion form and the easiest to isolate,

many questions remain about its mechanism of cell entry. Central to this debate

is uncertainty about the number of membranes surrounding the IMV particle.

Clearly, the number of membranes is central to the question of how the virus

traverses the plasma membrane, and the disagreement on this fundamental

point highlights how much is left to learn about virus entry. On the question

of membrane number, there are two groups: those who believe that IMV

is surrounded by one membrane, and those who believe that there are two

membranes. If IMV has one membrane, then it likely enters the cell by fusion [4],

though others have suggested phagocytosis, followed by fusion of the viral

membrane with membrane of the phagosome vesicle [5]. Recent electron microscopy

(EM) and confocal microscopy data provide strong evidence that there is one

membrane, and that IMV enters the host cell via fusion (Geoffrey Smith, personal

communication). This work does not answer the questions surrounding the origin

of such an IMV bilayer. Previous studies suggested a double bilayer surrounding

IMV that might be formed from lipid in the endoplasmic reticulum and Golgi

intermediate compartment (ERGIC) [6]. Such a model raises the question of how

the extra membrane is shed during virus entry, however.

As with the entry of IMV, the entry of EEV is poorly understood. Specific

properties of EEV make it more difficult to study than IMV. First, it is produced

in lower quantity than IMV. Second, preparations of EEV are often contaminated

with IMV, as disruption of the fragile EEV outer membrane produces an IMV
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particle. Regardless, what does seem clear is that IMV and EEV bind different

cellular receptors [7]. Also, as a simple matter of topology, EEV cannot use

the same entry mechanism as does IMV, since EEV contains an additional

membrane that must be shed before the core particle can be released. A plausible

model for EEV entry is that of Ichihashi [8]. In this model, EEV particles are

pinocytosed. When the EEV-containing vesicles are acidified, the outer EEV

membrane is ruptured, allowing the remaining IMV particle to fuse with the

vesicular membrane. This releases the core particle into the cytoplasm.

1.2.2 Early Transcription in the Core Particle

After virus entry, transcription of early mRNA occurs. This happens within

the core particle, with the newly synthesized mRNAs being extruded through

the core wall. Early transcription relies entirely on enzymes carried into the

cell in the virion. These include the nine-subunit RNA polymerase, the early

gene-specific transcription factor (VETF), the mRNA capping enzyme, and the

poly(A) polymerase. Also present are the early gene termination factors, vaccinia

termination factor (VTF) and nucleoside triphosphate phosphohydrolase I (NPH-I).

The products of early gene transcription include the factors required for both

intermediate gene transcription and DNA replication, and thus early transcription

sets the stage for both of these processes.

As is described below (Sections 1.6.3 and 1.6.5), helicases play important roles

in regulating transcription termination. However, a vaccinia virus RNA helicase

plays an interesting role in transcription uniquely in the context of the vaccinia

virus core particle. This enzyme, the DNA- or RNA-dependent ATPase nucleoside

triphosphate phosphohydrolase II (NPH-II), is implicated in extrusion of RNA

through the core wall. Consistent with this model, NPH-II has RNA/RNA and

DNA/RNA helicase activity, but cannot unwind duplex DNA [9, 10]. Also, NPH-II

is essential for the process of early transcription, but specifically within the context
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of the virus core particle. This has led to the suggestion that NPH-II facilitates

extrusion of mRNA from the virus core by using its helicase activity, while itself

being essentially fixed in location relative to the core particle [11]. Activity of this

type more closely fits the description of a translocase than a helicase (see Section

1.6.2 for commentary), though NPH-II clearly possesses helicase activity in vitro.

1.2.3 DNA Replication

The replication of vaccinia virus DNA takes place in foci called viroplasm or

viral factories which presumably form at the site of DNA unpackaging from viral

cores. Viroplasm is an amorphous, electron-dense region in the cytoplasm and is

devoid of cellular organelles. It is the site for DNA replication, intermediate and

late transcription, and the early stages of morphogenesis [12].

Vaccinia virus DNA replication occurs through concatameric intermediates.

Replication begins after viral uncoating, allowing access of the viral genome to the

cytoplasm. This genome is a single, linear double-stranded DNA molecule with

covalently closed hairpin termini. Thus, in a sense it is a single continuous string

of nucleic acid, a fact that has important implications for DNA replication. Once

uncoating occurs, a nick is created near one or both hairpins, allowing replication

using the 3’-OH group as a primer. By strand displacement, this DNA replication

results in the formation of tail-tail concatemers that are subsequently cleaved to

form genome-length DNA [13].

The vaccinia virus DNA polymerase is the product of the E9L gene [14].

This 110 kDa enzyme is a homolog of eukaryotic α and δ DNA polymerases and

herpesviral DNA polymerases. E9 has been the subject of an exhaustive series

of biochemical and genetic experiments to characterize its activity, functional

domains, and binding partners. This work has been facilitated by the study of

drug-resistant mutants.
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The replication of DNA depends on the polymerase itself, and also on at

least four other factors. These factors (the D4 uracil DNA glycosylase, B1 kinase,

and D5 NTPase, and A20 processivity factor) have been characterized to varying

degrees [12, 15]. Most of those studies used temperature-sensitive vaccinia virus

mutants.

1.2.4 Intermediate and Late Transcription

After the initiation of DNA replication, intermediate transcription ensues [16].

Late transcription follows intermediate transcription (Section 1.3.3) [17, 18]. Briefly,

intermediate transcription produces proteins required for late transcription, and

late transcription produces factors required for morphogenesis as well as early

transcription factors that are packaged into virions and used in the subsequently

infected cell. Regulation of intermediate and late gene transcription elongation

was the focus of our study and is fundamentally different from that of early

transcription.

1.2.5 Morphogenesis

Morphogenesis is the process of virion assembly. Several structural intermediates

in this process are discernible using electron microscopy: crescents, immature

virions (IV), immature virions with nucleoid (IVN), and IMV. As the name implies,

crescents have a semicircular shape, though one should bear in mind that while

they appear crescent-shaped under the electron microscope, this is probably

not an accurate representation of their three-dimensional structure. Crescents

are composed of both protein and lipid, though the origin of their membranous

component is unknown. Early studies suggested that crescent membranes are

synthesized de novo, though later work argued that they are derived from cellular

membranes. Immature virions are seen after the appearance of crescents and are

thought to form from crescents growing and reshaping to form enclosed spheres.

Immature virus particles contain the DNA genome, though the exact mechanism
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for packaging that genome is unclear. Regardless, the DNA condenses to form an

electron-dense nucleoid within the IV particle, thus transitioning the particle from

IV to IVN. Finally, the IVN particle undergoes a major structural reorganization to

produce IMV. This step is undoubtedly the biggest mystery in the morphogenesis

process.

1.2.6 Virion Trafficking and Exit

After IMV formation, trafficking of the particle along microtubules through

the Golgi apparatus or early endosomes results in the wrapping of two additional

membranes to form IEV, and on exit from the cell, CEV and EEV. Movement to

the site of IEV wrapping and movement from there to the cell surface depend on

microtubules, while protrusion of the CEV particle into an adjacent cell depends

instead on polymerization of actin filaments below the cell surface [19,20,21].

1.3 Transcription

An organism’s genome encodes the information needed to synthesize

macromolecules that carry out tasks within the cell. Broadly speaking, there

are two such types of macromolecules: RNA and protein. The three most widely

recognized types of RNA are ribosomal RNA (rRNA), transfer RNA (tRNA),

and messenger RNA (mRNA). Each of these plays a vital role in converting the

information contained in a gene into the protein it encodes.

The various types of RNA molecules are assembled from many subunits (called

ribonucleotides) into long polymers by an enzyme (called RNA polymerase). This

enzyme uses as a template for RNA synthesis the organism’s genome, which can

be made of either DNA or RNA. Thus, two fundamentally distinct types of RNA

polymerase exist: the DNA-dependent RNA polymerase and the RNA-dependent

RNA polymerase. The former is produced by all cellular organisms and is produced

or hijacked by the DNA viruses that infect those cells, while the latter is confined

to a subset of viruses whose genome is composed of RNA. Of the DNA-dependent
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RNA polymerases, there are two primary types. One is a single-subunit enzyme

found in bacteriophage, while the other is a large, well-conserved, multi-subunit

enzyme found in all manner of creatures, including the poxvirus family. The

remainder of this discussion focuses on the multi-subunit DNA-dependent RNA

polymerases.

The synthesis of gene products is regulated at many stages. Transcription, the

process of RNA synthesis, and translation, the process of synthesizing protein from

mRNA, are each subject to multiple regulatory means. Modification of RNA during

or after transcription, degradation of RNA, as well as modification of proteins

during or after their synthesis are all ways to regulate the abundance and function

of these molecules. However, the process of transcription itself represents the key

regulatory step in protein synthesis.

Transcription can be subdivided into a series of steps: promoter recognition,

initiation, elongation, and termination [22]. A promoter signals a valid location

for the start of transcription, and it provides a needed assembly point for

RNA polymerase and various transcription factors required to initiate RNA

synthesis. Once begun, the rate and extent of RNA synthesis is mediated by two

opposing groups of factors. The first group comprises positively acting elongation

factors. These promote continued synthesis of RNA. Conversely, the second

group comprises negatively acting elongation factors. These promote cessation of

transcription, or termination. The subtle interplay of these two groups of factors

(coupled with their interactions with various cis-acting regulatory elements buried

within the genome) ultimately determines the lengths of individual RNA molecules.

Like their more complex cellular counterparts, viruses depend on numerous

regulatory mechanisms to direct the correct transcription of their genes. These

regulatory mechanisms, like the viral RNA polymerases themselves, are as exquisite

as they are varied. Some are nearly universally conserved throughout nature, others
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are borrowed from their hosts, and many others are unique to the individual virus

families themselves.

Sections 1.3.1, 1.3.2, and 1.3.3 compare and contrast the enzymatic machinery

and regulatory mechanisms used by selected prokaryotes, eukaryotes, and vaccinia

virus. Although the organisms selected are presented for the diversity of strategies

they use to synthesize RNA, they share much in common. The transcription

initiation complex and mechanism of initiation are the focus of this section.

As elongation and termination are the primary focus of our study, they will be

discussed in greater detail (Sections 1.5 and 1.6).

1.3.1 Prokaryotes

Prokaryotes encode a single RNA polymerase that transcribes their entire

repertoire of genes [23]. This enzyme is composed of a four-subunit “core” and an

additional subunit, σ, that provides promoter specificity. The core comprises one

each of β’ and β and two α subunits. The σ subunit may be one of a number of

proteins, each providing specificity for a different class of promoters.

1.3.2 Eukaryotes

Eukaryotes encode three RNA polymerases (I, II, and III). Each is responsible

for the transcription of a specific class of RNA. These enzymes are closely related

to one another and more distantly related to prokaryotic RNA polymerase. The

eukaryotic polymerases consist of two large subunits and a collection of smaller

subunits. The largest and second-largest subunits are homologs of bacterial β’ and

β, respectively. Homologs of the bacterial α subunit also exist in the eukaryotic

polymerases. Additionally, six subunits are shared among the three eukaryotic

enzymes. A number of other subunits are not shared [24].

RNA polymerase II. The transcription of all protein-encoding genes in the

cell, and thus all mRNA, is carried out by RNA polymerase II. Although this

represents a small percentage of the total mass of transcripts produced in the
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cell, it means that pol II must transcribe an extraordinarily diverse collection of

genes. Perhaps for this reason that pol II has been the focus of most of eukaryotic

transcription-related studies. These studies provide genetic, biochemical, and

crystallographic data that reveal exquisite details about the mechanism of

this enzyme. A particularly important feature of the largest subunit of RNA

polymerase II is the C-terminal domain (CTD) [25]. This domain is an important

regulator of transcription elongation and the substrate for key phosphorylation

events (Section 1.5.3).

1.3.3 Vaccinia Virus

Transcription in vaccinia virus is carried out by a multi-subunit RNA-dependent

RNA polymerase that shares homology to both prokaryotic and eukaryotic

enzymes [26]. This homology is confined to the two largest subunits, rpo147

and rpo132, RNA polymerase subunits of 147 kDa and 132 kDa, respectively,

and the smallest subunit, rpo7 [27]. A fourth subunit, rpo30, is not homologous

to other polymerases per se but does contain a region of homology with TFIIS,

the eukaryotic anti-arrest transcription factor (Section 1.5.2) [28]. Despite the

homology of rpo147 with the largest subunit of RNA polymerase II, rpo147 lacks

the CTD, implying that the regulation of elongation is achieved through binding of

factors to different locations on the enzyme.

Two forms of the vaccinia virus RNA polymerase exist: one specific for

transcription of early genes, and another specific for transcription of intermediate

and late genes collectively. Structurally, the only difference between these forms

is the presence of a protein, the RNA polymerase-associated protein of 94 kDa

(RAP94), in the early form of the polymerase that is absent in the intermediate

and late form. The presence of RAP94 is necessary but not sufficient for the

specificity of the early form of the polymerase for early promoters [29].
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Regulation of early gene expression differs fundamentally from regulation

of intermediate and late genes. Early transcription in vaccinia virus is a highly

regulated process [30]. Promoter recognition occurs via an early class-specific

transcription factor [31]. Elongation is mediated by at least one viral elongation

factor whose activity can be demonstrated in vitro [32]. Finally, termination

occurs with high frequency at a cis-acting transcription termination signal, and

is mediated by at least two virally-encoded trans-acting factors [32, 33, 34, 35].

The early gene termination signal is simple, efficient, and appears to be entirely

sequence-specific, lacking the ability to form any secondary structure. As a

technical matter, early transcription can be studied using a relatively purified

system, as virions support the synthesis of early RNA that is promoter-specific,

5’ capped, terminated appropriately, and 3’ poly-adenylated. In stark contrast,

the intermediate and late transcription system is either under the control of a

less strict regulatory system or under the control of a system that is sufficiently

complicated so as to be entirely non-obvious. Furthermore, while intermediate and

late initiation occur at class-specific promoters that are reasonably well defined,

intermediate and late transcription uses host proteins in conjunction with viral

proteins to initiate; complicating the identification of the complete initiation

apparatus [36, 37]. Elongation and termination of intermediate and late genes differ

widely from the elongation and termination of early genes. There are multiple

factors that affect elongation, though they have no defined biochemical role and

no detectable sequence homology to non-poxviral elongation factors. Termination

of intermediate and late genes is not responsive to the early gene cis-acting

element. Neither is it responsive to any other detectable termination signal; thus

transcripts produced from any given intermediate or late gene are both very long

and highly heterogeneous in length [38, 39]. Further complicating matters is the

lack of a simple in vitro assay for intermediate or late gene elongation, such as
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the one available for early transcription. This unfortunate situation results from

the fact that purified virions are unable to direct synthesis of intermediate or late

mRNA, presumably because they lack the proper initiation factors for those gene

classes. This requires the use of infected-cell extracts to direct intermediate or late

transcription in vitro. These extracts are a far more complex mixture of reagents

than what is found in vaccinia virions.

Several class-specific transcription factors direct initiation, elongation, and

termination of vaccinia virus genes (Table 1-1). Notably, despite the cytoplasmic

location of viral transcription, vaccinia uses a handful of host proteins in

conjunction with viral proteins to regulate transcription. Transcription elongation

and termination of the three classes of vaccinia virus genes are discussed (Sections

1.5 and 1.6) in the context of elongation and termination in other organisms. Next

is a brief review of the three transcriptional stages with a focus on initiation, not

be covered elsewhere.

Early transcription. Early transcription occurs in the context of the vaccinia

virus core particle, and thus is carried out by a self-contained transcription

apparatus that is packaged within virions. Early genes account for approximately

50% of all vaccinia genes and are transcribed until DNA replication occurs.

Products of early genes include the factors needed for DNA replication and

transcription of the intermediate class of genes.

Initiation at early promoters relies on the RAP94 subunit of the polymerase.

Also required for initiation from early (but not intermediate or late) promoters is

the heterodimeric vaccinia early transcription factor (VETF), which is a product

of the D6R and A7L genes [40]. To date, VETF is the only poxviral protein shown

to directly bind any viral promoter. Binding of VETF to the promoter occurs

at an upstream element referred to as the “core” and at a downstream element.

The latter interaction is apparently sequence-independent. Once bound to the
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promoter, VETF recruits the polymerase and dissociates from the template in a

step that is dependent on its hydrolysis of ATP [41]. An additional role for VETF

may be packaging of the early transcription complex on early viral promoters

during morphogenesis [42]. In the wild-type virus, VETF may serve as a nucleation

point for such an assembly, as normal virions contain VETF, RNA polymerase,

capping enzyme, and the poly(A) polymerase large and small subunits. This idea

is supported by studies in which synthesis of either VETF subunit or H4L are

inhibited. H4L mutants package normal amounts of VETF, but fail to package

RNA polymerase, capping enzyme, and the poly(A) polymerase large subunit [43].

Mutants in VETF package reduced amounts of VETF, RNA polymerase, poly(A)

polymerase, NPH-I, and capping enzyme [17,42].

Intermediate transcription. Transcription of intermediate genes begins after

early transcription and the initiation of DNA replication. Playing their part

in the transcriptional cascade, intermediate genes encode, among other things,

factors required for late transcription. As in early transcription, the recognition

of intermediate and late promoters also requires class-specific transcription

factors. Interestingly, these factors are unable to stimulate initiation of the early,

RAP94-containing polymerase from intermediate or late promoters, implying that

RAP94 (in addition to activating early transcription) deactivates intermediate and

late transcription.

Intermediate messages, like late messages, contain a non-templated poly(A)

head of 30-50 nucleotides [44]. This sequence is thought to result from a slippage

mechanism at the TAAA initiator element that is common to intermediate and late

promoters. This property of intermediate and late transcripts is likely a function of

intermediate and late promoters rather than the intermediate and late polymerase,

as transcription of an early gene with a TAAA initiator element also results in a

poly(A) head [45]. There is no known function or consequence of the poly(A) head
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in vivo, though it clearly has consequences in vitro. The variable length of the

head makes it impossible to directly measure the pause or termination positions of

transcripts produced in vitro, and thus greatly complicates the process of defining

cis-acting signals that influence these processes.

A notable feature of intermediate transcription is its use of cellular proteins for

transcription initiation. Recent work by Katsafanas and Moss [36] identifies G3BP

and p137 as factors that stimulate transcription in vitro from the promoter

of an intermediate gene, G8R. While these proteins co-purify and form a

heterodimer, each is capable of stimulating transcription independently. Both

proteins are predicted to bind RNA, and G3BP also contains a helicase domain,

possibly providing a clue to its mechanism. Although the mechanism of action

of these proteins is presently unclear, the authors propose that they may be

involved in transitioning a “slipping” polymerase from poly(A) synthesis to an

elongation-competent form. Their study also addressed whether G3BP or p137

activate early or late transcription, and whether other cellular proteins have similar

activity. Finally, it is intriguing to speculate on what advantage this cellular

activity may confer on virus growth. Katsafanas and Moss suggest that it may

serve as a checkpoint, blocking subsequent late gene expression until G3BP and

p137 levels are high, something that occurs in an actively growing cell. While such

a model is appealing (if for no other reason than it paints a picture of vaccinia

virus as keenly manipulating the host cell for its own purposes), an equally likely

explanation is that these factors routinely play roles in regulating cellular RNA

synthesis. Their involvement may simply reflect a “crime of opportunity,” rather

than a specific need or advantage to coupling viral morphogenesis with cellular

growth.

Late transcription. Late transcription completes the transcriptional cascade,

synthesizing factors required for morphogenesis and transcription of early genes
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in the subsequently infected cell. During morphogenesis, factors required for

early transcription are thought to assemble onto the early promoters found in

replicating genomes as they are packaged into newly assembling virions. As a

result, transcription of early genes in the subsequently infected cell occurs while

still contained in the partially uncoated core particle [46].

Late transcription requires three viral initiation factors: vaccinia late

transcription factor (VLTF) 1, 2, and 3. These factors were discovered using an

elegant transfection assay [47]. In this assay, cells are first infected with wild-type

vaccinia virus in the presence of a DNA replication inhibitor. Inhibiting DNA

replication blocks the synthesis of intermediate (and thus late) genes contained in

the infecting virus’ genome. Despite the blockage of intermediate transcription from

the infected genome, intermediate genes can in fact be expressed from transfected

DNA. This expression is robust, as intermediate transcription factors accumulate

during the time that DNA replication is blocked. Keck et al. [47] took advantage

of these properties by co-transfecting a reporter gene under the control of a late

promoter and various “test” constructs. Reporter gene expression was observed

only when the complete set of intermediate-expressed, late transcription factors was

co-transfected along with the reporter construct. This led to the identification of

G8R, A1L, and A2L as genes whose products trans-activate late mRNA expression.

Additional studies were required to determine whether the trans-activation is direct

or indirect. First, inhibition of G8 synthesis using a recombinant vaccinia virus

containing a lac operator upstream of the G8 promoter had no effect on early or

intermediate mRNA synthesis, caused the accumulation of intermediate proteins,

and inhibited late gene expression to approximately 10% of wild-type levels [48].

Also, the A1 protein was shown to function as a late-promoter-specific transcription

factor in vitro [49]. Another study [50] showed that A1, A2, and G8 produced

separately in insect cells using a baculovirus expression system were necessary and
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sufficient to complement late transcription activity of a mammalian cell extract

made in the presence of a DNA replication inhibitor. That study showed that there

is no dependence on co-expression of A1, A2, and G8; and implies that none of the

three works only through an indirect mechanism to affect the synthesis of another.

An additional viral factor, VLTF-4, is a stimulator of late transcription in

vitro [51]. In the study that identified G8, A1, and A2 as late transcription factors,

only factors synthesized after DNA replication could be detected [47]. Surprisingly,

VLTF-4 is synthesized before DNA replication, thus originally allowing it to escape

detection. The early expression of a late transcription factor is an anomaly in

the cascade system of transcriptional control. Interestingly, VLTF-4 interacts

strongly with the intermediate and late transcription elongation factor G2 both

in vitro and in vivo. This interaction has been detected by several independent

means, including co-purification, co-immunoprecipitation, and a yeast 2-hybrid

assay [52]. Surprisingly, a conditional lethal mutation in the gene that encodes

VLTF-4 (H5R) has no effect on transcription in vivo, but causes a defect in viral

morphogenesis [53]. Thus, the specific roles of VLTF-4 in vivo are not clear.

However, its interaction with G2 and effect on transcription in vitro suggest a role

for this protein in regulating elongation, perhaps as an adapter that links G2 to the

RNA polymerase or to other trans-acting elongation factors.

Transcription of late genes, like that of intermediate genes, is enhanced by

cellular proteins. Those that affect late gene synthesis include the heterogeneous

nuclear ribonucleoproteins (hnRNPs) A2/B1 and RBM3. Generally, the hnRNPs

are proteins that bind single-stranded nucleic acids and play roles in RNA

metabolism, splicing, transport, and decay. When purified from an E. coli

expression system, the A2/B1 and RBM3 proteins independently stimulate late

transcription in an in vitro assay [54].
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Table 1–1: Vaccinia virus transcription factors

Class Protein Gene Origin Function

Early
VETF D6R, A7L Viral Promoter recognition,

ATPase
NPH-I D11L Viral Elongation, termination,

binding to RAP94,
transcript release

VTF D1R, D12L Viral Termination, mRNA capping
enzyme, intermediate
initiation factor

Intermediate

VITF-1 E4L Viral Initiation, rpo30, possibly
recovery from arrest

VITF-2 G3BP, p137 Host Initiation
VITF-3 A8R, A23R Viral Initiation
VITF-A D1R, D12L Viral Initiation, mRNA capping

enzyme, early termination
factor

YY1 Host Possibly initiation

Intermediate/Late
A18 A18R Viral Transcript release factor,

possibly termination factor
G2 G2R Viral Elongation factor, binds to

H5
J3 J3R Viral Elongation factor, mRNA

(nucleoside-2’-O-)methyltransferase,
poly(A) polymerase
stimulatory factor

Late

VLTF-1 G8R Viral Initiation
VLTF-2 A1L Viral Initiation
VLTF-3 A2L Viral Initiation
VLTF-4 H5R Viral Stimulates transcription in

vitro, binds to G2
VLTF-X A2/B1, RBM3 Host Possible role in promoter

recognition
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1.4 Structure

Knowledge of the structure of Saccharomyces cerevisiae RNA polymerase II

and E. coli RNA polymerase has increased dramatically during the last 5 years.

X-ray crystallography studies have revealed detailed structures for these enzymes

alone and in complex with DNA, RNA, TFIIS, and the inhibitor α-amanitin

[55, 56, 57]. While no crystal structure is available for the vaccinia virus RNA

polymerase, the structural conservation of these prokaryotic and eukaryotic

enzymes and the strong degree of sequence homology in all known multi-subunit

polymerases, including vaccinia, bolsters the idea that much can be learned about

the structure of the vaccinia enzyme by comparison with these other structures.

Both prokaryotic and eukaryotic polymerases assume a conformation roughly

resembling a crab claw [58]. Through the center of the enzyme lies a deep cleft that

is filled by the downstream duplex DNA [57]. Early structural studies indicated

that the surface of the enzyme is uniformly negatively charged, with the exception

of a region comprising the cleft and saddle domains, providing early evidence that

they were indeed the location of the RNA and DNA [59]. The strands of this

DNA are separated at the transcription bubble, a process that is facilitated by

various loops of the polymerase that maintain the open conformation. Within the

transcription bubble, a number of forces are at play that stabilize the complex.

First, the majority of the template strand of the DNA is involved in base pairing

interactions with the nascent transcript. Second, non-paired template bases

interact with the polymerase both upstream and downstream of the heteroduplex.

Surprisingly, the non-template strand interacts little with the polymerase, is not

visible in the crystal structures, and is thought to contribute little to the stability

of the complex [57].

RNA polymerase II. Generally, RNA polymerase II is considered to be a

12-subunit enzyme. However, a “core” form can be isolated that is composed



20

of ten subunits and is capable of transcription elongation, but not initiation.

In order to initiate, the fourth-largest and seventh-largest subunits, rpb4 and

rpb7, are required along with a number of general transcription factors [60].

Rpb4 and rpb7 form a heterodimer that can associate with the core, and thus

this heterodimer acts as much like a transcription initiation factor as it does a

polymerase subunit [61]. Regardless, crystal structures are now available for both

the core and the complete 12-subunit enzyme. Furthermore, comparative studies

of the initiating and elongating forms of the enzyme reveal intriguing structural

changes that occur to provide stability and thus processivity to the elongating

polymerase.

Functionally, the most interesting aspect of the polymerase is its processivity.

This enzyme is capable of synthesizing RNA molecules requiring catalytic addition

of thousands of ribonucleotides without dissociation from the DNA template. This

requirement for stability of the ternary complex has resulted in a massive and

unique polymerase sub-structure that locks the template into place. This structure

is a 50 kDa region of the polymerase referred to as the clamp. Once the DNA has

bound to the polymerase, the clamp swings on a peptide hinge to secure the DNA

in a region known as the cleft. This hinge is composed of five “switch” regions that

are flexible and allow residues in the clamp to move by as much as 14 Å. Three of

the five switch residues are in contact with the heteroduplex. Thus, these residues

may be the molecular sensor that responds to the presence of a DNA/RNA hybrid

by initiating closure of the clamp.

Additional structural domains also interact with the hybrid and are likely

to play a role in the processivity of the polymerase. Of particular importance

are peptide loops that extend into the cleft and interact with elements of the

transcription bubble, including the hybrid. Such loops include fork loop 1 and

2, the rudder, the lid, and the zipper [56]. In many cases, no direct role has
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been observed for these structures in transcription. However, the structure of

the polymerase immediately suggests activities for these loops based on their

positions, and the conservation of some of these loops with bacterial counterparts

of known function provide hypotheses to test directly. For example, fork loop

2 is a partially disordered loop that nonetheless has an implied function based

both on its position and homology with a prokaryotic loop, βD loop 1. This

structure sits at the downstream edge of the transcription bubble and likely

sterically inhibits re-annealing of template and non-template strands. In doing

so, fork loop 2 likely promotes processivity by inhibiting retrograde movement of

the transcription bubble, and thus the polymerase itself. Interestingly, a vaccinia

virus RNA polymerase mutant mapping to its homologous region does display an

elongation-defective phenotype and is thus consistent with the proposed mechanism

of action [62]. Also, the rudder and fork loop 1 are disordered in crystal structures

of free polymerase, but during transcription, they contact one another and create

specific pockets that maintain the positions of the RNA and downstream DNA [63].

A solved structure provides clues about free nucleotide entry and RNA exit.

As mentioned above, a study of the surface charge distribution of the enzyme

revealed likely sites for the DNA- and RNA-interacting domains. However, the

crystal structure itself now makes obvious other substructures such as the RNA

exit channel, the pore through which the free NTPs enter, and the NTP binding

site and coordinating residues [56, 64]. Furthermore, the structure suggests that the

NTP polymerization and cleavage sites are one and the same [65].

The subunits of pol II have homologs in pol I and pol III or are common to all

three enzymes. With the largest and second-largest subunits providing the catalytic

activity, the smaller subunits likely exist to direct assembly and provide stability to

the complex, as well as to yield specificity for the appropriate promoter class and

concomitant transcription factors [56]. Because of the conservation of the largest
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two subunits between eukaryotic, prokaryotic, and poxviral RNA polymerases, the

emerging details concerning the domains of cellular polymerases provide clues to

the function of homologous regions in the poxviral enzymes.

1.5 Elongation

Transcription elongation is the processive addition of nucleotides to the 3’

end of the nascent RNA transcript. Like initiation, elongation is under the control

of a number of trans-acting factors that may provide either positive or negative

regulation. The rate of elongation is also influenced by cis-acting signals embedded

in the sequence itself. In fact, the elongation rate is an extraordinarily dynamic

property of the polymerase, reflecting the many conformational states that it

may assume and the complex symphony of factors that influence it. Much like

with transcription initiation, many of the strategies used by these factors have

been conserved across phylogenetic boundaries. For this reason, we begin with a

focus on E. coli RNA polymerase and S. cerevisiae RNA polymerase II, the most

thoroughly studied enzymes with respect to elongation. Where appropriate, the

elongation properties of other enzymes will also be discussed. Finally, this section

will culminate with a review of transcription elongation factors in vaccinia virus.

It is perhaps worth noting that it is not at all clear whether pausing came

about because of a legitimate need to regulate the rate of elongation or as an

inherent weakness in the function of RNA polymerase. If the latter is the case,

then the many factors that exist to relieve pausing were born out of the need for

maintaining a sufficient rate of transcript production by overcoming the shortfalls

of the polymerase. Whether a strength or weakness, the relationship between RNA

polymerase and the many enzymes that regulate it has evolved into an intricate one

that is essential to the goal of producing RNA of the appropriate size and quantity.
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1.5.1 Elongation Mechanism

The current model of elongation by any RNA polymerase proposes that the

polymerase moves along the DNA template, adding ribonucleotides to the 3’ end

of the transcript using a ratcheting mechanism [66]. With the addition of each

nucleotide, the movement of the polymerase is referred to as translocation. During

elongation, when a templated NTP enters the active site, the polymerase forms a

phosphodiester bond between it and the 3’ end of the nascent RNA. At this stage,

the polymerase is said to be in a pre-translocated state, meaning that the active

site is occupied by the new 3’ end of the RNA. The enzyme must then ratchet

downstream one base pair to free the active site and make it available for entry of

the next NTP. Once this has taken place the enzyme is in the post-translocated

state, and the cycle continues. During elongation, the polymerase frequently

encounters impediments to its downstream motion which cause it to undergo

pausing [67]. These include sequence-specific elements and NTP starvation in

vivo. Pausing can be forced in vitro using trans-acting factors as roadblocks via

binding to the DNA downstream of the polymerase. In fact, some models of

pausing suggest that the polymerase may pause for short periods of time at every

nucleotide position.

The impediments to elongation lead to one of two classes of pausing. Class

I pausing involves formation of an RNA hairpin structure that maintains the

polymerase in a hyper-translocated state, meaning that the polymerase has

translocated without prior nucleotide addition. Thus, the active site is incorrectly

positioned downstream of the 3’ end of the RNA. Alternatively, class II pausing

occurs during retrograde movement of the polymerase with respect to the DNA

template. This backtracking of the polymerase shifts the position of the 3’ end

of the transcript with respect to the polymerase, the DNA-RNA hybrid, and

the transcription bubble. Depending on the extent to which the polymerase has
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backtracked, the polymerase can spontaneously recover by moving downstream

until it reaches the post-translocated state or by catalyzing the cleavage of the

extruded 3’ end to generate a new, appropriately positioned 3’ end in the active

site. Alternatively, backtracking can serve as an intermediate to transcriptional

arrest. An arrested polymerase has undergone a conformational change that cannot

be corrected without cleavage of the extruded RNA 3’ end. Accessory factors may

participate in activating the cleavage activity of the backtracked polymerase, and

they are required for cleavage by the arrested polymerase. Cleavage of the RNA is

an evolutionarily conserved activity of the polymerase, and has been observed in E.

coli, S. cerevisiae pol I, II, and III, and vaccinia virus [68].

The elongating RNA polymerase can assume numerous conformational

states that determine whether and at what rate it can elongate the transcript.

There are at least two states in which the polymerase has elongation activity, the

unactivated state and the activated state. Although the polymerase is functional

in the unactivated state, it catalyzes transcription elongation at a rate more than

ten-fold lower than that of the activated polymerase. Although not universally

agreed upon, a polymerase in the unactivated state may reach the activated state

by an allosteric regulator [69]. In this model, the regulator is a templated NTP

which binds the polymerase near the catalytic site of the enzyme. This interaction

may alter the suboptimal geometry of the active site, RNA 3’ end, and the DNA

template base in a way that restores the proper positioning of these elements

and allows for rapid elongation [70]. The activated state is relatively long-lived,

implying that there need not be a templated NTP present in the active site during

each act of phosphodiester bond formation. Rather, the polymerase likely enters

the active state and remains in it until low NTP concentration or sequence-specific

elements cause it to decay into the unactivated state [71].
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In addition to a lower rate of incorporation, the unactivated state differs

from the activated state in its error rate and potential to enter other, even

lower-energy states. For reasons that are poorly understood, the unactivated

polymerase transcribes with an error rate lower than that of the activated

polymerase. One explanation for this observation is that the unactivated

polymerase has the potential to enter a lower-energy backtracked state. In this

state, the polymerase can undergo factor-independent cleavage of the 3’ end

of the nascent RNA to recover to the unactivated state. One circumstance in

which cleavage may be necessary is mis-incorporation of a non-templated base.

In this case, the ready interconversion of the unactivated and backtracked states

provides an error-correction mechanism that could explain the observed decrease in

mis-incorporation [71].

The backtracked state is characterized by extrusion of the 3’ end of nascent

chain and an inability to perform RNA synthesis. The backtracked polymerase can

proceed backwards for some distance, before recovering to the unactivated state

through endoribonucleolytic cleavage. Assuming that the cleavage event correctly

positions the 3’ end of the transcript at the active site for elongation, the active

site for cleavage activity must occupy a similar position on the polymerase. Thus,

by measuring the length of the downstream cleavage product, one can determine

the extent of backtracking. This method has led to the determination that a

polymerase can backtrack as far as 17 bases. A backtracked polymerase that does

not undergo cleavage may decay to the lowest-energy state, arrest [72].

An arrested polymerase is considered to be in a dead-end state because

it is incapable of resuming active elongation without transcript cleavage, even

in the presence of high concentrations of NTPs. However, an arrested enzyme

retains the ability to be catalytically active. It can be restored to the low-energy

unactivated state through cleavage of the transcript, much like with backtracked
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enzymes. Where backtracking and arrest differ is that an arrested polymerase

requires stimulation by accessory factors in order to perform transcript cleavage

[72,73,74,75].

A wide variety of proteins exist that promote elongation by numerous means.

These factors can be categorized according to the impediment to elongation that

they work to overcome. Factors that will be discussed below include those that

counteract pausing, arrest, and termination. However, there is some overlap

between groups, as some proteins participate in more than one process or regulate

other proteins that do. Perhaps the best characterized elongation factors are

those that interact with RNA polymerase II, and for that reason, they are the

focus of this section. The importance of these factors in vivo is beyond dispute, as

mutations that inactive them are associated with a number of human diseases [22].

1.5.2 Recovery from Arrest

In E. coli, the accessory factors that promote cleavage are GreA and GreB,

two highly related proteins of approximately 19 kilodaltons. While GreB has been

shown in vitro to stimulate RNA polymerase cleavage activity at arrest sites,

GreA apparently lacks that activity. Rather, it induces cleavage by non-arrested

polymerases, perhaps preventing arrest rather than ameliorating it [75]. Regardless,

the function of the Gre proteins is likely of significant importance, as these proteins

are widely conserved among prokaryotic organisms [76].

In eukaryotes, the Gre homolog TFIIS activates pol II cleavage activity.

Like GreB, TFIIS can act on complexes after arrest has occured. It has been

shown to activate cleavage by complexes stalled through a variety of means.

These include arrest sequences and blockades by sequence-specific DNA binding

proteins [77, 78,79].

Interestingly, the vaccinia virus RNA polymerase also has the ability to recover

from an arrested state by endoribonucleolytic cleavage. Unlike prokaryotic and
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eukaryotic polymerases, vaccinia polymerase appears to perform this activity

without the requirement for an activator protein, although one vaccinia polymerase

subunit, rpo30, is a homolog of TFIIS. In an in vitro study, Hagler and Shuman

determined that a gel purified ternary complex was competent for cleavage activity

by showing that the polymerase could remove an incorporated chain terminating

GTP analog, 3’-OMeGTP, by cleavage and subsequently continue elongation of the

5’ cleavage product [68]. These observations led the authors to suspect that the

the activator may be an integrated component of the polymerase itself. Based on

homology to TFIIS, such an activator would likely be rpo30. However, no direct

evidence of a role for rpo30 in cleavage activation exists.

1.5.3 Recovery from Pausing

In contrast to the factors that facilitate recovery from arrest, a separate class

of factors works to prevent arrest by ameliorating pausing. This group is rapidly

expanding with the discovery of new members and contains many factors that

perform what appear to be overlapping or identical functions. However, the specific

mechanistic details of how these factors act is often incompletely understood.

Rather, what is presently known about many of them is the process for which

they are required. The reason for that requirement will no doubt be the subject

of continued experimentation on this important group of enzymes. Due to the

large number of factors that comprise this group, effort will be made to focus

on representatives, rather than providing an exhaustive list of factors. These

representatives include TFIIF, ELL, Elongin, and P-TEFb, the positive regulators

of elongation, and NELF, a negative regulator of elongation.

The positive transcription elongation factors TFIIF, ELL, and Elongin effect

the rate of transcription. Each appears to work by reducing the amount of time

that the polymerase spends in a paused state, rather than by accelerating the rate

of phosphodiester bond formation. The specifics of these are discussed below.
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TFIIF. The pol II-specific general transcription factor TFIIF plays a

role in recruiting the polymerase to the promoter, escape from the promoter,

and suppression of pausing. This enzyme is a heterodimer composed of RNA

polymerase-associated proteins of 30 kDa and 74 kDa (RAP30 and RAP74,

respectively). Both of these subunits have been shown to play roles in both

initiation and elongation. The role of TFIIF in regulating these processes

is modulated primarily by phosphorylation of RAP74. To an extent, this

phosphorylation is mediated by RAP74 itself. However, other kinases also

participate in this process and are important for regulating function as well. The

positions of phosphorylation have been described [80], as has the structure of the

RAP74 subunit itself [81]. Despite its role in both initiation and elongation, TFIIF

does not remain associated with the polymerase once it has cleared the promoter.

Rather, it likely recognizes stalled elongation complexes and binds them to induce

a structural rearrangement that promotes a return to active elongation [82]. A

recent mechanistic study of pol II elongation in the presence of TFIIF concludes

that the specific function of TFIIF is to stabilize the elongation complex in the

post-translocated state [83].

Elongin. Like TFIIF, the Elongin protein family is thought to promote

elongation by interacting with paused complexes and causing them to resume

elongation. Elongin functions as a heterotrimer composed of Elongins A, B, and C.

Elongin A is the subunit with elongation factor activity, while Elongins B and C

serve as regulators, though two other Elongin A family members, A2 and A3, were

discovered that do not form complexes with Elongins B and C. Recently, the role of

Drosophila Elongin A was characterized in vivo using RNA interference [84]. The

authors report that Elongin A is an essential gene whose expression peaks during

the larval stage and whose product is required for metamorphosis. Determining
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whether the human homolog has an important developmental role awaits further

experimentation.

The Elongin BC complex additionally serves purposes other than regulation

of Elongin A. This complex has been shown to interact with the suppressor of

cytokine signaling 1 (SOCS-1) and the von Hippel-Lindau (VHL) tumor suppressor

[85]. It is likely that the function of the Elongin BC complex extends well beyond

regulation of Elongin A, SOCS-1, and VHL. Interactions of the Elongin BC

complex with members of the ras, WD-40 repeat and ankyrin repeat families have

been demonstrated [86]. Thus, Elongin A family members can function without

Elongins B and C, and the Elongin BC complex has functions that do not require

Elongin A.

ELL. Another example of an elongation factor that acts to counteract pausing

is ELL, which perhaps functions via a mechanism similar to that of TFIIF and

Elongin. Like Elongin A, ELL recently has been shown to be essential for

development in Drosophila [87, 88]. The essential nature of both Elongin A and

ELL shows that although they may have similar functions, particularly in vitro,

they are unable to compensate for one another in vivo. Thus, they are likely to

support elongation of different genes, through different impediments, or in different

cell types. Two ELL homologs, ELL2 and ELL3, have been identified and shown to

have elongation activities similar to ELL [89,90].

P-TEFb/DSIF/NELF. The drug 5,6-dichloro-1-beta-D-ribofuranosylbenzimidazole

(DRB) results in the formation of prematurely terminated transcripts in vivo [91].

This effect is also observed in an in vitro transcription assay using a crude nuclear

extract. However, experiments done using partially purified polymerase in this

assay showed it to be insensitive to the effects of DRB. These observations led to

a search for factors in the crude cell extract that could be added with the purified

polymerase to the in vitro assay to restore sensitivity to the drug [92]. This work
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uncovered a DRB-sensitivity-inducing factor (DSIF) and subsequent efforts by

others uncovered two additional enzymes, positive transcription elongation factor

b (P-TEFb) , and negative elongation factor (NELF) that work in conjunction to

regulate pol II transcription [93,94].

The P-TEFb heterodimer is composed of cyclin-dependent kinase 9 (cdk9)

and cyclin T1, cyclin T2a, cyclin T2b, or cyclin K [95, 96, 97]. This protein

enhances elongation by phosphorylating the serine 2 position of the heptad

repeats located on the C-terminal domain (CTD) of the pol II largest subunit [98].

Phosphorylation of the CTD has long been associated with the transition from

initiation-competent pol II to a form that is elongation-competent [99]. In the

absence of P-TEFb, abortive initiation occurs, resulting in the production of

severely truncated, non-functional RNAs. Also, DRB has been shown to inhibit

the kinase activity of P-TEFb and hence its elongation factor activity as well [100].

Like P-TEFb, DSIF was identified as a factor that conferred DRB sensitivity to

an in vitro transcription assay. The heterodimeric DSIF consists of Spt4 and Spt5,

two proteins with elongation factor activity [101]. It has the ability to directly bind

pol II elongation complexes, where it functions to inhibit pausing and termination.

Additionally, DSIF has been shown to interact with Spt6, an elongation regulator

that may remodel chromatin, and the negative elongation factor NELF [94, 102].

The interaction between NELF and DSIF is required for NELF function and is

dependent upon DSIF being in complex with pol II. Thus, in the absence of NELF,

DSIF acts as a positive regulator of transcription. However, in the presence of

NELF, DSIF actually has a negative effect since it recruits NELF to the elongation

complex [103]. The Spt5 subunit of DSIF and RD subunit of NELF are substrates

for phosphorylation by P-TEFb. These phosphorylation events may result in

dissociation of NELF from DSIF/pol II and the resumption of elongation [104,105].
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Interestingly, this regulatory system is exploited by human immunodeficiency

virus (HIV) to ensure transcription of its own genes. The expression of HIV genes

initiates from a promoter within the viral LTR, using the host pol II to do so.

Thus, HIV depends on P-TEFb and DSIF to promote its own transcription. The

virus has developed a novel mechanism to hijack P-TEFb, relocating it to HIV

promoter. This two-component system consists of a cis-acting RNA sequence

element, the trans-activation response element (TAR), and the viral trans-activator,

Tat [106]. Shortly after the initiation of transcription, a bulge-containing

hairpin-loop structure forms in the nascent transcript. This structure, the

TAR element, is the binding site for Tat and is required for Tat-dependent

trans-activation of gene expression [107]. X-ray crystallography has revealed

structural details of this interaction using a peptide fragment of Tat that

maintains its ability to interact with TAR [108]. The mechanism behind Tat

activity began to emerge when the existence of a Tat-associated kinase (TAK)

was demonstrated [109], and this kinase was shown to be required for CTD

phosphorylation from the HIV promoter [110]. Additionally, TAK was shown to

be required for formation of long transcripts [111], and its ability to phosphorylate

the CTD was shown to be responsible for Tat-dependent trans-activation [112].

The tat-associated kinase was later identified to be P-TEFb [113]. Recent

experiments in an in vitro transcription elongation assay focus on the role of the

DSIF subunit Spt5 in Tat-dependent trans-activation. This work shows that while

DSIF is not required for early elongation, it is critical for preventing polymerase

termination and arrest at sequences that promote those processes during productive

elongation [114].

NusA and NusG. The NusA and NusG proteins are two important regulators

of elongation and termination in E. coli, and in fact they are conserved in all

known bacteria. The activities of these two proteins are not straightforward



32

because they each exert effects directly on both elongation and termination,

rather than influencing one of these processes only indirectly by up-regulating or

down-regulating the other [115]. These dual roles for NusA and NusG complicate

their placement in this document. Because they cannot be adequately described

in the absence of background on termination and anti-termination, a discussion

of their functions will be included in the context of termination rather than

elongation.

Vaccinia early elongation. Despite the thorough characterization of early

transcription initiation and termination, relatively little is known about early

elongation. Currently, only one early elongation factor, nucleoside triphosphate

phosphohydrolase I (NPH-I) has been identified. This protein serves dual roles,

as it is also required for early termination (Section 1.6.6). Using an in vitro

transcription elongation assay, Deng and Shuman show that NPH-I acts as a pause

suppressor during the transcription of a U-rich sequence element [32]. Additionally,

NPH-I is a member of the DExH family of ATPases. Its ATPase activity is

ssDNA dependent and its elongation factor activity apparently requires its ability

to hydrolyze ATP, as a single amino acid substitution in the ATPase domain

abolished its ability to stimulate read-through of the pause site. More recently,

NPH-I has been shown to interact with the intermediate/late elongation factor J3.

Although this observation suggests the intriguing possibility that NPH-I elongation

factor activity might be mediated through its interaction with J3, in vitro studies

confirm that this is in fact not the case. Deletion of J3 has no effect on the rate of

early elongation in this system [116].

Vaccinia intermediate and late elongation. As in both prokaryotic and

eukaryotic systems, there are poxviral enzymes that promote transcription

elongation. In general, far less is known about the mechanism of action of these

enzymes than their counterparts described above. However, because the RNA
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polymerases from all three systems are well conserved, it is likely that the activity

of factors that regulate them is conserved as well. Thus, one would expect to find

functional homologs of pause suppressors such as P-TEFb and NusG and functional

homologs of factors that promote recovery from arrest, such as TFIIS and the Gre

factors. Indeed, a poxviral protein, rpo30, shares sequence similarity with TFIIS

and may play a role activating RNA polymerase-directed endoribonucleolytic

cleave. In other cases, positive transcription elongation factors that have been

identified by functional assays bear no sequence similarity with non-poxviral

elongation factors. These elongation factors, G2 and J3, encoded by the G2R and

J3R genes, respectively, are described below.

Initial studies of G2R revealed basic properties of the mRNA and protein. The

G2R gene is expressed early during infection, consistent with a role late during

infection. Curiously, the G2R mRNA contains a 600 bp 5’ untranslated region,

something that is unusual for vaccinia virus transcripts. Although no function has

been assigned to this region, analysis is complicated by the fact that another gene,

G3R, resides on the opposing strand. The total transcript length is approximately

1.3 kb, and it encodes a protein of 26 kDa [117]. The G2R gene is essential for

virus growth in tissue culture.

The G2 protein was originally identified as a potential regulator of transcription

when it was discovered that a G2R mutant virus is dependent upon the anti-poxviral

drug isatin-β-thiosemicarbazone (IBT) for growth [117]. Isatin-β-thiosemicarbazone

(Section 1.6.7) is a drug that promotes transcription elongation (or inhibits

termination) of intermediate and late transcripts and can therefore be used

to select for transcription mutants. Later, a number of other mutants were

identified that map to the G2R gene and confer IBT-resistance or IBT-dependence

(Figure 5-1). These mutants include a temperature-sensitive (ts) virus, and

several engineered substitution and deletion mutants [117, 118]. The engineered
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substitution mutants were constructed by alanine-scanning mutagenesis, a

technique that involves replacing clustered groups of charged amino acid residues

with alanine in an attempt to disrupt protein-protein interactions without affecting

protein folding. This work revealed that G2R mutants can display a spectrum of

phenotypes with respect to growth in the presence of IBT, including resistance and

dependence that can vary according to temperature.

A study on the effects of G2 in vivo provided the first direct evidence that

this protein regulates transcription elongation. Two mutants, Cts56 and G2A,

the former a temperature-sensitive virus from the Condit collection and the latter

an engineered frameshift, were analyzed for their protein and mRNA synthesis

phenotypes in vivo [119]. These experiments were done in the absence of IBT

and in the case of Cts56, at the non-permissive temperature (40◦ C). A protein

pulse-labeling experiment revealed that Cts56 and G2A display no defects in early

protein synthesis. However, at late times each mutant produces reduced amounts

of large proteins relative to a wild-type control but normal amounts of small

proteins. An explanation of this phenomenon became apparent after analyzing the

pattern of mRNA synthesis produced by these mutants. Both mutants produced

early transcripts of wild-type size and abundance. However, intermediate and

late transcripts were reduced in size. This truncation was shown to be specific to

their 3’ ends, thus demonstrating that the G2 protein is required for synthesis of

full length intermediate and late transcripts in vivo. The truncated transcripts

produced from these mutants are sufficiently long to encode small intermediate and

late proteins but not large ones, consistent with the protein synthesis profile [52].

Interestingly, a G2R mutation suppresses mutation of another vaccinia virus gene,

A18R [120]. The A18R gene product, a putative termination factor, is described

later (Section 1.6.7).
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Following the discovery of the G2 elongation factor, another protein with

indistinguishable effects on elongation was discovered. This protein, J3, is a

56 kDa multifunctional enzyme and the product of the J3R gene [121]. In

addition to its role in transcription elongation, J3 catalyzes RNA processing

activities at both the 3’ and 5’ ends of the transcript. At the 3’ end, J3 has been

shown to function as a processivity factor for the vaccinia virus-encoded poly(A)

polymerase, E1 [122]. In the absence of J3, the E1 protein catalyzes the addition

of approximately 35 non-templated adenylate residues to the 3’ end of nascent

transcripts. However, in the presence of J3, E1 extends these poly(A) tracts to a

total length of approximately 100-150 base pairs [123]. Additionally, J3 acts as a

(nucleoside-2’-O-)-methyltransferase, methylating the 2’ position of the penultimate

base at the 5’ end of capped messages, and thus converting the cap 0 structure into

a cap 1 structure [124].

The discovery of the involvement of J3 in regulation of intermediate and late

gene transcription elongation occurred in the same ways that it had previously with

G2. Seven spontaneous mutants capable of growth in the presence of the drug IBT

were mapped to the J3R gene. Additionally, a suppressor of A18R was isolated

and it also mapped to the J3R gene [121]. Collectively, these two observations

provided strong evidence that J3 affects transcription elongation in the same way

as does G2. Also, a Northern analysis indicated that J3R mutant viruses produce

3’-truncated mRNAs. However, since J3 has at least three roles in transcription,

it was not immediately clear whether the apparent elongation factor activity was

in some way linked to the poly(A) polymerase stimulatory and methyltransferase

activities. This question was elegantly addressed using both a biochemical and

genetics approach [125,126].

While J3 has numerous activities, only its elongation factor activity is essential

for virus growth in cell culture. J3R null mutants are capable of growth in the
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presence of IBT, strongly implying that it is the elongation factor activity of J3R,

and not the poly(A) polymerase stimulatory or (nucleoside-2’-O-)-methyltransferase

activities that are essential. A direct demonstration of this was shown by

construction of a series of J3R mutant viruses. In this collection of mutants are

three viruses that are each defective for a single J3 activity in vivo. Surprisingly,

the mutants defective in poly(A) polymerase stimulation or methyltransferase

activities are each viable, indicating that neither of these activities are essential.

Conversely, the mutant specifically defective in elongation was dependent upon

IBT for growth, again indicating the essentiality of the elongation activity. These

studies define an elongation domain on the three-dimensional structure of the J3

enzyme. Specifically, the genetic mapping of IBT-dependent and IBT-resistant

mutants coupled with the solved X-ray crystal structure of J3 have allowed the

identification of two clusters of residues with an essential role in elongation. One

cluster is located on the front of the enzyme, near the methyltransferase active site,

while the other is located on the bottom of the enzyme [126].

1.6 Termination

Like transcription elongation, transcription termination schemes are often

conserved over wide phylogenetic distances. This section reviews termination

of eukaryotes focusing pol II, E. coli RNA polymerase, and the vaccinia virus

early and late RNA polymerases. A comparison of these systems reveals a set

of termination schemes that differ in their implementation but share some basic

activities.

There are three primary mechanisms for transcription termination in bacteria:

Rho-dependent, intrinsic (Rho-independent), and Mutation Frequency Decline

(Mfd)-dependent. The Rho-dependent and Rho-independent termination

mechanisms are used to terminate the transcription of an RNA polymerase

that has reached the 3’ end of an operon. Mfd-dependent termination, on the
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other hand, can occur wherever a polymerase pauses, for reasons that will be

described below. These mechanisms will be addressed in turn but with the focus

on Mfd, since a vaccinia virus Mfd homolog exists and may function by a related

mechanism. An additional termination process, attenuation, does exist in bacteria.

This is a regulatory strategy (rather than a specific mechanism) that uses pausing

or termination to control expression of downstream genes [127]. Some attenuation

mechanisms use trans-acting factors, similar to Rho-dependent termination. Others

use only cis-acting sequence elements, similar to Rho-independent termination.

Because of their similarity to other systems and their peculiarity to bacteria, they

will not be discussed further here.

1.6.1 Intrinsic Termination

Unlike Rho-dependent termination, intrinsic termination requires only the

signals embedded within the RNA itself to cause termination. These signals have

two components, an element of dyad symmetry that forms a hairpin-loop structure,

and a poly(U) sequence approximately 16-20 nucleotides downstream of the center

of the loop [128], or 7-8 base pairs from the base of the stem, regardless of the stem

length [129]. Kinetic and thermodynamic studies of the polymerase suggest that

the termination process is in direct competition with elongation at every nucleotide

position [130]. With this in mind, an understanding of intrinsic termination

necessarily includes the kinetic relationship of the hairpin to elongation and the

changes in stability that the poly(U) tract confers on the DNA/RNA hybrid and

thus on the ternary complex as a whole.

The hairpin-loop is generally GC-rich and may, depending on the model,

influence stability of the ternary complex, translocation, or pausing of the

polymerase. On the other hand, the poly(U) stretch is thought to be directly

responsible for termination during the pause [129].
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A recent model of intrinsic termination suggests forward translocation

of the RNA polymerase complex is a necessary component of the normal

termination pathway [131]. In this model, forward translocation of the polymerase

is accompanied by rewinding of the upstream duplex DNA and unwinding of

the downstream duplex DNA. In other words, as the polymerase translocates,

the transcription bubble moves with it. However, because there is no nucleotide

addition, the transcript is left behind, resulting in loss of the heteroduplex and

ultimately termination of the elongation complex. Thus, the closing of the

upstream edge of the transcription bubble unwinds the heteroduplex, resulting

in transcript release. Introducing non-complementary sequences into the upstream

portion of the transcription bubble blocks rewinding of the helix and, as predicted

by the model, results in a decrease in termination [131]. Likewise, the introduction

of a crosslink in the DNA just downstream of the transcription bubble prevents

strand separation during forward translocation and also decreases the extent

of termination. Termination can occur in the absence of downstream strand

separation, however this occurs at a much lower rate. A useful tool in investigating

this phenomenon is a mutant form of the EcoRI restriction endonuclease, EcoRI

E111Q. This enzyme binds the EcoRI recognition site but fails to cleave it. Thus, it

can be used as a roadblock to translocation when its recognition site is positioned

at an appropriate distance downstream of an intrinsic terminator. Interestingly,

these studies show that the roadblock may increase or decrease the efficiency of

termination, depending upon its spacing from the terminator. [132]. Nonetheless,

the results collectively suggest that the process of forward translocation of

the polymerase and transcription bubble are part of the in vivo termination

mechanism.

A role of the hairpin structure in promoting termination is to unwind the

upstream portion of the DNA/RNA hybrid. The evidence of this mechanism
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is based on the ability to perform transcription elongation one base at a time

and the availability of a footprinting method that can discriminate between

template DNA in a single-stranded or double-stranded conformation. This method,

called potassium permanganate footprinting, oxidizes accessible (non-basepaired)

thymidine residues but cannot access basepaired thymidine. Subsequent cleavage

with piperidine reveals the positions of non-basepaired thymidines. This work is

carried out in an in vitro assay using a six-histidine-tagged RNA polymerase that

can be isolated from a solution based on its affinity to nickel-agarose beads. Using

this system, a transcription elongation complex that contains an intact hairpin is

compared with one that does not. From this work it is clear that the intact hairpin

results in strand separation of the upstream portion of the DNA/RNA hybrid. The

exact manner in which this occurs is still unknown. However, it likely depends on

the spatial constraints associated with formation of double-stranded RNA within

the RNA polymerase [133].

The destabilizing effect of the poly(U) stretch on the ternary complex most

likely results from the fact that a dA-rU base pair is highly unstable relative to

other combinations [134]. A hybrid rich in such pairing provides less energy to the

stabilization of the ternary complex than does any other. It likely also increases

the likelihood that the hairpin can dissociate the upstream portion of the hybrid.

The latter supposition is supported by the observation that the three rU residues

at the upstream boundary of the hybrid are the most strongly conserved through

evolution [135].

1.6.2 Rho-Dependent Termination

In contrast to the intrinsic terminator, a trans-acting factor called Rho can

also cause efficient transcription termination. Termination sites specific for Rho

account for roughly half of the total number in E. coli [133]. These sites lack the

G-C rich hairpin structure and the poly(U) tract that are characteristic of intrinsic
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terminators. Instead, the RNA need only contain a recognition sequence for Rho.

This allows terminators to be placed at positions within the genome that would be

incompatible with the sequence or structure imposed by intrinsic terminators [136].

Rho is both a translocase and a helicase. Although related, these two

activities are distinct. Classically, a helicase is an enzyme that has the ability

to separate strands of a duplex. Various helicases have specificity for duplexes of

differing nucleic acid composition, meaning that some are specific for DNA/DNA,

DNA/RNA, or RNA/RNA hybrids. Others have multiple specificities. Sequence

comparisons of multiple helicases revealed conserved sequence elements that are

considered responsible for helicase activity. Logically, these sequence elements

were described as helicase domains. Unfortunately, translocases are often identified

as helicases because they contain these “helicas” domains when, in fact, they

contain no demonstrable helicase activity. Further complicating the issue are

translocases such as Rho that have helicase activity. While Rho can separate a

short, 20-40 nucleotide RNA/DNA hybrid, that activity may simply be an artifact

of translocation that occurs only under in vitro assay conditions [137,138].

Rho interacts directly with RNA through its two RNA binding domains. One

domain is responsible for recognition and binding of Rho to a Rho utilization

site, rut, in the RNA. The rut site is poorly conserved but typically consists of a

C-rich region of about 40 ribonucleotides [139]. Downstream of the rut sequence,

a second cis-acting signal known as the transcription stop point (tsp) exists

where termination actually takes place [140]. The rut sequence appears to be

more important than tsp for Rho specificity, as substitution of tsp with another

sequence still results in termination, although at slightly different positions. In fact,

termination within tsp appears to occur specifically at pause sites. This can be

shown by studying the termination pattern within a tsp sequence downstream of

a rut sequence. If the rut sequence is removed, pausing in the context of the tsp
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can be studied. Such a comparison shows that termination within the tsp sequence

occurs at what would otherwise be pause sites [141].

The Rho factor is an assembly of six identical subunits into a ring-like

structure. Initial structural studies of the Rho factor were based on reconstructions

of electron micrographs. These revealed six-membered closed rings and five-membered

open rings. The latter were presumed to be the conformation used for loading onto

RNA [142]. More recently, 3.0 Å resolution crystal structures have been identified

of the full-length E. coli Rho protein in complex with single-stranded RNA and an

ATP mimic AMPPNP [143]. These are six-membered open ring structures, and

thus differ from either of the electron micrograph reconstructions. It now appears

that the six-membered gapped ring is the true loading structure. In this structure,

there are RNA contacts in the rut sequence with each Rho subunit. Upon rut

binding, the gapped ring closes into an ungapped structure and hydrolyzes ATP as

it translocates until encountering and terminating a paused polymerase.

The canonical model of Rho-dependent termination suggests that Rho

binds the rut sequence in the nascent RNA and translocates downstream in

an ATP-dependent fashion. Binding of Rho to the transcript is limited by the

co-transcriptional translation of messages that occurs in prokaryotes. In other

words, the presence of a ribosome on the message blocks Rho access to any rut site

that is upstream of a translation stop codon. Because the ribosomes interfere with

Rho’s access to the rut site, the ribosomes block transcription termination. When

a rut site is transcribed downstream of a translation stop codon, rut is unprotected

by the ribosome and available for binding by Rho. This means that Rho typically

binds rut quickly after its transcription, rather than binding and scanning the RNA

for a stalled polymerase over a long distance [136]. Upon encountering a stalled

polymerase, Rho induces its termination. Termination of a stalled polymerase is

thought to result from Rho physically pulling the 3’ end of the nascent transcript
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through the RNA exit domain of the polymerase, thus freeing the RNA. The loss of

the stabilizing effect of the DNA/RNA hybrid is thought to result in dissociation of

the polymerase from the template, much like what is seen in intrinsic termination.

It has also been suggested that in the process of termination, the polymerase may

enter a hypertranslocated state as with intrinsic termination, though there is no

clear evidence for this at present [144].

NusA and NusG. The NusA and NusG proteins each interact directly with the

RNA polymerase and the termination factor Rho [145, 146, 147], and each plays

a role in an anti-termination process mediated by the bacteriophage λ protein

N. NusA physically interacts with N, and NusG influences N, at least indirectly

through interactions with Rho [147, 148]. In some cases, NusA and NusG have

similar effects on Rho and the RNA polymerase and the processes they carry out,

however in most cases each counteracts the function of the other [115].

NusA is a 56 kDa protein that is a negative regulator of elongation. Numerous

in vitro studies provide details regarding the mechanism of NusA function [149].

One such study identified NusA as having a role in influencing pausing at the

E. coli tryptophan (trp) operon termination site. In this study, NusA-induced

pausing occurs at the termination site and the 1:2 hairpin stem structure of the

trp attenuation signal. Additionally, NusA was able to increase the percentage of

transcripts terminating at the termination site from approximately 25% to near

100%, the level seen during trp transcription in vivo [150]. More recent in vitro

assays at physiological NTP concentration yield similar results. NusA strongly

increases dwell time at pause sites, induces pausing at sites not seen in its absence,

and slows the rate of elongation by 35% [151].

In contrast, the 21 kDa NusG protein is a positive regulator of elongation

[146]. Perhaps counterintuitively, NusG also enhances Rho-dependent termination

[152]. These properties are apparently contradictory, as one would expect that a
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factor that decreases the extent of pausing would also decrease the efficiency of

Rho-dependent termination. While this discrepancy has not been entirely resolved,

studies with a Rho mutant have shown that the NusG termination effect may in

fact be realized by modulating the interaction of Rho with the antitermination

factor N [147]. Thus, the elongation and termination properties of NusG may in

fact be two separate roles for this enzyme and may be mediated by interactions

with different factors.

An in vitro study investigating the functions of NusA and NusG in combination

reveals that they act independently of one another [151]. The authors suggest that

the effects of the two factors are cumulative and probably bind the polymerase

at different sites and with different stoichiometries. A comparison of in vitro and

in vivo transcription rates in the presence of both NusA and NusG suggests that

they also function independently in the cell. Finally, the precise role of NusA

and NusG in elongation and termination has yet to be determined, but kinetic

studies of pausing and termination in E. coli suggest that these factors may be

partially responsible for structural changes in the polymerase complex that effect

its propensity for termination at a particular site [140,153].

1.6.3 Mutation Frequency Decline

Unlike intrinsic and Rho-dependent termination, Mfd-dependent termination

is independent of DNA sequence, per se. Rather, Mfd induces termination of

stalled RNA polymerase that has encountered damage to the template strand

during transcription and recruits DNA repair proteins. Thus, Mfd is a part of

the transcription-coupled repair pathway [154, 155]. In order to carry out this

function, the Mfd protein contains three relevant functional domains. At the

N-terminus of the protein is the UvrB homology domain, a region that is thought

to bind UvrA and thus recruits the DNA excision-repair machinery to the stalled

transcription elongation complex. In the center of the protein sits the RNA
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polymerase interacting domain. Finally, nearer the C-terminus, a number of

helicase motifs exist within a translocase domain homologous to a region of the

RecG protein thought to promote Holliday junction migration. These helicase

domains may act as a translocase “motor” and likely do nothing to promote

unwinding of the DNA strands [156]. Interestingly, Mfd has a poxviral homolog,

A18R, that also acts in transcript release.

1.6.4 Ribonucleic Acid Trafficking 1

Transcription termination from RNA polymerase II is coupled to mRNA

processing by a myriad of factors. These factors result in the cleavage of the

transcript upon transcription of a cis-acting RNA sequence and subsequent

polyadenylation of the 3’ end of the upstream cleavage product that ultimately

yields a functional mRNA. Interestingly, the polymerase continues transcription,

further elongating the 3’ cleavage product. Due to cleavage, mRNA molecules

produced from any given pol II-encoded gene share a common 3’ end. However,

the downstream cleavage products are variable in length, possibly reflecting a

termination mechanism that is sequence-independent. The process of elongating

the 3’ cleavage product is relatively short-lived, as the cleavage reaction promotes

the subsequent termination of the polymerase. The necessity of this mechanism

is readily apparent, as a polymerase that fails to terminate can interfere with the

transcription of downstream genes by blocking access to their promoters and also

fails to recycle to a promoter element where it can initiate synthesis of another

transcript [157]. Only very recently have mechanistic details shed light on the pol

II termination process.

The currently favored model suggests that an exonuclease is responsible for

termination of RNA polymerase II [158]. This exonuclease is a protein named

ribonucleic acid trafficking 1 (Rat1), a factor named for its previously described

role in S. cerevisiae mRNA export [159]. When cleavage of a pol II transcript
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occurs, the free 5’ end of the downstream product is exposed. According to this

model, Rat1 (called Xrn2 in humans) and Rat1 interacting protein 1 (Rai1)

are recruited to the phosphorylated CTD of an elongating polymerase by the

CTD-binding protein Rtt103. Upon transcript cleavage, Rat1 “chases” the

elongating polymerase by exoribonucleolytically degrading the downstream cleavage

product until it reaches the polymerase itself. Thus, this model is referred to as

the torpedo model. The degradation of the transcript is thought to destabilize the

ternary complex and cause termination. Several lines of evidence lend credence to

this model. First, the Rtt103 protein specifically associates with a CTD peptide

containing four heptad repeats that is phosphorylated at the serine 2 residue

in each repeat. Second, tandem affinity purification of Rtt103 co-purifies Rat1

and Rai1. Third, chromatin immunoprecipitation assays indicate that all three

proteins localize primarily to the 3’ end of transcribing genes. Fourth, a Rat1

deletion mutant elongates beyond the termination point used by the wild-type

strain. Finally, a point mutation that targets a universally conserved residue in

the nuclease domain of Rat1 strongly stabilizes the downstream cleavage product

produced at the polyadenylation site. Collectively, these observations argue

strongly that Rat1 is responsible for degradation of the downstream cleavage

product and essential for termination. The authors draw a reasonable parallel

to the Rho-dependent termination mechanism used in bacteria (Section 1.6.2) in

which a trans-acting factor chases the polymerase by traversing the transcript and

causing termination when it collides with the polymerase [160].

1.6.5 Transcription Termination Factor 2

Transcription termination factor 2 (TTF2) causes RNA polymerase termination

independent of any other trans-acting factor. This protein has helicase domains but

no demonstrable helicase activity, similar to both the E. coli Mfd protein (Section

1.6.3) and the vaccinia virus NPH-I protein (Section 1.6.6). Additionally, TTF2
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exhibits dsDNA-dependent ATPase activity and likely couples this activity to

the process of transcription termination. More broadly, TTF2 is a member of the

SWI2/SNF2 protein family [161]. Members of this family perform varied functions

but generally regulate protein/DNA interactions in the context of transcription

and DNA repair. Interestingly, TTF2 differs from the Rat1 terminator (described

above), in that TTF2-dependent termination is independent of the phosphorylation

state of the polymerase CTD [162].

1.6.6 Vaccinia Virus Early Termination

Early termination is dependent on a cis-acting termination signal and two

trans-acting factors. The cis-acting signal, originally identified as TTTTTNT in

the non-template strand [163], was later shown to be recognized as UUUUUNU in

the RNA itself [33]. This signal is active only on the early, RAP94-containing form

of the polymerase, and not surprisingly, it is embedded in many intermediate and

late open reading frames without consequence. The terminator must be at least

30 nucleotides upstream of the 3’ end of the RNA, indicating that it is recognized

once it has emerged from the RNA polymerase [164, 165]. Additionally, it requires

both the vaccinia termination factor (VTF) and NPH-I [32, 35, 166]. Furthermore,

the ATPase activity of NPH-I is specifically required [32]. Both VTF and NPH-I

are multifunctional enzymes. The vaccinia termination factor serves additionally

as both the mRNA capping enzyme and an intermediate gene initiation factor,

while NPH-I, in addition to being a termination factor also serves as an early gene

elongation factor (Section 1.5.3).

From these data, a model for early termination has emerged (Figure 1-2).

According to the model, as the UUUUUNU terminator emerges from the RNA

polymerase, it is recognized by VTF. This triggers VTF to stimulate NPH-I,

causing it to hydrolyze ATP, thus providing the needed energy for termination.

This system bears similarity to the Rho transcription termination system, as
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both require recognition of a sequence-specific (not structure-specific) cis-acting

signal, couple the exact termination site to the rate of elongation, and require NTP

hydrolysis [167]. A key difference between the Rho and NPH-I systems is that

Rho uses its translocase activity to catch up with and contact the polymerase,

while NPH-I appears to remain bound to the polymerase throughout productive

elongation. Since VTF, not NPH-I, likely recognizes the terminator signal, there

is no need for NPH-I to translocate. Finally, the NPH-I NTPase activity is

ssDNA-dependent, a property that makes it unlikely to be able to function as a

translocase, as ssDNA is easily accessible only in the context of the transcription

bubble [32].

1.6.7 Vaccinia Virus Intermediate and Late Termination

Vaccinia virus encodes the 56 kDa A18 protein from the A18R gene. Like

the G2R gene, A18R also possesses a long 5’ untranslated region. Although such

regions are rare in vaccinia virus, they play no known function for G2R or A18R

messages. A18 bears sequence homology and possible functional homology to the

Rho and Mfd translocases and termination factors. Like both Rho and Mfd, A18

contains helicase domains. While both Rho and Mfd likely act as translocases, Rho

is a helicase while Mfd apparently is not. Like Rho, A18 has been shown to have

a weak helicase activity [168]. This activity effectively unwinds short DNA/DNA

hybrids, but has no effect on DNA/RNA or RNA/RNA hybrids. Interestingly,

the A18 helicase domains are similar to those of the mammalian ERCC3 helicase,

an enzyme involved in both transcription initiation and nucleotide excision repair

[168]. Additionally, A18 possesses DNA-dependent ATPase activity [169].

A18 is a negative regulator of transcription elongation. Interest in the A18

protein initially stemmed from mapping the unusual phenotype of temperature

sensitive mutants Cts4, Cts22, and Cts23 to the A18R gene. This phenotype,

designated abortive late, is defined by the sudden abortion of protein synthesis
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late during infection. The cause of the abortive late phenotype was shown to be

degradation of total RNA and subsequent loss of protein synthesis, presumably as

a result of the loss of viral mRNAs and the cellular rRNAs and tRNAs required to

translate them. This phenotype was shown to result from an increase in the level

of double-stranded RNA (dsRNA) in the cell [170]. This dsRNA triggers the latent

dsRNA-activated ribonuclease, ribonuclease L, and subsequently the degradation of

total RNA. Interestingly, this phenotype is identical to that seen when a wild-type

infection is performed in the presence of IBT.

Read-through transcription of intermediate and late viral genes causes

increased dsRNA levels in the cell. Studies to demonstrate this first identified

that transcription of regions of viral DNA normally silent late during infection are

not silent during infection with an A18R mutant. This phenomenon was termed

promiscuous transcription. Three hypotheses were put forth to explain promiscuous

transcription. First, early promoters may be reactivated. Second, the transcription

may be due to random, non-promoter-specific initiation. Third, read-through of

upstream late genes could be responsible. Northern and RT-PCR analysis of a

region of the vaccinia genome in which a late gene is upstream of three early genes

was conducted. The results indicate that read-through transcription is to blame for

the promiscuous transcription phenotype [171].

The observations (mentioned earlier) that G2R or J3R mutations can suppress

a mutation in A18R indicate that these proteins are likely part of a common

pathway. Because G2 and J3 act to promote elongation, and A18 acts to promote

termination, it became clear that these three factors are part of a regulatory

system that controls intermediate and late transcript length. The direct interaction

between G2 and H5 and the in vitro role for H5 in late transcription implicates this

factor as well [51].
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To explore the direct and indirect relationships that exist between G2,

H5, and A18, Black et al. measured interactions using several techniques [52].

Using co-immunoprecipitation, co-purification, and yeast 2-hybrid assays, the

authors detected interactions between each pairwise combination of proteins.

However, some interactions were not detected in each assay, and some required

over-expression of the proteins. Thus, while this study supports the idea that these

proteins interact at least indirectly as part of a larger complex, only the H5/G2

interaction seems likely to be direct.

A18 is a negative transcription elongation factor and transcript release factor

in vitro [172]. This activity is consistent with observations made in vivo of A18R

temperature-sensitive mutant viruses [173]. Specifically A18 was shown to enhance

release of transcripts initiated at the intermediate G8R gene promoter. Whether

A18 also serves as a termination factor was not addressed in this study, but such

an activity would be consistent with that of homologous proteins in other systems,

such as the E. coli Mfd and Rho proteins.

Isatin β-thiosemicarbazone. First identified in a search for compounds that

inhibit Mycobacterium tuberculosis, the thiosemicarbazones have since been

shown to have activity against a number of viruses. These include retroviruses,

adenoviruses, herpesviruses, arboviruses, reoviruses, and picornaviruses [174,

175]. One such compound, isatin β-thiosemicarbazone (IBT, Figure 1-3), and its

derivatives were shown to inhibit the growth of vaccinia virus and other related

poxviruses. One particular derivative that showed activity against variola virus in

mice, N-methylisatin β-thiosemicarbazone (metisazone, methisazone, Figure 1-3),

was used clinically in the effort to eradicate smallpox [176]. Produced by Burroughs

Wellcome under the trade name Marboran, this compound was tested for its ability

to function as both a chemotherapeutic and a chemoprophylactic.
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Figure 1–3: Isatin β-thiosemicarbazone (IBT) and two derivatives with
anti-poxviral activity. The numbering of the isatin and
thiosemicarbazone atoms is shown on the IBT structure for
reference. Primed numbers refer to the thiosemicarbazone
chain. See the accompanying text for details.
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Metisazone has a negligible chemotherapeutic benefit. Despite many studies

that highlight the antiviral effect of metisazone both in cell culture and in animal

models, human trials were disappointing. These trials, held in Madras, India, were

summarized by Bauer [175]. At best, metisazone slightly lowers the risk of death

in vaccinated persons exposed to smallpox. However, it does not lower the risk of

death or alter the severity of disease for unvaccinated patients treated within five

days of exposure [177].

Despite the failure of metisazone as a chemotherapeutic, it did offer mild

benefits in trials addressing its ability to function as a chemoprophylactic agent.

An early study showed a significant benefit from treating individuals exposed

to smallpox. In this study, the probability of disease was approximately 25-fold

lower in treated versus untreated individuals. Furthermore, the number of deaths

decreased five-fold [178]. However, this trial had numerous deficiencies. These

included the lack of placebo for the control group, failure to randomize the treated

and control groups, and insufficient monitoring of compliance in taking the drug.

This last point is a major issue, as metisazone has been repeatedly shown to have

as side-effects severe nausea and vomiting [177]. Subsequent studies confirmed a

modest benefit for prophylactic administration of metisazone. Collectively, they

indicate a reduction of disease incidence of about two-fold and a similar reduction

in risk of death [177, 179, 180, 181]. Despite its modest benefit, there is little

justification for metisazone in light of the nausea and vomiting and subsequent

non-compliance it induces and the significantly greater protection that is offered by

vaccination.

Although clinically irrelevant, IBT and its derivatives are useful tools for

the study of poxviruses and the mechanisms of drug resistance and dependence.

The simple fact that IBT-resistant and IBT-dependent mutants can be isolated

strongly suggests that the molecular target for IBT is a viral factor [182]. Two
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important questions thus arise. First, what elements of the IBT structure are

required for function? Second, what is the molecular target for IBT? Many studies

have attempted to address each of these questions. They are summarized below.

In order to determine which components of IBT are important for its function,

a number of derivatives were synthesized and assayed for their antiviral activity.

Interestingly, while IBT possesses antiviral activity against vaccinia, variola,

rabbitpox, and cowpox viruses, it has no effect on ectromelia, a lethal poxvirus of

mice [183, 184, 185, 186]. Thus, IBT derivatives were also tested against ectromelia

to determine whether potency against each of the aforementioned poxviruses

by a single compound was possible. Surprisingly, the compound isatin β-4’:4’

dimethyl-thiosemicarbazone (Figure 1-3) was found to inhibit growth of ectromelia

virus, however, it had lost activity against the other poxviruses [187]. Without

knowing the target for IBT or related compounds, no detailed explanation for this

phenomenon is possible.

Additional compounds were synthesized and assayed for their ability to

inhibit growth of wild-type vaccinia virus and to support growth of IBT-dependent

and IBT-resistant vaccinia virus mutants [188]. These studies divide compounds

into three groups: those that inhibit wild-type virus and support the growth

of an IBT-dependent mutant, those that do not inhibit wild-type virus and

do not support growth of an IBT-dependent mutant, and those that inhibit

wild-type, IBT-dependent, and IBT-resistant viruses [189]. The first group contains

compounds that likely share a mechanism with IBT. The second group contains

compounds that are nonfunctional. Finally, since the compounds in the third group

inhibit all three viruses, they likely work by a mechanism that differs from that

of IBT, such as inhibition of DNA replication. Taken in total, this work showed

that modification of the thiosemicarbazone itself inactivated the compound, while
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modifications to the isatin often did not interfere with activity. In fact, the isatin

could be replaced with several other aromatic ring structures.

Despite decades of research, the molecular target of IBT is still unknown.

However, several studies have explored the mechanism of IBT action using

wild-type, IBT-resistant, and IBT-dependent mutants [189]. These studies

investigated viral processes such as early mRNA and protein synthesis, DNA

replication, intermediate and late protein synthesis, and morphogenesis. Early

reports observed that IBT does not interfere with early gene transcription and

translation or DNA replication but does cause a defect in late protein synthesis. An

early consensus was that IBT interferes with translation of late viral messages [190]

or synthesis of the virus particle [191]. However, more recent studies have shown

that the direct effect of IBT is on intermediate and late transcription [192].

Isatin-β-thiosemicarbazone inhibits transcription termination or promotes

transcription elongation of the intermediate and late classes of messages. In

either case, the result is the production of excessively long intermediate and late

viral mRNA molecules. Because viral transcription occurs from genes on both

DNA strands, long dsRNA molecules are produced in the presence of IBT, a

phenotype also seen with mutants in the viral A18R gene [170]. These long dsRNA

molecules trigger the activation of the latent endoribonuclease, RNase L which

degrades both viral and cellular RNA, resulting the abrupt abortion of viral protein

synthesis [173]. However, wild-type vaccinia virus is still IBT-sensitive even during

an infection of cells deficient in RNase L and another known dsRNA-activated

antiviral protein, PKR, implying that another antiviral mechanism is still

functioning in these cells. Perhaps either dsRNA itself inhibits translation or

a yet-undiscovered dsRNA-mediated pathway is responsible for the block in

productive virus formation. This question remains unanswered. Finally, since A18R

mutation has the same phenotype as growth of wild-type virus in the presence of



55

IBT, it is tempting to speculate that the target for IBT is A18. However an A18R,

G2R double mutant assayed for ability to grow in the presence of IBT revealed

that even in the absence of functional A18 protein, vaccinia virus is still sensitive to

IBT [120].

Identification of a molecular target for IBT may be forthcoming from

structural studies of thiosemicarbazones. Thiosemicarbazones have activity against

a number of microorganisms (see above) and many also possess anti-tumor activity.

Furthermore, the thiosemicarbazones form complexes with metal ions, particularly

lead, palladium, copper, and iron. In some cases, their biological activity is

greatly enhanced by such an association [193]. Many thiosemicarbazone/metal

complexes have been shown to interact with DNA [194, 195]. Additionally, others

have been shown to inhibit ribonucleotide reductase [196, 197] and possibly

topoisomerase [198]. Thus, possible mechanisms of IBT action might well include

specific inhibition of a particular protein (as has generally been assumed) but

might also include binding to viral DNA and thus interfering with the DNA

binding of a viral termination factor such as A18. One difficulty in determining a

precise mechanism for IBT is that it is inactive on early transcription complexes.

There are at least three possible explanations for this phenomenon. The simplest

explanation is that IBT may not be able to enter the core particle where early

transcription takes place. Alternatively, IBT may interact with a protein that is

part of the intermediate and late transcription elongation or termination machinery

but that has no role in early transcription. Finally, IBT may interact with early

complexes exactly as it does with intermediate and late complexes, but its effect

may be masked by the cis-acting termination signal that is used by the early

termination apparatus.

Insights into the function of the A18, G2, and J3 proteins resulted in a model

of intermediate and late elongation and termination (Figure 1-4) [167]. According
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to the model, A18 acts as a termination factor and is stimulated by binding to

the exposed ssDNA of the non-template strand in the transcription bubble. Such

a mechanism is similar to that described for NPH-I during early transcription.

Also shown is a host factor, a component of unknown composition whose existence

and putative role in facilitating A18-mediated termination is a subject of debate.

Isatin-β-thiosemicarbazone is thought to bind a site on the RNA polymerase itself.

G2 and J3 may bind the polymerase and stimulate elongation. Finally, the H5

protein is associated with G2, though its direct role in transcription, if any, is not

clear. A revised model is presented in Section 5.7, where it can incorporate the

observations reported in our study.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Cells and Viruses

Methods used for the propagation of the African green monkey kidney cell

line BSC40, growth of vaccinia virus stocks, and plaque assays were performed

as described previously [199]. The IBT-resistant mutant IBTr90 was originally

reported in a study that mapped it to a region within the A24R gene [200].

Independently derived, spontaneous IBT-resistant mutants were isolated by

Donald Latner, exactly as described for IBT-dependent mutants [121]. Briefly,

ten well-isolated plaques were picked from a plaque assay of wild-type virus

in the absence of IBT and grown to create stocks. Each of these ten wild-type

stocks was then plaque assayed in the presence of IBT. In each case, a number of

plaques were observed due to spontaneous mutation. Ten of these plaques were

picked from the plaque assay of each of the ten wild-type stocks, for a total of

100 viruses capable of growth in the presence of IBT. These 100 viruses were

plaque assayed to determine whether each was IBT-resistant or IBT-dependent. A

single IBT-resistant mutant originating from each independent stock of wild-type

virus was selected for further study. These viruses were given the names DL1-3,

DL2-4, DL3-2, DL4-10, DL5-7, DL6-1, DL7-3, DL8-1, DL9-4, and DL10-7.

DL10-7 required an additional round of plaque purification, and was thereafter

referred to as DL10-7.1. Preparations of IBT were made fresh and used at a final

concentration of 45 µM, as described previously [192].

2.2 Polymerase Chain Reaction

Isolation of DNA for use as a polymerase chain reaction (PCR) template

was performed using the Qiagen DNeasy DNA isolation kit according to the
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manufacturer’s protocol (Qiagen, Santa Clarita, CA) or a cytoplasmic DNA

purification protocol, as described [201]. Measurement of absorbance at 260 nm

was used to determine DNA concentration. Primers for PCR were designed using

Vector NTI version 8.0 software (Invitrogen Corp., Carlsbad, California). Reactions

were optimized for primer and template, but generally consisted of 400 ng template

DNA, 0.32 µM primers (each), 2 mM MgCl2, 10 mM dNTPs (each), and 2 U Deep

Vent DNA polymerase (New England Biolabs, Beverly, MA). Products of PCR

reactions were purified using Amicon Centricon spin filters (Millipore, Billerica,

MA).

2.3 DNA Sequencing

Sequencing of viral DNA was performed by PCR amplifying the region of

interest with an appropriate upstream and downstream primer and submission

of the PCR product to the University of Florida Interdisciplinary Center for

Biotechnology Research (ICBR). Individual sequencing reads were assembled into

contigs using the Wisconsin package, version 10.3 (Accelrys Inc., San Diego, CA) or

Vector NTI version 8.0.

2.4 Marker Rescue Mapping

A one-step marker rescue mapping of IBT-resistant vaccinia virus mutants

was performed as described by Condit, et al. [200], with minor modifications.

Briefly, dishes of confluent 60 mm BSC40 cells were infected with Dts38, a

temperature sensitive helper virus mapping to the D5R gene [202]. Dishes were

then co-transfected with genomic wild-type vaccinia virus DNA and a “test”

DNA fragment. Rather than using cloned viral DNA for this transfection, PCR

products amplified from the viral genome of each IBT-resistant mutant (Chapter

3) or error-prone PCR products amplified from the viral genome of the wild-type

virus (Chapter 4) were used. For use in preliminary mapping experiments, PCR

amplification was done using a library of primers designed and generously donated
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by Benjamin Luttge and Richard Moyer to create 40 overlapping 5 kbp products

that collectively span the vaccinia genome [203]. Once a 5 kbp PCR product was

identified as containing the mutation, individual open reading frames in that 5 kbp

region were amplified from genomic viral DNA and used in a subsequent marker

rescue experiment to map each mutant to an individual gene.

2.5 RNA Isolation

Confluent 60 mm dishes of BSC40 cells were infected with wild-type or mutant

virus at a multiplicity of infection (MOI) of 15 and incubated for 9 hours. The

cells were washed with PBS containing 0.01% BSA and 10 mM MgCl2, and total

cellular RNA was then isolated using the RNeasy RNA isolation kit (Qiagen),

according to the manufacturer’s protocol. Two column elutions were performed

with 50 µl RNase-free water each. Measurement of absorbance at 260 nm was used

to determine RNA concentration.

2.6 Northern Blotting

Riboprobes specific for the 500 bp at the 5’ end of K2L, A10L, and A18R

mRNAs were transcribed from PCR products. To do this, transcription templates

were PCR amplified using a forward primer complementary with the 5’ end of

the open reading frame (ORF) and a reverse primer complementary to a region

500 bp downstream of the 5’ end of the ORF and tagged with the sequence

“CGATTTAGGTGACACTATAGAAGCG” containing the bacteriophage SP6

promoter. (The essential promoter region is in italics, while two 5’ nucleotides

and four 3’ nucleotides have been added to promote efficient transcription.)

Transcription from PCR products was performed with the Ambion MAXIscript in

vitro transcription system (Ambion, Inc., Austin, TX).

The RNA samples were combined with RNA sample loading buffer containing

ethidium bromide to give a final concentration of 20.6% formamide, 376 mM

formaldehyde, and 0.4 X MOPS and denatured by heating to 70◦ C for 10 minutes.
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Samples were then loaded onto a 1% gel containing 2.2 M formaldehyde and 1 X

MOPS buffer. Gels were electrophoresed at 20 V for 16 hours, during which time

the 1 X MOPS running buffer was continuously recirculated using a peristaltic

pump. The RNA was partially hydrolyzed by soaking the gels in 0.05 N NaOH.

The gels were then soaked in 20 X SSC (transfer buffer) prior to transfer to a

GeneScreen neutral charge membrane (PerkinElmer, Boston, MA). Membranes

were pre-hybridized at 55◦ C in a hybridization oven (Labnet International, Inc.,

Woodbridge, NJ) for at least 2 hours in buffer containing 50mM Tris-HCl pH 7.5,

1M NaCl, 50% formamide, 1% SDS, 0.1% sodium pyrophosphate, 10X Denhardt’s

reagent (0.2% BSA, 0.2% polyvinylpyrolidone, 0.2% Ficoll), 10% dextran sulfate,

and 0.1 mg/ml salmon sperm DNA denatured by heating to 95◦ C for 10 minutes.

Following pre-hybridization, 1 x 107 cpm fresh riboprobe was added to each blot

and incubated overnight at 55◦ C. Blots were then quickly washed once with

1 X SSC containing 0.1% SDS at room temperature, four times with 1 X SSC

containing 1% SDS at 65◦ C, and exposed to film.

2.7 Homology Modeling

Homology models of the rpo147 and rpo132 proteins were constructed using

ClustalW, Swiss-PdbViewer, version 3.7, and the Swiss-Model homology modeling

server (http://swissmodel.expasy.org). An amino acid sequence alignment of rpo147

and S. cerevisiae rpb1 (Protein Data Bank codes 1i6hA and 1nikA) or rpo132 and

S. cerevisiae rpb2 (Protein Data Bank codes 1i6hB and 1nikB) was constructed

using ClustalW and used by Swiss-PdbViewer to generate a structural alignment.

The structural alignment was edited by hand and submitted to the SwissModel as

an optimize request for construction of a homology model. The Swiss-PdbViewer

was used to export views of the model as Mega-Pov scenes that were rendered

using POV-Ray (http://www.pov-ray.org) version 3.5 for Linux.
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2.8 Error-Prone PCR

Error-prone PCR was performed as described above for standard PCR, with

three exceptions. 1. The Thermus Aquaticus DNA polymerase was used in place of

Deep Vent DNA polymerase. 2. The final concentration of dNTPs in the reaction

mixture was unequal, with ATP and GTP at a concentration of 5 mM and CTP

and TTP at a concentration of 25 mM. 3. MnCl2 was introduced into the reaction

mixture at a final concentration of 2 mM.

Error-prone PCR mutants were isolated by using these PCR products in

a marker rescue experiment (Section 2.4). However, instead of overlaying the

infected, co-transfected dishes with IBT-containing liquid media, they were overlaid

with an IBT-containing media/agar mixture from which individual plaques could

be picked following a six day incubation. Such plaques were then subjected to a

round of plaque purification before stocks were grown.



CHAPTER 3
MAPPING AND PHENOTYPIC ANALYSIS OF SPONTANEOUS

ISATIN-β-THIOSEMICARBAZONE-RESISTANT VACCINIA
VIRUS MUTANTS

3.1 Introduction

The regulation of intermediate and late gene transcription elongation and

termination is complex and known to be coordinated by several proteins. Factors

known to play a role in elongation or termination include the second-largest

subunit of the RNA polymerase, rpo132. Additionally, the negative transcription

elongation factor and transcript release factor A18 and the positive transcription

elongation factors G2 and J3 are important regulators. Also, the H5 protein has

been implicated as a stimulatory factor for late transcription, and by virtue of its

interaction with G2 it may also play a regulatory role in elongation. Moreover, it

is entirely possible that the aforementioned proteins represent an incomplete list of

regulators. Other viral (and perhaps cellular) proteins may contribute significantly

to either elongation or termination. Two attempts to identify any such proteins are

the focus of Chapters 3 and 4.

The antipoxviral drug IBT is a valuable tool for probing intermediate and

late transcription elongation. Because IBT interferes with intermediate and late

termination (or promotes elongation), it can be used in a genetic selection to

identify new mutants with transcription elongation defects. Previous studies that

selected for mutants with the ability to grow in the presence of IBT identified

IBT-dependent mutants mapping to G2R and J3R, and IBT-resistant mutants

mapping to G2R, J3R, and A24R (the gene encoding rpo132). The selection

of additional mutants using IBT could potentially yield two broad categories of
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viruses. The first, comprised of mutants mapping to G2R, J3R, or A24R, would

likely represent new alleles of these genes and would potentially be informative with

respect to the function of specific domains that comprise the proteins encoded by

these three genes. The second, and perhaps more interesting potential category of

mutants would include those that map to genes not previously implicated in the

regulation of transcription elongation or termination. Such mutants would likely

map to either novel elongation factors or RNA polymerase subunits other than

rpo132.

A collection of eight spontaneous, independently isolated, IBT-resistant

mutants was assembled by Donald Latner. This collection also contained two

additional mutants that were originally described as IBT-resistant but were later

revealed to be IBT-dependent mutants. An analysis of these ten mutants (with a

focus on the eight IBT-resistant mutants) was conducted to gain new insights into

the intermediate and late gene regulatory apparatus. The remainder of this chapter

describes the genetic mapping and phenotypic characterization of the mutants in

this collection.

3.2 Results

3.2.1 Plaque Assay

In order to visualize the ability of eight of the IBT-resistant mutants to grow

relative to one another and wild-type virus in both the absence and presence of

IBT, a plaque assay was performed. Since in the past the IBT phenotype has

occasionally been linked to temperature, this experiment was performed at the

optimal temperature for wild-type vaccinia virus, 37◦ C, and also at 31◦ C and

39.7◦ C, conditions that are permissive and non-permissive, respectively, for

temperature sensitive vaccinia virus mutants. Appropriate dilutions from the

37◦ C plaque assay are shown for each virus (Figure 3-1). The wild-type virus is

IBT-sensitive and forms large plaques, though only in the absence of IBT. Relative



65

Figure 3–1: Plaque assay of IBT-resistant mutants in the presence and
absence of IBT. The dishes were incubated at 37◦ C for 6 days
prior to staining.

to wild-type, many of the IBT-resistant mutants displays a small plaque phenotype

in the absence of drug. For DL1-3 and DL10-7.1, plaque size is not influenced by

the presence or absence of drug. Each of the other viruses forms larger plaques in

the absence of IBT than in the presence of IBT, though the size of those plaques

varies by virus. In the case of DL5-7 and DL8-1 plaques formed in the absence of

drug are equivalent in size to wild-type plaques. Thus, the IBT-resistant viruses

represent a spectrum of plaque phenotypes and display drug resistance to varying

degrees. Two additional mutants, DL6-1 and DL9-4 (not shown), were discovered

to be IBT-dependent at 37◦ C.
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3.2.2 Genetic Mapping

To determine the specific mutation responsible for the IBT-resistance

phenotype of each mutant, a combination of marker rescue mapping and DNA

sequencing was performed. Because of the high likelihood that a subset of these

mutants would map to genes previously implicated in IBT-resistance or control of

elongation, sequencing of the A18R, G2R, J3R, and A24R genes was performed

with viral DNA from each mutant. Of the ten mutants, four contained mutations

in G2R (DL5-7, DL6-1, DL8-1, and DL9-4), and one contained a mutation in

both G2R and A24R (DL2-4). Marker rescue experiments were performed to test

whether the IBT-resistance in the G2R mutants and G2R/A24R double mutant

do in fact map to these genes. Of the remaining five mutants, none contained a

mutation in A18R, G2R, J3R, or A24R. Thus, these mutants must map to a novel

IBT-resistance gene. Mapping studies with these mutants were designed to uncover

the novel IBT-resistance gene(s) responsible for their phenotype.

Because DL2-4, DL5-7, DL6-1, DL8-1, and DL9-4 were each known from

sequencing to contain a mutation in the G2R, a marker rescue experiment was

performed to determine whether their G2R allele could confer IBT-resistance

to co-transfected wild-type genomes reactivated by the Dts38 helper virus

(Figure 3-2). Negative controls in this and all other marker rescue experiments

presented include uninfected cells, cells infected with the Dts38 helper virus but

not transfected, and cells infected with Dts38 and transfected with wild-type

genomic DNA. The remaining dishes are infected with Dts38 and co-transfected

with genomic wild-type DNA and a PCR product amplified from the viral genome

of the indicated IBT-resistant mutant. In this experiment, the G2R gene from

wild-type virus was used as an additional negative control. This was necessary

because transfections with this gene, regardless of the allele, tend to produce a

high background (Section 4.1). A signal over background was observed for each
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G2R mutant except DL2-4, the G2R/A24R double mutant. Attempts to map the

IBT-resistance phenotype of this virus to the G2R or A24R genes individually or

collectively have been unsuccessful to date.

Because initial sequence analysis of DL1-3, DL3-2, DL4-10, DL7-3 and

DL10-7.1 revealed no mutations in A18R, G2R, J3R, and A24R, mapping of these

mutants was attempted using overlapping 5 kbp PCR products generated from the

genomes of each mutant (Figure 3-3). This set of 40 primer pairs can be used to

amplify virtually the entire vaccinia virus genome [203].

The central core region of the genome is highly conserved throughout the

poxvirus family and not surprisingly contains the bulk of the essential genes. Thus,

inital rescues were attempted with 15 PCR products (Figure 3-3, numbers 13 to

17) that comprise this region. In the first such experiment, PCR products 13 to

27 were amplified from the DL1-3 genome. These products, when transfected in

a marker rescue experiment, indicated that the mutant mapped to a 5 kbp region

containing part of J3R, all of J4R and J5L, and part of J6R (dish “20” in Figure

3-4). Due to the prior sequencing of J3R, it was known that this mutant did

not map to J3R. Because J4R and J6R each encode RNA polymerase subunits

(rpo22 and rpo147, respectively), the likelihood that this mutant would map to

one of those genes was high, although the 15 kDa protein-encoding J5L gene was

also a possibility. In order to map the mutant to J3R, J4R, J5L, or J6R, each of

these open reading frames was PCR amplified and transfected in a second marker

rescue experiment (Figure 3-5) similar in design to the first one (Figure 3-4). This

experiment indicated that this mutant mapped to J6R, the gene encoding the

largest subunit of the RNA polymerase. This result marked the first time that

rpo147 had been implicated in IBT-resistance and implied that rpo147 was an

essential regulator of transcription elongation, a finding consistent with the activity

of its S. cerevisiae homolog, rpb1.
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Figure 3–4: Initial marker rescue mapping of DL1-3. The DL1-3
IBT-resistance phenotype maps to a 5 kbp region containing
all or part of genes J3R, J4R, J5L, and J6R. As described in
Section 2.4, confluent dishes of BSC40 cells were infected with
the Dts38 helper virus and co-transfected with wild-type
genomic DNA (“WT Genome”) and the indicated PCR
product. After a 4 day incubation at 37◦ C in the presence
of IBT, dishes were stained.
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Mapping of DL3-2 was performed essentially as described for DL1-3, except

that 40, 5 kbp PCR products spanning the genome were used in the initial round

of mapping. Although DL3-2 did not produce a signal as robust as that seen with

DL1-3, the genome-wide marker rescue indicated that DL3-2 also mapped to the

5 kbp PCR product containing all or part of genes J3R, J4R, J5L, and J6R (dish

“20” in Figure 3-6). As had been done with DL1-3, genes J3R, J4R, J5L, and J6R

were PCR amplified from the DL3-2 genome and used in a subsequent marker

rescue experiment (Figure 3-7). This experiment indicated that DL3-2, like DL1-3,

mapped to the J6R gene.

Because both DL1-3 and DL3-2 mapped to the J6R gene, the remaining

mutants, DL4-10, DL7-3, and DL10-7.1, were assayed to determine if they

mapped to J6R as well. First the J6R gene from each of these three mutants

was sequenced. From this it was determined that DL4-10 and DL7-3 are wild-type

with respect to their J6R gene. Combined with the initial sequencing effort, these

data indicate that DL4-10 and DL7-3 must map to a gene other than A18R, G2R,

J3R, A24R, and J6R. Repeated attempts to map each of these mutants have

been unsuccessful (data not shown). On the other hand, DL10-7.1 was shown by

sequence analysis to contain a mutation in J6R. Marker rescue analysis indicated

that IBT-resistance in this mutant did in fact map to its J6R mutation and

not any other gene implicated in IBT-resistance (Figure 3-8). Surprisingly, the

genotype of this mutant was identical to that of DL1-3 (Table 3-1).

3.2.3 In Vivo Analysis of Transcription Elongation

Because IBT-dependent mutants have defects in elongation and therefore

synthesize shorter-than-wild-type length mRNAs, the elongation phenotype of

the IBT-resistant mutants was analyzed. Northern blots using probes specific

for the 5’ ends of three vaccinia virus genes were performed to measure the

length of transcripts produced from these genes during infections with the eight
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Table 3–1: Genotypes of spontaneous IBT-resistant mutants

Virus Gene Mutation
DL1-3 J6R A535V
DL2-4 G2R, A24R D1076G, A159T
DL3-2 J6R S288Y
DL4-10 unknown
DL5-7 G2R G97V
DL6-1 G2R Truncation (codon 172)
DL7-3 unknown
DL8-1 G2R Truncation (codon 184)
DL9-4 G2R Truncation (codon 179)
DL10-7.1 J6R A535V

IBT-resistant mutants. These probes were specific for the intermediate K2L gene

(Figure 3-9), the highly expressed late A10L gene (Figure 3-10), and the early/late

A18R gene (Figure 3-11). (Most “late” genes have been characterized as such

because they are expressed after DNA replication, and are thus not early genes.

However, they might formally be intermediate or intermediate/late genes.) In

each case, 9 hour post-infection (h.p.i.) RNA was isolated from cells infected at

a multiplicity of 15 and incubated at 37◦ C in the presence and absence of IBT.

The RNA was electrophoresed on an agarose/formaldehyde gel, transferred to a

neutral nylon membrane, and hybridized with a riboprobe generated from in vitro

transcription with the SP6 RNA polymerase. Control RNA samples included those

isolated from mock-infected cells and cells infected with the IBT-sensitive wild-type

virus, the IBT-resistant IBTr90 virus, and the IBT-dependent G2A virus.

Results from the Northern blotting experiments confirmed the effect of IBT

on transcripts produced from IBT-sensitive, IBT-resistant, and IBT-dependent

viruses. Regardless of the virus tested or probe used, transcripts produced

in the absence of IBT were shorter than those produced in the presence of

IBT. Transcripts produced from wild-type virus in the absence of IBT are

extraordinarily heterogeneous in length and range in size from less than 1 kb to

approximately ten kb and this distribution appears to be unaffected by the length
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of the gene. In the presence of IBT, wild-type virus transcripts reach a length that

is sufficient to induce degradation of viral RNA. In the absence of IBT, transcripts

produced from the IBT-dependent G2A virus are severely truncated. However,

in the presence of IBT, G2A transcripts are restored to a functional length that

is similar to wild-type transcripts synthesized in the absence of IBT. Transcripts

produced by each IBT-resistant mutant are longer in the presence of IBT than in

its absence. In no case does an IBT-resistant mutant produce transcripts that are

subjected to degradation. Because the IBT-resistant mutant transcripts are not

degraded, they are likely shorter in length than wild-type transcripts produced in

the presence of IBT, though other explanations cannot be formally excluded.

3.2.4 In Vitro Analysis of Transcription Elongation

To complement and extend the in vivo results, extracts were made and assayed

by Cindy Prins in an in vitro system that measures transcription elongation from

an intermediate promoter. There are two major components in this assay: a

paramagnetic bead-bound DNA transcription template and an extract prepared

from cells infected with wild-type or mutant vaccinia virus. The DNA contains the

intermediate G8R promoter upstream of a G-less cassette and a poly(T) tract in

the non-template strand. The poly(T) tract serves as an efficient artificial pause

site. Thus, when transcription is directed by the enzymes found in wild-type or

mutant virus-infected cell extracts, the ability of the polymerase to traverse the

pause site can be directly measured. To perform the assay, extracts are combined

with the template and incubated in the presence of ATP, UTP, 32P-labeled CTP,

and the chain terminator and GTP analog 3’-O-methyl-GTP. Reactions are

incubated briefly to allow pulse-labeling of the nascent transcript and halting of

the elongation complexes at the end of the G-less cassette. The streptavidin-coated

paramagnetic beads attached to the biotinylated DNA then allow the complex

to be washed to remove factors not strongly bound to the transcription complex.
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Subsequently, the pulse-labeled RNA can be extended by adding back ATP, CTP,

GTP, and varying amounts UTP and incubating the complex. Gel electrophoresis

of these transcripts allows for comparison of pausing patterns among various

extracts.

Within the limitations of the assay, results of the in vitro transcription studies

(not shown) support the in vivo Northern blotting data. The RNA polymerase

from DL1-3 and DL3-2 infected-cell extracts each exhibit an increased dwell time

at natural pause sites. (DL10-7.1 has not been assayed but is presumably identical

to DL1-3 since they have in common their IBT-resistance allele.) This indicates

that these mutants have defects in transcription elongation, consistent with their

IBT-resistance phenotype and response to IBT in vivo. The G2R/A24R double

mutant (DL2-4), two unmapped mutants (DL4-10 and DL7-3), and the mutants

mapping solely to G2R (DL5-7, DL6-1, DL8-1, and DL9-4) are indistinguishable

from wild-type in vitro. Taken at face value, this would indicate that these mutants

have no elongation defects, which would be in conflict with the in vivo data. A

simpler explanation, however, is that the G2 protein is removed from the elongation

assay during the wash step, and thus the elongation complex from a G2 mutant

extract is identical to that from a wild-type extract.

3.2.5 Homology Modeling of RNA Polymerase Subunits

A three-dimensional view of a protein’s structure often provides insights

into its function that cannot be easily gained by other means. Unfortunately,

the structure of the vaccinia virus RNA polymerase has not been determined

experimentally. However, it is possible to use a computational approach to

construct a three-dimensional model of a protein if a known structure exists for

a homologous protein. Typically, in order to have confidence that such a model

is biologically relevant, the homologous proteins must have at least 20% to 25%

amino acid identity. The vaccinia virus rpo147 and rpo132 proteins each share
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Figure 3–9: Northern analysis of IBT-resistant mutant RNA with a
K2L-specific riboprobe. The length of K2L transcripts
produced from IBT-resistant mutants responds to IBT. As
described in Section 2.6, confluent BSC40 cells were infected
with the indicated virus at m.o.i. = 15 in the presence or
absence of IBT and incubated at 37◦ C for 9 hours. Total
RNA was isolated and transferred to a nylon membrane.
The membrane was probed with a riboprobe specific for the
intermediate K2L gene and exposed to film.
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Figure 3–10: Northern analysis of IBT-resistant mutant RNA with an
A10L-specific riboprobe. The length of A10L transcripts
produced from IBT-resistant mutants responds to IBT. As
described in Section 2.6, confluent BSC40 cells were infected
with the indicated virus at m.o.i. = 15 in the presence or
absence of IBT and incubated at 37◦ C for 9 hours. Total
RNA was isolated and transferred to a nylon membrane. The
membrane was probed with a riboprobe specific for the late
A10L gene and exposed to film.
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Figure 3–11: Northern analysis of IBT-resistant mutant RNA with an
A18R-specific riboprobe. The length of A18R transcripts
produced from IBT-resistant mutants responds to IBT. As
described in Section 2.6, confluent BSC40 cells were infected
with the indicated virus at m.o.i. = 15 in the presence or
absence of IBT and incubated at 37◦ C for 9 hours. Total
RNA was isolated and transferred to a nylon membrane.
The membrane was probed with a riboprobe specific for the
early/late A18R gene and exposed to film.
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approximately 21% amino acid identity with their S. cerevisiae homologs, placing

them at the threshold of reliable model-building.

A model of rpo132 built from a structure for the rpb2-containing S. cerevisiae

elongating RNA polymerase reveals clues that may explain the phenotype of the

IBTr90 mutation [57]. This model indicates the Y462H mutation present in IBTr90

is situated near the base of a disordered loop. The loop, known as fork loop 2 in

eukaryotes, is thought to play a role in maintenance of the downstream fork of the

transcription bubble [62]. Thus, a mutation near fork loop 2 may influence the

position of the loop and thus the degree to which it interferes with the reannealing

of DNA at the downstream edge of the transcription bubble.

Using the approach described above with rpo132, a model of rpo147 was

constructed from a structure containing the S. cerevisiae rpb1 protein in the

context of an elongation complex. Based on this model, the putative positions

in the RNA polymerase structure of the DL1-3 and DL10-7.1 A535V and DL3-2

S228Y mutations could be assigned. The model predicts that the mutation in

DL3-2 is near the active site of the enzyme. Meanwhile, the DL1-3 and DL10-7.1

mutation is likely to be in a region of the enzyme known as pore 1. This pore is the

site where free NTPs are thought to diffuse into the active site and is also the site

where the 3’ end of the RNA is extruded during backtracking of the polymerase

(Section 1.5.1).

3.3 Conclusions

Spontaneous IBT-resistant vaccinia virus mutants have generally fallen

into two categories: RNA polymerase subunits and elongation factors. The

former category was comprised of a single mutant, IBTr90, that mapped to the

second-largest subunit of the RNA polymerase, rpo132. The latter category

consisted of a number of mutants mapping to the elongation factors J3 and G2.

The goal of the work presented in this chapter was to map additional spontaneous
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Figure 3–12: Structural model of the vaccinia virus rpo132 protein with
position of the IBTr90 mutation indicated. The model is
based on homology with the S. cerevisiae RNA polymerase II
subunit, rpb2. Construction of the model was performed as
described in Section 2.7. The substituted amino acid residue
in IBTr90 (Y462H) is highlighted in blue.
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IBT-resistant mutants in order to identify novel elongation-defective alleles of both

elongation factors and RNA polymerase subunits and to identify additional factors

that may be involved in regulating elongation. New elongation-defective alleles

of G2R were identified and characterized, and for the first time IBT-resistance

was mapped to the gene encoding the largest RNA polymerase subunit, rpo147.

Characterization of the J6R mutants revealed that they were also defective in

transcription elongation and were therefore not likely to exhibit IBT-resistance

because of a failure to bind or metabolize the drug.

Proper 3’ end formation is a balance between elongation and termination, a

“decision” that must be made by the polymerase at every nucleotide position. This

balance can be influenced by several factors. On the one hand is A18, encouraging

the polymerase to terminate. On the other hand are G2 and J3, encouraging

nucleotide addition. Addition of IBT tips the balance in favor of elongation. To

restore the balance, there are many options. 1. Remove IBT from the balance by

introducing a mutation into the target protein that prevents IBT from binding.

2. Remove G2 or J3 from the balance by introducing a mutation that inactivates

either protein. 3. Introduce a mutation into the RNA polymerase that makes it

more susceptible to termination than the wild-type enzyme. These possibilities will

be discussed in turn below.

Because infection in the presence of IBT increases the length of intermediate

and late transcripts, it may function by inhibiting a termination factor. A likely

target protein for such a mechanism is the transcript release factor, A18. If this is

the mechanism of action used by the drug, it is likely that mutations that lead to

substitution of amino acid residues at the drug binding site would confer resistance

to IBT. However, the growing collection of mapped IBT-resistant mutants is devoid

of A18R mutants, suggesting that if they do exist, they are rare. However, IBT

could also work by binding the RNA polymerase itself and stabilizing it in some
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way. If this is the mechanism, the most plausible way that IBT could stabilize the

polymerase would be to occupy a site on the enzyme that is necessary for receiving

a termination signal from a trans-acting factor.

The most likely explanation for the IBT resistance phenotype of the mutants

in our study is that the mutations are compensatory, counteracting the termination

defects caused by IBT with mutations that interfere with proper transcription

elongation. All mutants resistant to IBT and mapping to G2R and J3R are

likely to fall into this category. The phenotypic analysis of the IBT-resistant G2R

mutants DL5-7 and DL8-1 clearly indicate that they remain responsive to the

effects of IBT, as the length of K2L, A18R, and A10L transcripts produced by both

mutants is significantly increased in the presence of the drug. Thus, drug-resistance

in these mutants probably indicates that their G2 proteins have some residual

activity. They likely make transcripts that are shorter than wild-type length in

the absence of drug but are nonetheless sufficiently long to be translated properly.

In the presence of drug, their transcripts are longer, but since the viruses can

grow under this condition, their transcripts are apparently not long enough to

trigger any dsRNA-mediated antiviral pathway that would result in the abortion of

infection. Differences in the average length of IBT-resistant mutant and wild-type

transcripts are difficult to distinguish because of the extraordinarily heterogenous

length of the transcripts. However, it is clear that the transcripts produced in the

context of an IBT-resistant mutant infection are not degraded in the presence of

IBT, though transcripts produced by wild-type virus are degraded, implying a

difference in length.

Like mutation of G2R or J3R, mutation of the RNA polymerase could interfere

with transcription elongation, and thus could work by compensating for the effects

of IBT. The homology model lends some support for this hypothesis. Mutations

in the pore 1 region or the active site could certainly influence elongation rate.
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Likewise, they could also represent the binding site for IBT on the polymerase

that, when altered, allows the virus to grow unimpeded in its presence. However,

there are two independent lines of evidence that suggest that the compensatory

model correctly describes the mechanism of drug resistance in DL1-3, DL3-2, and

DL10-7.1. First, as described above, in vivo data indicated that transcription of

these mutants is influenced by the presence of the drug. Second, in vitro data

indicated that each of these mutants are deficient in transcription elongation

relative to wild-type virus, similar to the phenotype of IBTr90.

In summary, this work extends the collection of vaccinia virus mutants

that can be used to study transcription. Although it offers no firm evidence to

indicate the precise mechanism by which IBT interferes with gene regulation, it

suggests a number of possibilities. These possibilities and a model for IBT action,

transcription elongation and termination will be discussed in Chapter 5.



CHAPTER 4
TARGETED APPROACH TO IDENTIFY TRANSCRIPTION

REGULATORS

4.1 Introduction

Because isolation and mapping of spontaneous IBT-resistant mutants tends to

identify new alleles of known transcriptional regulators, a new approach is needed

to identify unknown regulators. While the study of previously identified elongation

factors such as G2 and J3 will likely reward the investigator with new, detailed

information about the roles of these factors in regulating elongation, it may provide

less help in answering broader questions about the composition of the elongation

complex and the identity of each factor that functions to regulate it. The study of

the intermediate and late elongation complex would benefit from a more complete

roster of the proteins involved.

Isolating and mapping spontaneous IBT-resistant viruses to identify

components of the intermediate and late transcription regulatory apparatus

suffers from a problem of diminishing returns. In the past, most IBT-resistant

and all IBT-dependent mutants have mapped to the elongation factors G2 and J3.

That G2 and J3 are so frequently the cause of IBT-dependence and IBT-resistance

reflects the myriad ways in which these proteins can be mutated to give rise to

these phenotypes. Minor losses in stability or activity of G2 or J3 are thought to

be the cause of IBT-resistance in mutants that map to G2R or J3R, respectively.

There are no doubt many ways in which these genes can be altered to create such

a phenotype. This presumption is borne out by a comparison of the G2R mutant

alleles that already exist. Mutations leading to IBT-resistance do not cluster in a

particular region of the protein. Rather, they exist along its entire length. However,

88
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IBT-dependence can result from a much greater number of possible mutations.

This is the case because any mutation that abolishes G2 or J3 protein stability

or function results in IBT-dependence. Such mutations include point mutations,

in-frame deletions, and frame shifts caused by insertions or deletions. Thus, when

one selects for mutant virus that can grow in the presence of IBT, the majority

of what is found are G2R and J3R null mutants. A strategy to circumvent this

problem is needed.

To begin to address the task of identifying mutants altered in their response

to IBT but not mapping to J3R and G2R, a technique was used that allows any

gene to be queried as to whether or not introducing a mutation into it can result

in viral growth in the presence of IBT. This method combines error-prone PCR,

a technique that can be used to introduce semi-random mutations into a given

DNA sequence, with marker rescue in the presence of IBT. Thus, primers specific

for a given open reading frame can be used to introduce random mutations into

that given gene only. This heterogeneous population of mutant alleles is then

co-transfected into cells in a marker rescue protocol (Section 2.4). Once a gene

of interest is identified, plaques can be picked that should, if successful, contain

predominately IBT-dependent or IBT-resistant virus mapping to the targeted gene.

4.2 Results

4.2.1 Screening Candidate Genes

Error-prone PCR and marker rescue were combined to screen several genes for

possible roles in intermediate and late transcription elongation. In this experiment,

cells were infected with the Dts38 helper virus, and co-transfected with wild-type

genomic DNA and a PCR product corresponding to an open reading frame to

be tested. The PCR product was generated in both a high-fidelity PCR system

(control) and an error-prone PCR system (experimental). A positive result in this

experiment was indicated by a higher number of plaques on dishes transfected
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with the error-prone PCR product than on cells transfected with the high-fidelity

PCR product containing the same gene. The genes chosen for study in this

experiment were several with known roles in transcription or those previously

shown to have the ability to interact with RNA. These included seven RNA

polymerase subunits (rpo30, rpo7, rpo22, rpo18, rpo19, rpo35, and rpo132),

the dsRNA-binding protein (E3L), the intermediate transcription initiation

factors (VITF-1 and VITF-3), the late transcription initiation factors (VLTF-1,

VLTF-2, and VLTF-3), the late transcription stimulatory factor (VLTF-4), and

the intermediate and late transcription elongation factors (G2 and J3). The

G2 and J3 genes were included as positive controls. These genes were expected

to produce the strongest signal, because any mutation that inactivates them

should produce a virus capable of growing in the presence of IBT (Section 4.1).

Furthermore, the mapping of IBTr90 to rpo132 indicated that it should be possible

to construct a mutant in the rpo132-encoding gene, A24R. Preliminary experiments

indicated that the efficiency of amplification of sequences longer than about 2

kbp was decreased in the error-prone PCR format. For this reason, A24R was

divided into three overlapping segments ranging from 1.2 kbp to 1.5 kbp in length,

designated A24R-1, A24R-2, and A24R-3 from the 5’ to 3’ end. Furthermore,

a pilot experiment (not shown) indicated that the 5’-most fragment was the

least likely to produce a signal. For this reason it was not included in further

experiments. As expected, the strongest signal detected in this experiment was

with the G2R or J3R genes. However, a clear signal over background was also

observed with A24R-2, A24R-3, and rpo19. Weaker signals over background were

observed with a number of other genes, including E3L, A8R and A23R (VITF-3),

H5R (VLTF-4), A1L (VLTF-2), and A2L (VLTF-3).
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Figure 4–1: A screen of vaccinia virus genes for their involvement in
regulation of intermediate and late transcription. A. Primer
pairs (shown in blue) that collectively amplify the A24R gene
in three overlapping fragments. B. A screen of vaccinia virus
genes for their involvement in regulation of intermediate
and late transcription. Confluent dishes of BSC40 cells
were infected with Dts38 and co-transfected with wild-type
genomic DNA and the indicated PCR product. Controls are as
described in the legend for Figure 3-2. The top row of dishes
are controls. The remaining dishes are paired by row. In each
paired set of rows, the top row contains negative controls,
transfected with the indicated high-fidelity PCR product. The
bottom row contains dishes transfected with the indicated
error-prone PCR product. After a 4 day incubation at 37◦ C in
the presence of IBT, dishes were stained.
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4.2.2 Specificity of the Targeting Approach

To determine whether plaques formed on the dishes transfected with

error-prone PCR products arose as a result of errors in those PCR products,

two plaques were picked for study from each of the G2R, A24R-2, and A24R-3

dishes of an agar-overlaid experiment otherwise identical to the one shown in

Figure 4-1. The viruses in those plaques were subjected to a round of plaque

purification to ensure that no contaminating helper virus was present and that

the stocks were genetically homogeneous. The viral DNA was then extracted and

used as a template for PCR. The gene or gene fragment targeted in the original

error-prone PCR experiment, either G2R, A24R-2, or A24R-3 was PCR amplified

in a high-fidelity system for use in a marker-rescue experiment. In the case of

the A24R-targeted mutants, the other two fragments of the A24R gene were also

amplified to ensure that they did not contain mutations. As expected, when the

G2R gene was targeted for mutagenesis, viruses capable of growth in the presence

of IBT and mapping to the G2R gene were produced (compare dishes “G2R-R1”

and “G2R-D1” with “WT G2R” in Figure 4-2). Likewise, when the A24R-2 or

A24R-3 regions of the A24R gene were targeted for mutagenesis, viruses capable

of growth in the presence of IBT and mapping to the targeted region of the A24R

gene were produced (compare dishes “A24R-R1 A24R-2” with “WT A24R-2” and

“A24R-R2 A24R-3” with “WT A24R-3”).

4.2.3 Isolation of an IBT-Resistant H5R Mutant

The screen of several vaccinia virus genes for their ability (when mutated) to

give rise to IBT-resistant or IBT-dependent mutants identified a number of genes

with weak positive signals (Figure 4-1). From those genes with positive signals,

three were chosen for further study. These three genes (A2L, rpo19 (A5R), and

H5R) were chosen because they encode proteins that differ from one another with

respect to their biochemical activities and known roles in transcription. Of the
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Figure 4–2: G2R and A24R mutants constructed by error-prone PCR
mutagenesis map to the targeted gene or gene fragment. As
described in Section 2.4, confluent dishes of BSC40 cells were
infected with the Dts38 helper virus and co-transfected with
wild-type genomic DNA (“WT Genome”) and the indicated
PCR product. After a 4 day incubation at 37◦ C in the
presence of IBT, dishes were stained.
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three genes, H5R is of particular interest due to its known association with the

G2 elongation factor. In an attempt to isolate IBT-resistant or IBT-dependent

A2L, A5R, and H5R mutants, error-prone PCR products amplified in triplicate

and corresponding to each of these three genes were transfected in a marker rescue

protocol in the presence of IBT. Each of the three H5R transfections and one each

of the A2L and A5R transfections resulted in a cytopathic effect (CPE). Once the

CPE was complete, infected cell lysates were harvested. Viruses in these lysates

were plaque purified and the gene targeted in the error-prone PCR (A2L, A5R,

or H5R) was PCR amplified from their genomes. These PCR products were both

sequenced and used in a marker rescue experiment designed to show whether

mutants arising from transfection of error-prone PCR products in a marker rescue

protocol do, in fact, map to the gene targeted in the error-prone PCR. One of

the mutants arising from H5R-targeted error-prone PCR experiment contains two

non-silent mutations in H5R. A marker rescue experiment indicates that the ability

of this virus to grow in the presence of IBT maps to H5R (Figure 4-3).

4.2.4 Error-Prone PCR Mutant Genotypes

To analyze the genotype of the G2R and A24R mutants, the targeted gene

in each mutant was sequenced. Sequencing the G2R-targeted mutants revealed

a single, non-silent substitution in the G2R gene of one mutant and a silent

substitution downstream of a frameshift in the other mutant. Likewise, sequencing

the A24R-targeted mutants revealed a single, non-silent mutation in each virus in

the appropriate fragment but no mutations in the other fragments (Table 4-1).

Sequencing of the A2L, A5R, and H5R genes in error-prone PCR targeted

mutants capable of growth in the presence of IBT was conducted. The A2L-targeted

and A5R-targeted mutants each contain a silent mutation in their targeted gene,

while two of the three H5R-targeted mutants contain the wild-type H5R sequence
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Figure 4–3: A mutant constructed by error-prone PCR mutagenesis of
the H5R gene maps to H5R. As described in Section 2.4,
confluent dishes of BSC40 cells were infected with the Dts38
helper virus and co-transfected with wild-type genomic DNA
(“WT Genome”) and the indicated PCR product. After a
4 day incubation at 37◦ C in the presence of IBT, dishes
were stained.The A24R-2 fragments of wild-type (WT)
and A24R-R1 viruses are included as negative and positive
controls, respectively.
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(data not shown). However, the remaining H5R mutant, designated H5R-1,

contains two non-silent mutations in H5R (Table 4-1).

Table 4–1: Genotypes of error-prone PCR mutants

Virus Gene Number of Mutations (non-silent/total) Mutation
G2R-R1 G2R 1/1 L66S
G2R-D1 G2R 2/2 Truncation (codon 102)
A24R-R1 A24R 1/1 Y462H
A24R-R2 A24R 1/2 T884A
H5R-R1 H5R 2/2 N31K, D36V

4.2.5 Distinguishing between IBT-Resistance and IBT-Dependence

The viruses isolated by the error-prone PCR/marker rescue strategy are

capable of growth in the presence of IBT, but this observation does not distinguish

between IBT-resistance and IBT-dependence. In order to make such a distinction,

a plaque assay was done with each mutant plus the IBT-sensitive wild-type and the

IBT-dependent G2A viruses as controls. This experiment reveals that both A24R

mutants are IBT-resistant, while one G2R mutant is weakly IBT-resistant and the

other is IBT-dependent.

4.2.6 Homology Modeling

The homology model of rpo132 constructed to analyze spontaneous IBT-resistant

mutants (Section 3.2.5) was also used to approximate the location of the A24R-R1

and A24R-R2 mutations on the protein’s structure. IBTr90 and A24R-R1 share

their single point mutation (Y462H). This residue is thought to reside at the base

of fork loop 2, a region implicated in maintaining the open conformation of the

downstream edge of the transcription bubble. The A24R-R2 mutation is located

in a different structural domain on the model. This structure, referred to as the

“wall,” is a highly positively charged domain with a likely role in binding the

DNA/RNA hybrid. Interestingly, the “wall” requires a bend of nearly 90◦ in the

transcription bubble, and thus is a major determinant of the structure assumed by

the DNA/RNA hybrid and the regions of ssDNA in the transcription bubble.
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Figure 4–5: Structural model of the vaccinia virus rpo132 protein with
positions of A24R-R1 and A24R-R2 mutations indicated.
The model is based on homology with the S. cerevisiae RNA
polymerase II subunit, rpb2. Construction of the model was
performed as described in Section 2.7. The substituted amino
acid residue in A24R-R1 (Y462H) is highlighted in blue, and
the substituted amino acid residue in A24R-R2 (T884A) is
highlighted in red.
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4.2.7 Conclusions

The techniques presented in this chapter define a viable strategy for extending

the number of known genes involved in intermediate and late transcription

elongation. This was shown by the construction of IBT-resistant and IBT-dependent

mutants with random mutations in the specifically targeted genes G2R, A24R,

and H5R. While the G2R and A24R mutants serve as a proof-of-concept, these

IBT-resistant mutants additionally should prove useful for the study of the G2R

and A24R gene products themselves. Also, a screen of other potentially interesting

genes has uncovered several that warrant further study. These include the small

RNA polymerase subunit A5R (rpo19), the intermediate initiation factors A8R and

A23R, the late initiation factors A1L and A2L, and the dsRNA-binding protein

E3L. Most importantly, a mutant mapping to the H5R gene and capable of growth

in the presence of IBT has been identified. This result validates the error-prone

PCR/marker rescue approach for the screening of genes for their involvement in

transcription and provides strong genetic evidence to link H5R to the intermediate

and late transcription regulatory system.

An attempt to isolate IBT-resistant or IBT-dependent mutants in A2L,

A5R, and H5R resulted in the isolation of a single mutant in H5R. This mutant,

H5R-R1, provides in vivo evidence linking the H5 protein to a role in transcription

elongation and supports its in vitro characterization as a stimulator of late

transcription [51]. The identification of an IBT-resistant or IBT-dependent

H5R mutant immediately suggests a number of experiments aimed at refining

any specific role of H5 in regulating transcription. Such experiments should include

the in vitro transcription assays and Northern blots described previously (Chapter

3). Were the H5R mutant to exhibit no defect in transcription elongation, it

would suggest that H5 may be the target of IBT. Also of particular interest is

the question of whether the mutant H5 protein retains its ability to interact with
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G2. To date, no functional significance has been assigned to this interaction.

H5R-R1 provides a unique opportunity to probe this interaction. Certainly the

discovery of an H5 mutant with a phenotype previously associated with G2R

mutants (IBT-resistance or IBT-dependence) increases the likelihood that the

G2/H5 interaction is important for the function of G2. Determining whether this

interaction is essential for G2 function may implicate H5 as an activator of G2.

Interestingly, the IBTr90 and A24R-R1 mutants share the same genotype.

Each has a tyrosine to valine substitution at position 462. This situation is similar

to that observed with the spontaneous mutants DL1-3 and DL10-7.1, which are an

identical pair of rpo147 mutants (Section 3.2.2). These observations suggest that

the residues involved in these mutations may be critically important for regulating

elongation. They also suggest that there may a relatively small number of possible

polymerase mutations that can lead to IBT-resistance. Further study of these

mutants may shed light on these matters.



CHAPTER 5
DISCUSSION

5.1 Introduction

The mapping and phenotypic characterization of several isatin-β-thiosemicarbazone

(IBT)-resistant vaccinia virus mutants has been presented. Collectively, these

mutants refine and extend the body of knowledge surrounding the elongation

and termination properties of the vaccinia virus intermediate and late gene

transcription machinery. Additionally, this work provides data that begins to

address questions about the anti-poxviral mechanism of action of IBT.

A plausible model to explain intermediate and late vaccinia virus transcription

elongation and termination is constrained by a number of relevant observations.

First, in vivo and in vitro data indicate that the A18R gene product functions

to oppose transcription elongation and to support release of transcripts from

stalled RNA polymerase complexes. Additional studies have revealed that

A18 possesses ATPase and helicase activities. Second, genetic evidence has

revealed an essential role for both the G2R and J3R gene products in stimulating

transcription elongation. Mutational inactivation of either of these proteins

results in the production of shorter-than-wild-type length intermediate and late

transcripts. Also, the G2 protein interacts strongly with the product of the

H5R gene, a protein already implicated in late transcription. Third, genetic and

biochemical lines of evidence have revealed that mutation of the largest and

second-largest subunit of the vaccinia virus RNA polymerase can result in a

decreased transcription elongation phenotype. Presumably, mutants with increased

elongation potential are also plausible. However, since there is no simple genetic

selection with which to identify them, no such mutants have been identified. (The

101
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scarcity of RNA polymerase mutants with an increased transcription elongation

phenotype therefore implies nothing about the relative frequency with which these

mutants could theoretically arise.) An additional observation that may influence

an elongation/termination model is that IBT can substitute for either the G2 or

J3 protein, but G2 and J3 cannot substitute for one another. That is, both G2

and J3 are required in the absence of IBT. Finally, the relationship between RNA

polymerase, A18, G2, J3, H5, and IBT is unclear. Of these, only G2 and H5 have

been shown to interact directly, while A18 may complex with G2 and H5 indirectly.

An obvious candidate for a mediator of indirect interactions among A18, G2, and

H5 is the transcription elongation complex, however, such an interaction has not

been demonstrated experimentally. Furthermore, interactions between J3 and the

A18, G2, and H5 proteins have not been thoroughly characterized. A genome-wide

yeast-2-hybrid scan of the vaccinia virus genome revealed no direct interactions

between J3 and A18, G2, or H5. However, this is a negative result and thus should

not be over-emphasized. Each of these considerations is addressed in a discussion

below that culminates in the presentation of a viable model.

5.2 A18

The A18 protein shares considerable sequence homology and biochemical

activity with termination factors in both prokaryotic and eukaryotic systems, and

may function via a similar mechanism. Like the prokaryotic Mfd and Rho proteins

and the eukaryotic TTF2 protein, A18 possesses helicase domains. Hypotheses

about the mechanism by which Mfd, Rho, and TTF2 induce termination

include translocation along nascent RNA until a stalled polymerase is reached,

followed by release of the polymerase from the RNA and template DNA. A18

likely functions by a similar mechanism. Also, A18 may cause termination

in a sequence-independent fashion, similar to Mfd and TTF2, explaining the

extraordinary heterogeneity in the length of vaccinia virus intermediate or late
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RNAs produced from any given gene. Interestingly, Mfd is thought to play a role

in transcription-coupled DNA repair by recruiting the repair machinery to an

RNA polymerase stalled at the site of DNA damage. Though A18 has not been

shown to play a role in DNA repair, this remains an intriguing possibility. Many

poxviruses do encode proteins that offer resistance to ultraviolet light (UV)-induced

DNA damage, such as the cyclobutane pyrimidine dimer photolyases encoded by

Leporipoxviruses [204]. Experiments measuring viral UV sensitivity show that

mutation of the DNA gyrase increases UV sensitivity [205], while mutation of

the second-largest subunit of the RNA polymerase (rpo132) or G2 decreases UV

sensitivity (Nissin Moussatche, personal communication).

5.3 G2 and J3

Unlike A18, the mechanisms of action of G2 and J3 are completely obscure.

There have been no homologs of G2 identified outside of the poxvirus family, and

J3 homology with non-poxviral proteins is limited to the (nucleoside-2’-O-)-methyltransferase

domain. Thus, there are few clues about the mechanism by which these proteins

effect transcription elongation. The genetics-based approach described both

here and elsewhere has provided new G2 mutants whose characterization is

informative with respect to the importance of various domains within the G2

protein. The complete collection of G2 mutants reveals that mutations that

confer IBT resistance to the virus can be constructed in positions along virtually

the entire length of the G2 protein (Figure 5-1). We presume for three reasons

that IBT-resistant G2 or J3 mutants retain partial G2 or J3 activity, unlike

IBT-dependent G2 or J3 mutants. 1. Since their transcript length is influenced

by IBT in vivo, their IBT-resistance is probably not attributable a deficiency

in IBT binding. 2. Because they grow in the presence of IBT, they must make

transcripts that are shorter than transcripts produced by wild-type virus in the

presence of IBT, since wild-type transcripts are so long as to activate cellular
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antiviral responses. 3. Because they grow in the absence of IBT, they must make

transcripts that are longer than transcripts produced by IBT-dependent mutants

in the absence of IBT, since IBT-dependent mutant transcripts are too short to

encode the large late proteins.

An interesting question is whether G2 and J3 exert their elongation-promoting

effects via the same mechanism. The observation that IBT can substitute for

the activity of either G2 or J3 suggests that they may be functionally identical.

However, they share no obvious amino acid sequence homology. Furthermore, both

are essential genes, meaning that neither can take the place of the other. It is not

known whether IBT could substitute for both G2 and J3 proteins simultaneously,

and this should be addressed by the construction of a G2/J3 double mutant and

testing its ability to grow both in the presence and absence of IBT. If such a

mutant is IBT-dependent (as seems likely to be the case), this would provide strong

evidence that IBT does not function by stimulating the activity of G2 or J3.

5.4 H5

A novel H5 mutant virus is capable of growth in the presence of IBT. This

observation can be explained by one of at least two possible mechanisms. First,

H5 has been previously reported to stimulate late transcription generally in vitro,

though it has not been shown to effect elongation, per se [51]. If H5 also stimulates

late transcription in vivo, an H5 mutant virus might produce reduced levels of

late mRNA that would result in a lower-than-wild-type concentration of dsRNA

in the cell. Even though these mRNAs would be of a length that would result in

an abortive infection in the case of the wild-type virus, their lower concentration

relative to a wild-type infection would likely prevent activation of dsRNA-mediated

antiviral defenses such as the 2-5A and PKR pathways. Second, if the purpose

of the H5/G2 interaction is for H5 to regulate the elongation activity of G2, then

an H5 mutant impaired in this activity would be less capable of stimulating G2
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Figure 5–1: Summary of all mapped G2R mutants. Truncations (blue)
and full length or internal deletions (green) are shown as
rectangles. An arrow above each rectangle indicates the
position of the mutation. Where known, the IBT sensitivity
(S), resistance (R) or dependence (D) of each virus determined
at 31◦ C, 37◦ C, and 40◦ C is listed.
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and could therefore exhibit a phenotype resembling that of an IBT-resistant or

IBT-dependent G2 mutant. The mutations in H5R-1 are only five amino acid

residues apart, and each results in a non-conservative change of a charged to an

uncharged residue. Both of the close proximity of the mutations to one another

and the fact that both result in the loss of charge suggest the possibility that

these mutations may comprise a binding site on the H5 protein for another factor.

Determining whether the H5R mutant protein can interact with wild-type G2 has

the potential to significantly revise the model of intermediate and late transcription

elongation to include a role for H5 beyond its earlier characterization as a weak

stimulator of late transcription [51].

5.5 RNA Polymerase

The largest and second-largest RNA polymerase subunits are conserved among

poxviruses and cellular organisms. We took advantage of this homology by building

computer models that predict the structure of rpo147 and rpo132. Together with

the mapping of DL1-3, DL3-2, and DL10-7.1 to rpo147 and the mapping of IBTr90,

A24R-R1, and A24R-R2 to rpo132, a legitimate structural perspective of the

vaccinia virus RNA polymerase has begun to emerge. Thus far, the experimental

transcription elongation data gathered both in vivo and in vitro and the homology

modeling corroborate one another. Because DL1-3, DL3-2, and DL10-7.1 each

respond to IBT in vivo, their mutations probably do not interfere with IBT binding

and thus suggest a defect in transcription. Such a defect was observed in an in

vitro elongation assay with DL1-3, DL3-2, and IBTr90 (the other mutants have

not yet been assayed). The experimental data thus confirms the utility of homolgy

modeling and suggests that insights gained from the model may be accurate and

biologically relevant. Interestingly, the observation that two rpo132 mutants, DL1-3

and DL10-7.1, share the same mutation (A535V) argues that this position is a

critical one for regulating transcription elongation. Likewise, the same argument
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can be made for two rpo147 mutants, IBTr90 and A24R-R1. These mutants also

share a mutation (Y462H). Thus, IBT has proven itself again as a valuable tool for

the isolation of mutants with transcription elongation defects.

5.6 Model of Intermediate and Late Transcription

Given the above observations, a number of models can be constructed to

explain both the regulation of intermediate and late transcription and the

mechanism of action of IBT. One such model is presented here (Figure 5-2).

According to this model, A18 functions in vivo as a transcription termination

factor. Since there is apparently no sequence specificity for intermediate or late

termination, another mechanism must be invoked to explain 3’ end formation.

Because of the ability of A18 to act as a dsDNA-dependent helicase and possibly

a translocase as well, such a mechanism might include binding of A18 to dsDNA

directly upstream of the RNA polymerase and transclocating in a downstream

direction. While in the process of translocating, if A18 encounters a paused

polymerase, it would induce in the polymerase a conformational change in an

ATP-hydrolysis-dependent step that would cause termination, similar to the E. coli

Mfd protein. Frequent pausing of the polymerase would increase the probability of

A18 colliding with it, and thus termination would occur most frequently at sites

that promote pausing.

Since IBT results in the formation of longer-than-normal transcripts, it likely

inhibits transcription termination. There are several possible ways in which this

could occur, including inhibition of A18/RNA polymerase interaction or inhibition

of the putative A18-associated host factor. Perhaps the most likely target is the

RNA polymerase itself, as binding of IBT to the polymerase could inhibit the

conformational changes required for a polymerase to enter the backtracked state.

Lending support to this idea, a G2/A18 double mutant [120] and a J3/A18 double

mutant [121] are each IBT-sensitive, suggesting that the target for IBT is not
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G2, J3, or A18. Regardless, a definitive answer to the question of the molecular

target of IBT awaits the discovery and characterization of an IBT-resistant mutant

whose transcription is not influenced by IBT. Alternatively, because several

thiosemicarbazones have been shown to bind DNA in the presence of cations such

as copper, perhaps IBT competes with A18 for binding of the DNA upstream of

the polymerase and thus prevents its terminator function.

5.7 Conclusions

The interplay between A18, G2, J3 and the RNA polymerase is not entirely

understood. However, there is genetic evidence suggesting that these proteins

do not act to directly modulate the activity of one another. Rather, they likely

regulate the RNA polymerase directly. This argument is supported by the fact that

A18/G2 and A18/J3 double mutants have a phenotype that differs from a single

mutant in any of these genes. Were one gene product to act upstream of another

in a pathway, then mutation of the gene encoding the downstream product should

produce the same phenotype as mutation of both genes.

Our study expands the list of factors implicated in the control of transcription

elongation to include the largest subunit of the RNA polymerase, rpo147, and the

H5 protein. Determination of the precise role for these factors and those previously

implicated in regulating transcription elongation requires a broad collection of

mutants and the development of sensitive biochemical assays to which the mutants

should be subjected. Significant progress continues to be made by several members

of the lab on both of these objectives.
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Figure 5–2: Model for vaccinia virus intermediate and late transcription
elongation and termination. The nucleic acid strands are
distinguished by color, with the DNA template strand in
purple and the non-template strand in blue. Red indicates
RNA. The portion of the RNA within the RNA polymerase
is shown with a dashed border. Because elongation and
termination of intermediate and late genes may be more
intricately linked than for early genes, the J3, G2, and H5
proteins are shown here. A. The A18 protein, possibly in
conjunction with a host factor, terminates transcription
without using a cis-acting sequence. B. Binding of IBT
(complexed with a metal ion) to the duplex DNA competes
with A18 and thus inhibits termination. C. Alternatively,
binding of IBT to the RNA polymerase may inhibit the
A18/RNA polymerase interaction.
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