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ABSTRACT

N4 vRNAP is a virion-encapsidated RNA polymerase (vRNAP) from the N4
bacteriophage that is injected into host E.coli K12 cells to transcribe N4 early genes. Its
central domain (mini-vRNAP) contains all RNAP functions of the full-length vRNAP,
which recognizes a five- to seven-base pair stem and three-nucleotide loop hairpin DNA
promoter. I have determined X-ray crystal structures of promoter bound and
transcription initiation complexes of N4 mini-vRNAP at 2.0 and 1.8 Å, respectively.
Structural motifs in N4 mini-vRNAP participating in promoter recognition are similar to
those found in the T7 RNA polymerase, although T7 recognizes a double-stranded DNA
promoter. The binary complex structure revealed that the plug and motif B loop, which
block the access of template DNA to the active site in the apo-form mini-vRNAP,
undergo a large-scale conformational change upon promoter binding, explaining the
restricted promoter specificity that is critical for N4 phage early transcription.
While much is known about RNA polymerization with a pre-existing primer
(called transcription elongation), the structural study presented in this thesis elucidates
how the RNA polymerase synthesizes RNA without a primer (de novo transcription
initiation). Here I report the first transcription initiation complex for a DNA-dependent
RNA polymerase - N4 mini-vRNAP- that has both initiating nucleotides as well as both
catalytic metals in the active site. This structure provides for a detailed analysis of the
conformations and interactions of both the substrates and protein side chains. I report
pre-catalytic de novo transcription initiation complexes, with and without catalytic metal
A, that reveal that the gamma phosphate group of the +1 nucleotide is involved in metal
binding and positions proximal to its own 3’-OH group, suggesting a possible role in
catalysis. X-ray crystallographic analysis of a K437A N4 mini-vRNAP mutant
transcription initiation complex revealed that K437 plays a role in +1 triphosphate
stabilization. Lastly, I have solved the structure of a pre-translocated 2-mer product and
pyrophosphate transcription initiation complex that completes a structural description of
the beginning and end events of the first phosphodiester bond formation.
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Chapter 1
Introduction

1.1 Overview
In this thesis I present X-ray crystal structures that were inspired by the results of
a long series of elegant molecular biology experiments that can now be put into a
structural context. Papers beginning in 1974 were published regarding a unique RNA
polymerase (RNAP), the N4 virion encapsidated RNA polymerase (N4 vRNAP), that
was surmised to live within an N4 bacteriophage capsid and was able to transcribe DNA
once it was injected into its Escherichia coli host without the help of either the host RNA
polymerase or the host’s translational machinery (Rothman-Denes and Schito, 1974).
Later it was found that the polymerase has unique promoter requirements (Falco et al.,
1977). It needs a single-stranded DNA that makes a very specific hairpin structure for
proper binding before transcription is able to occur (Haynes and Rothman-Denes, 1985).
And finally, when the polymerase was characterized, it was found to only need a core
region - called N4 mini-vRNAP - to maintain the transcriptional properties of the full
length protein (Kazmierczak et al., 2002). All that was now needed was to put all of this
information into context by actually “seeing” what this looked like using X-ray
crystallography.
X-ray crystallography has become a fundamental tool in understanding
transcription. The last 5-10 years have produced a multitude of new and different X-ray
crystal structures of RNAPs as well as DNAPs including: multi-subunit DNA-dependent
RNAPs from bacteria (Murakami et al., 2002; Zhang et al., 1999), eukaryotes (Bushnell
and Kornberg, 2003; Cramer et al., 2001) and archaea (Hirata et al., 2008); the singlesubunit DNA-dependent RNAP from the bacteriophages T7 (Cheetham et al., 1999;
Jeruzalmi and Steitz, 1998) and N4 (Murakami et al., 2008); RNA-dependent RNAPs
(Butcher et al., 2001), including those from deadly human viruses (Lesburg et al., 1999;

Hansen et al., 1997); and the closely related DNAPs (Doublie et al., 1998; Kiefer et al.,
1998). The 3D views of these macromolecules have told us about one of the fundamental
aspects of life: that is how the genetic code is read and processed to make the physical
components that define an organism. We are beginning to see what is conserved in the
transcriptional and more broadly the polymerizing machinery, even sometimes in the lack
of sequence similarity. But most importantly we are able to see what is different in the
3D structures and compare this to what is different about the polymerase in question –
whether it is biochemical or physiological differences. Only with new structures of new
polymerases that do different things will we truly be able to understand the structurefunction relationships of even the most well studied of polymerases.
Since the polymerase presented in this thesis, N4 vRNAP, is unique in the way
that it performs transcription, I will first describe its role in the context of the N4
bacteriophage that harbors it and its role in the infection of host E. coli K12 cells. Next
the polymerase’s characteristics will be discussed and the present state of knowledge
preceding this thesis work will be elaborated upon. I used a truncated, yet fully
transcriptionally functional part of the full length gene of N4 vRNAP for these studies
called N4 mini-vRNAP and its properties will be described. The next section addresses
what is known about the conserved structural and functional regions of related RNAPs
and DNAPs. Lastly, the X-ray crystal structure of the apo form of N4 mini-vRNAP has
been solved (Murakami et al., 2008) and it provided interesting questions that are
answered in Chapter 2 as to how this enzyme recognizes its DNA promoter and becomes
activated for transcription. The two major topics of this thesis describe what I have
discovered about promoter recognition and de novo transcription initiation for N4
vRNAP and will be presented in Chapters 2 and 3, respectively. I will conclude in
Chapter 4 by presenting future directions for this thesis work and I also provide some
related preliminary experimental details.
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1.2 The N4 Bacteriophage
1.2.1 The Phage Particle
The N4 bacteriophage or more formally the Enterobacteria phage N4 (species
name) is a double-stranded DNA (dsDNA) lytic virus of E.coli K12 cells (Molina et al.,
1965) and is sometimes referred to as a coliphage. The N4 phage was originally isolated
from pooled sewage from Genoa, Italy (Molina et al., 1965). The first papers describing
the isolation and initial characterization of the phage were published in 1965 (Molina et
al., 1965; Schito et al., 1965, II and III). Further characterization of the N4 phage
verified that DNA is the only nucleic acid in the capsid (Schito et al., 1966a) and that it is
present in a single copy of double-stranded form DNA (Schito et al. 1966b). Later it was
determined that the length of the DNA genome is about 72 kbp (Zivin et al., 1980;
Ohmori et al., 1988) (GenBank accession number: EF056009). The phage has since then
been assigned to the family Podoviridae (“Podo” is Greek for “foot”) (ICTVdB – b) and
of the order Caudovirales (ICTVdB – a) (“Caud” is Latin for “tail”) due to the
morphology of the N4 bacteriophage capsid (Figure 1.1). The phage has been described
as being 700 Å in diameter with a base plate, short (foot-like) non-contractile tail, and tail
fibers (also called prongs or spikes) (Schito et al., 1966a). The N4 bacteriophage is the
only member of its genus (ICTVdB – c) with close relatives or genera in the Podoviridae
family that include the T7-like, the phi29-like, and the P22-like phages (ICTVdB - b).

Figure 1.1. Electron micrograph of two N4 virions enlarged X 175,000. Figure was taken from the
book, “The Bacteriophages” in the chapter, “Bacteriophage N4” (Kazmierczak and Rothman-Denes, 2004).
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A single N4 infection drastically increases the number of infectious progeny
particles. N4 bacteriophage infected E. coli K12 cells in liquid culture can be harvested
in a lysis-inhibited state where the host replication machinery is shutdown, but the cells
elongate due to the continued infection and synthesis of phage components (Schito, 1967).
Electron micrographs showed that as many as 3000 new “infectious units” (Schito, 1967)
were made per bacterium and packed together inside the cell in a crystalline arrangement
(Figure 1.2).

Figure 1.2. Electron micrographs showing intracellular crystallization of lysis inhibited N4 infected E.
coli K12 cells (240 minutes after infection) from Schito, 1967. Top figure shows the crystalline
arrangement at a magnification of X 44,000 and the bottom figure shows an elongated cell undergoing lysis
at a magnification of X 21,120.

Recent cryo-electron microscopic (cryoEM) structures have revealed greater
detail of the localization of virion proteins in the N4 capsid (Choi et al., 2008). Since
tailed bacteriophages leave their capsid on the outside of the cell during infection and
since the N4 bacteriophage is the only bacteriophage known to use its own virion RNAP
for early gene transcription (described in detail below), it was important to locate the N4

4

vRNAP within the capsid (Choi et al., 2008). As seen in Figure 1.3, the location of N4
vRNAP can be deduced by the difference in density when the phage was made with or
without gp50 (N4 vRNAP) (Choi et al., 2008). The authors also determined that 4 copies
of N4 vRNAP were present per infectious particle by providing 35S L-methionine in the
media during N4 infection of E. coli. This procedure substitutes the labeled methionine
for the natural methionine during synthesis of the virion proteins. Then the purified
progeny virions are run on an SDS PAGE gel and quantified by phosphorimaging. By
comparing the signal for N4 vRNAP to virion proteins with known numbers per virion,
while also taking into account the known number of methionine residues in each, they
were able to deduce the number of N4 vRNAP proteins per virion (Choi et al., 2008).
This experiment allowed for greater sensitivity than previous experiments that suggested
only 1-2 N4 vRNAP per phage particle (Falco et al., 1980). These previous experiments
were based on relative amounts of N4 vRNAP to total virion proteins that were
determined by SDS PAGE of virions followed by densitometer quantification of the
Coomassie blue stained proteins (Falco et al., 1980).

Figure 1.3. CryoEM structure comparing N4 virion cross-sections made with and without N4 vRNAP.
Figure adapted from Choi et al., 2008. The blue circles highlight the present or missing density of N4
vRNAP allowing its location to be identified in the N4 virion.
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1.2.2 Adsorption to E.coli K12 Cells
N4 phage adsorption depends on the outer membrane protein receptor NfrB,
estimated at 3-5 copies per cell, and an inner membrane protein, NfrA (Kiino and
Rothman-Denes, 1989). A search for E. coli K12 mutations that conferred N4 resistance
found four different mutations with gene products referred to as NfrA-D, where the name
“Nfr” stands for “N four resistance” (Kiino and Rothman-Denes, 1989). The nfrA and
nfrB loci overlap on the E. coli K12 genome (Kiino et al., 1993b) and are absent in other
strains like E. coli B, which is naturally resistant to the N4 phage (Kiino and RothmanDenes, 1989). The nfrA and nfrB genes respectively code for the NfrA and NfrB proteins.
If these genes are introduced and expressed in E. coli B then the N4 phage can infect this
strain when it was unable to before (Kiino and Rothman-Denes, 1989). While mutations
in NfrC and D confer resistance to N4, their roles are unclear (Kiino et al., 1993a). NfrC
has been determined as a cytoplasmic protein with indirect effects on N4 infection, and
the nfrD locus has been determined but its role has been uncharacterized in the literature
(Kiino et al., 1993a).

1.3 The N4 Bacteriophage Transcription Program
The transcription program for the N4 bacteriophage is distinct from other
members of the Podoviridae family. There are three classes of genes -Class I, II, and IIIthat are expressed sequentially during the N4 infection cycle (Rothman-Denes et al.,
1972). The first observation of three classes of genes came from a study that monitored
protein production as a function of infection time (Rothman-Denes et al., 1972). The
authors found that the majority of the host RNA transcription and protein synthesis
appeared unaltered after N4 infection and that the host transcription machinery was not
shut off even late in infection (Rothman-Denes et al., 1972). By placing amber mutations
within different regions of the N4 phage genome that would either stop or continue
subsequent phage protein expression, combined with time-course pulse labeling of
proteins during the infection cycle, they were able to determine a three-class program for
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gene expression (Rothman-Denes et al., 1972). The late gene transcription from the host
RNAP was inconsistent from what was known about related phage transcription
programs, such as the T7 coliphage that shuts off the host RNAP early in the infection
process (Chamberlin et al., 1970).
In 1974, a seminal paper explained that the sequential synthesis of the three
classes of genes was due to a proposed transcription program that was comprised of three
different RNAPs (Rothman-Denes and Schito, 1974). Through the use of drugs with
known specificity, the authors were able to identify the transcriptional and translational
dependencies of each step of the phage infection cycle. The drugs and their specificities
included: rifampicin which inhibits host transcription initiation, streptolydigin which
inhibits host transcription elongation, and chloramphenicol which inhibits host protein
translation. By using amber mutations and treating the infected cells at different timepoints with different combinations of the drugs, and monitoring RNA and protein
synthesis, they were able to find that: 1) an RNAP might reside within the virion that is
resistant to drugs that work on the E. coli RNAP and is injected into the host where it
transcribes early genes; 2) a second phage-coded RNAP is responsible for middle gene
transcription; and 3) the host RNAP is needed for late gene transcription.
Prior to N4, the only observed strategy for DNA phage infection was one that
initially involved the host RNAP (Geiduschek and Sklar, 1969). For the T7 coliphage,
the host RNAP initially transcribes a phage coded RNAP, which then causes subsequent
inhibition of the host RNAP through phage gene products transcribed using the phage
RNAP with a specific promoter on the infectious genome (Chamberlin et al., 1970).
When treated with rifampicin prior to infection, T7 is unable to begin the infection cycle
because the E. coli host RNAP is required for the initial transcription of the early phagecoded genes (Chamberlin et al., 1970). Even in cells pre-treated with both rifampicin and
chloramphenicol, N4 still produced early phage-coded transcripts suggesting that no prior
transcription or translation using the host machinery is necessary for early gene synthesis
and that a working RNAP is present in the virion prior to infection. (Rothman-Denes and
Schito, 1974).
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Evidence of the temporal appearance and polarity of all three classes of
transcribed genes were provided by Southern competition assays that entailed N4
genomic DNA (single or double stranded) fragment hybridization to radiolabeled RNA
collected at different time-points after infection (vander Laan et al., 1977; Zivin et al.,
1981). These transcription program studies deduced that within 7 minutes after infection,
class I and class II RNA syntheses had occurred and within 30 minutes progeny phage
were made (vander Laan et al., 1977). Additionally, they revealed that the virion RNAP,
N4 vRNAP, was responsible for transcribing the early or Class I genes immediately after
infection on promoters in the left 10% of the N4 phage genome with at least one located
within a 500 bp terminal redundant end (Figure 1.4).

Figure 1.4. The three classes of the N4 bacteriophage transcription program. Figure is modified from
Zivin et al., 1981. The weight of the arrows illustrate the respective amounts of transcripts made during N4
infection. “tr” represents “terminal repeat”

All of the left to right transcription in Figure 1.4 was completed within 12 minutes after
infection and contained both class I and class II transcripts. The class II or middle gene
transcripts were produced only after the three early gene cistrons were expressed (Zivin
et al., 1981) from at least 2 of the 3 N4 vRNAP promoters (Figure 1.5). The Pe3 (P3)
promoter is responsible for transcribing open reading frames (ORF) 15 and 16, which
were later found to code for a second N4 multi-subunit RNAP called N4 RNAP II
(Zehring and Rothman-Denes, 1983; Willis et al., 2002) that is composed of two different
subunits (P4 and P7), yet shares similarity in conserved motifs to other single-subunit
phage RNAPs (Willis et al., 2002) including N4 vRNAP. The third cistron needed for
class II gene transcripts is ORF2 and is transcribed from the Pe2 (P2) promoter to make
p17 (Figure 1.5). The p17 protein is a single-stranded DNA (ssDNA) binding protein
that activates N4 RNAP II transcription through direct interactions with N4 RNAP II and
by properly presenting the promoter (Abravaya and Rothman-Denes, 1989; Carter et al.,
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2003). From 12-17 minutes after the infection the transcriptional polarity changes and
transcription begins from the rightward edge towards the middle, and at 22 minutes most
of the transcription occurs from a right to left direction which comprises the class III
genes (Zivin et al., 1981). Transcription of this class of genes was sensitive to rifampicin
and thus the host E. coli RNAP was involved in the final stage of the transcription
program (Zivin et al., 1981). It has been determined that a class II gene product, N4SSB,
is responsible for activating the host holoenzyme RNAP containing σ70 to perform
transcription of class III genes (Miller et al., 1997).

Figure 1.5 The three N4 vRNAP promoters (Pe1, Pe2, and Pe3) located in the left portion of the N4
genome, their respective termination signals (t1-7), and the open reading frames (ORF) that code for
the cistrons that comprise N4 RNAP II (p7/p4) and for p17. Modified figure from Willis et al., 2002.

Others phages in the Podoviridae family, including the T7 phage also have as
many as three different classes of genes (McAllister and Wu, 1978), however N4 is the
only one that uses three different RNAPs for transcribing each class (Rothman-Denes and
Schito, 1974). In the N4 phage, N4 vRNAP transcribes Class I genes, N4 RNAP II
transcribes class II genes, and the host RNAP transcribes Class III genes. In the T7
phage however, which does not have a virion RNAP, the host polymerase transcribes
Class I genes (including the gene for T7 RNAP) and then the T7 RNAP transcribes both
Class II and III genes (Chamberlin et al., 1970). N4 is unique in that it harbors its own
virion RNAP that is used for the initiation of the transcription program used for infection.
The X-ray crystal structures of N4 mini-vRNAP complexed with nucleic acid that I
studied in this thesis revealed the molecular and structural implications of using such a
virion encapsidated RNAP. Figure 1.6 summarizes the N4 bacteriophage transcriptional
program events that have been discussed above.
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Figure 1.6. The N4 bacteriophage transcription program. Figure from Lucia Rothman-Denes. The
infecting N4 phage particle (top) harboring N4 vRNAP (blue circle) adsorbs to the outer membrane (OM)
of the host E. coli K12 cell by recognizing the NfrA receptor. N4 vRNAP is subsequently injected into the
cytoplasm through the inner membrane (IM) where with the help of the host EcoSSB protein (and gyrase) it
transcribes the early (Class I) mRNAs (blue portion of the multi-colored line representing the N4 genome)
that code for N4 RNAP II (P7/P4) and SSB (P17). These latter proteins facilitate transcription of the middle
mRNAs (Class II and red) which code for an N4SSB protein that enables the host RNAP to transcribe the
late mRNAs (Class III and green). The Class III genes encode for N4 vRNAP that are packaged in phage
progeny (bottom) to repeat the cycle.

1.4 N4 vRNAP and its Promoters
The N4 virion-encapsidated RNA polymerase (N4 vRNAP) is a 382.5 kDa
uncleaved polyprotein (Kazmierczak et al., 2002) that is essential to N4 bacteriophage
infection (Falco, 1977). In order to obtain transcription activity from the vRNAP, the
virions must be disrupted and the vRNAP must be provided Mg2+, rNTPs, and a very
specific template (Falco et al., 1977). N4 vRNAP specifically uses denatured N4
genomic DNA as a template in vitro to transcribe the early genes (Falco et al., 1978),
with almost no activity on native N4 genomic DNA (i.e. dsDNA), or hardly any other
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DNA for that matter, such as poly(dC) or genomic DNA from other phages – denatured
or not (Falco et al., 1978). N4 vRNAP transcription on denatured single-stranded N4
genomic DNA is asymmetric (Falco et al., 1977), meaning that it only uses one of the
two separated N4 genome single-stranded DNA strands. This is because N4 vRNAP uses
only a single-stranded DNA promoter for the Class I genes that are only on one side of
the genome. For transcription from other phage genomes, such as T7 RNAP off of the
T7 genome or E. coli RNAP off of the T4 genome, transcription from the respective
ssDNA is symmetric (Falco et al., 1977; Chamberlin and Ring, 1973; Brody and
Geiduschek, 1970). This is due to the fact that both T7 and E. coli RNAPs have doublestranded promoters and that transcription on ssDNA for these latter RNAPs is simply
non-specific.
The requirement of a single-stranded N4 genome template for in vitro
transcription led researches to question how this was achieved in vivo with a doublestranded DNA genome. The answer came from an experiment where the drug
coumermycin – an inhibitor of E. coli gyrase – was found to inhibit N4 prophage
production only when it was added prior to infection (Falco et al., 1978). Gyrase is
responsible for negatively supercoiling DNA which sometimes exposes single stranded
regions that were now known to be important for N4 vRNAP transcription (Falco et al.,
1978). Further studies verified that the drug had no effect directly on N4 vRNAP
transcription in vitro and also that the drug had no effect on N4 infection of a cour gyrB
strain of E. coli (Falco et al., 1980). These results suggested that the importance of
gyrase was to expose ssDNA to form hairpin structures that might be used as an N4
vRNAP promoter (Falco et al., 1980).
The positions of the three N4 vRNAP promoters were identified on the N4
genome by first determining which denatured restriction fragments of the genome
produced 5’-radiolabeled in vitro transcription products (Haynes and Rothman-Denes,
1985) followed by sequencing of the 5’-ends. Each in vitro promoter in its single
stranded form can be transcribed at the same location and with the same polarity as in
vivo. After the exact sequence around the start sites were determined, all three promoters
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were found to share an upstream inverted repeat region that had the potential to form a
stem and loop structure when the DNA was single stranded (Haynes and Rothman-Denes,
1985). An initial problem with determining the consensus sequence for the N4 vRNAP
promoters was that there were only three sequences to compare with one another, and so
a strategy that involved testing a myriad of different heterologous DNA templates to
determine the conserved sequence was used, but with little overall success (Markiewicz
et al., 1988). A more productive study where systematic mutations were made in the
three promoters determined that the -18 to +1 sequences were important (+1 has now
been determined as +2) and that their importance may be to form a hairpin secondary
structure required for N4 vRNAP recognition where each promoter has a 3 base loop but
a range from 5 to 7 bps in the stem (Glucksmann et al., 1992). Furthermore it was
observed that the non-conserved sequences between the three promoters had less of an
effect on N4 vRNAP recognition than those that were conserved (Glucksmann et al.,
1992).
Enzymatic and chemical probes that monitor DNA conformation upon
supercoiling in vitro were used in studies aimed at understanding whether the conserved
sequences of the three promoters were necessary for extrusion into a cruciform structure
in vivo or whether the conserved sequences were needed solely for N4 vRNAP
recognition (Dai et al., 1997; Dai et al., 1998). By placing a nonextruding promoter
inside the host it was revealed that the promoter sequence must form a hairpin in vivo to
be active (Dai et al., 1997). It was determined that specific bases in the N4 vRNAP
promoters are required for proper in vitro extrusion of the hairpin from double-stranded
DNA at an in vivo superhelical density (Dai et al., 1998). What was later shown is that
these same sequences are also extremely important for N4 vRNAP recognition with some
overlapping – hairpin extrusion or N4 vRNAP recognition functions (Dai and RothmanDenes, 1998) illustrated in Figure 1.7. The structures that I present in Chapter 2 depict
the importance of these conserved residues in recognition, suggesting with the above
information that the hairpin existed first and that N4 vRNAP evolved to recognize it
rather than visa versa.
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Figure 1.7 Hairpin extrusion and N4 vRNAP recognition sequence requirements. Circles represent
requirements for hairpin extrusion and stars are for N4 vRNAP recognition. X and X’ can be any sequence
as long as they are base paired. Figure is from Dai and Rothman-Denes, 1998. The +1 and -18 are
incorrect and are now known to be +2 and -17, respectively.

1.5 The Role of EcoSSB in N4 vRNAP Transcription
When N4 vRNAP was given a limiting amount of template DNA, it could not
recycle the template but rather made RNA product hybridized to DNA template that
might prevent re-initiation of vRNAP for subsequent rounds of transcription (Falco et al.,
1978 and 1980). Based on in vitro transcription studies, the E. coli single-stranded DNAbinding protein (EcoSSB) has been identified as the host factor that is responsible for
separating the RNA:DNA duplex after transcription to allow for recycling of the template
(Davydova and Rothman-Denes, 2003). This is specific for EcoSSB since other singlestranded DNA binding proteins do not have this effect (Davydova and Rothman-Denes,
2003). While no direct interaction between EcoSSB and N4 vRNAP proteins has been
observed, the C-terminal amino acids of EcoSSB were found play a role in nascent RNA
strand separation from the DNA template (Davydova and Rothman-Denes, 2003). The
first in vivo evidence for the involvement of EcoSSB came from a study that used an ssb1 temperature sensitive mutant that conferred N4 resistance (Markiewicz et al., 1992). A
combination of EcoSSB and supercoiling of the dsDNA was shown to be needed to allow
for N4 vRNAP transcription initiation off of a dsDNA containing its promoter in vitro
(Markiewicz et al., 1992) suggesting both a role for presentation of the promoter to N4
vRNAP and a role for proper RNA:DNA strand separation after transcription. While
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EcoSSB proteins were previously thought to destabilize DNA hairpins, DNA-footprinting
experiments showed that EcoSSB stabilized the promoter hairpin which then allowed for
N4 vRNAP to bind to it (Glucksmann-Kuis et al., 1996). Figure 1.8 illustrates a model
for the involvement of EcoSSB in N4 vRNAP hairpin promoter stabilization, as well as
summarizing the findings discussed above about N4 vRNAP promoter extrusion and
recognition in vivo. In a minimal system that is aimed at understanding N4 vRNAP
promoter recognition and initial RNA synthesis (de novo transcription initiation) with
only N4 vRNAP and single-stranded DNA promoters, EcoSSB – based on prior studies –
isn’t needed because the DNA hairpin is already presented, EcoSSB isn’t known to make
direct interactions with N4 vRNAP, and there is of yet no RNA transcript that would
reach the exterior of the protein.

Figure 1.8. Model of N4 vRNAP promoter extrusion and recognition in vivo. Figure from Glucksmann
et al., 1992. “P” represents the N4 vRNAP hairpin promoter. Host DNA gyrase negatively supercoils the
N4 genome (A), which presents a cruciform structure that includes the N4 vRNAP promoter and
complement hairpins with a surrounding single-stranded DNA region. The single-stranded DNA region is
bound by EcoSSB, which stabilizes the N4 vRNAP promoter hairpin (B). N4 vRNAP then recognizes the
specific sequence of the promoter and binds to it (C) and begins transcription initiation (here with G at +1
and A at +2, however all three promoters are now known to initiate with G at both +1 and +2 positions) (D)
and displaces the RNA product (due to EcoSSB) as it continues into transcription elongation (E).
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1.6 N4 mini-vRNAP
Since N4 vRNAP (calculated 382.5 kDa) is three times larger than the ~100 kDa
RNAPs in the T7-like family, a limited proteolysis study was performed on the N4
vRNAP protein to determine the minimal portion of the protein that could perform
transcription (Kazmierczak et al., 2002). The technique involved using a cross-linkable
initiating nucleotide followed by incorporation of the next templated nucleotide that is
radiolabeled – called catalytic autolabeling – to determine the smallest protein region able
to perform transcription (Kazmierczak et al., 2002). The smallest region found that could
maintain transcription was ~122 kDa and corresponded to residues 998-2103 of the 3500
amino acid full length protein and it was named N4 mini-vRNAP (Kazmierczak et al.,
2002). All of my work presented in this thesis was done with N4 mini-vRNAP. The
benefits to using N4 mini-vRNAP versus the full length protein are the following: 1) N4
mini-vRNAP has ~ 100x greater recombinant protein expression than the full length
allowing large amounts of protein to be obtained; 2) N4 mini-vRNAP has the same
transcription preference for substrate (e.g. it prefers rNTPs vs dNTPs); 3) both proteins
elongate and terminate transcription in the same way; 4) and lastly, EcoSSB recycles the
template in the same way for both proteins (Kazmierczak et al., 2002). N4 mini-vRNAP
thus maintains all of the transcriptional properties of N4 vRNAP. The N- and C-terminal
domains on either side of N4 mini-vRNAP in the full length N4 vRNAP protein have
specific reported functions (Kazmierczak et al., 2002; Choi et al., 2008). The function of
the N-terminal region is required for injection of N4 vRNAP into the host from the virion,
while the C-terminal domain is needed for encapsidation of the vRNAP into progeny
phage (Kazmierczak et al., 2002; Choi et al., 2008).
N4 mini-vRNAP shares sequence similarity to other members of the T7-like
RNAP family only in very specific conserved motifs, which has classified it as the most
distant relative of the T7-like single-subunit RNAP family (Kazmierczak et al., 2002).
The four regions that initially allowed N4 mini-vRNAP to be a member of the family are:
1) D/Tx2GR motif; 2) motif B; 3) motif A; and 4) motif C (Figure 1.9). Motifs D/Tx2GR
and B are related to T7-like RNAPs and the DNA polymerase I (Pol I) family (Sousa,
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1996; Joyce and Steitz, 1994; Kazmierczak et al., 2002). While all RNAPs in these
families have a perfectly conserved T in the Tx2GR motif, N4 mini-vRNAP has a D,
which is found in the Pol I family (Kazmierczak et al., 2002). This residue is the only
reason, when phylogenetic trees were generated based on conserved motifs, that N4 minivRNAP was placed in-between the RNAP and DNAP clusters (Kazmierczak et al., 2002).
However, if this single residue is removed, N4 mini-vRNAP clusters with related singlesubunit RNAPs (Kazmierczak et al., 2002). Mutational analysis found that the Dx2GR
motif, which is thought to be important for stabilizing the DNA:RNA product or primer
strand in RNAPs or DNAPs respectively, and motif B, which carries conserved residues
for recognizing the incoming nucleotide substrate, were important for transcription
initiation suggesting there conserved function (Kazmierczak et al., 2002).
Motifs A and C are known to come together to form a 3-dimensional structure to
provide two aspartate residues important for coordinating two divalent metal ions. These
metals are important for the two-metal catalysis mechanism (Chapter 3) that has been the
current theory of how phosphodiester transfer reactions occur in most if not all DNA and
RNA polymerases (Kazmierczak et al., 2002; Joyce and Steitz, 1994). Iron cleavage
experiments in N4 mini-vRNAP, where iron has been shown to be able to occupy Mg2+
binding sites and induce protein cleavage that allows the metal binding site to be located,
showed that N4 mini-vRNAP indeed has these conserved motifs (Kazmierczak et al.,
2002).
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Figure 1.9. Organization of T7-like RNAPs. Figure is from Lucia Rothman-Denes. Four conserved
motifs of the T7-like single-subunit RNAP family are depicted by similarly colored rectangles on lines
representing the primary sequence and are connected by dotted lines for the four following related RNAPs
(top to bottom): the T7 bacteriophage encoded T7 RNAP, RPO41 – the mitochondrial RNAP from yeast,
the heterodimeric N4 RNAP II, and N4 vRNAP. Factors necessary for in vivo transcription are highlighted
in grey. The three different regions of N4 vRNAP are labeled at the bottom.

1.7 Single-subunit T7-like RNAPs and the Pol I DNAP family
The first determined X-ray crystal structure of a template-dependent nucleotide
polymerase was the Klenow fragment (KF), which is E. coli DNA polymerase I without
the 5’-3’ exonuclease domain, and it was defined as having an overall “hand-like” shape
with Thumb, Fingers, and Palm subdomains (Ollis et al., 1985). The α helices were
named alphabetically and this nomenclature has remained for similar structures to
describe conserved secondary structure, despite whether the same α helix being compared
is the alphabetical equivalent, for example the “O-helix” described below. In 1993, the
first X-ray crystal structure of T7 RNAP was reported at 3.3 Å resolution, which allowed
for the first comparison between structures of a DNAP and an RNAP (Sousa et al., 1993).
The study revealed that the polymerase domain in T7 RNAP is very similar to the domain
in KF (Sousa et al., 1993), despite two inserted regions in T7 RNAP referred to as the
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extended foot and palm insertion (Sousa et al., 1993; Jeruzalmi and Steitz, 1998). In
regions of the two proteins responsible for intrinsically different functions (e.g. promoter
recognition for T7 RNAP), the structures were however different and reflected the idea of
“modular” attachments that could be used to perform different functions while
maintaining a polymerase domain responsible for common nucleotide transferase
activities.
Most single-subunit RNAPs share similar architecture in the polymerase domain,
however what differentiates them is the N-terminal domain. Sequence alignments of
related single-subunit RNAPs, including mitochondrial RNAPs and those of
bacteriophages, have shown that C-terminal domains align together while the N-terminal
domain shows drastic difference in length (Cermakian et al., 1997). In this way each
polymerase maintains the same general polymerizing properties, while being able to do
things such as recognizing different types of promoters or interacting with other proteins.
In Chapter 2, I will compare the structures of N4 vRNAP and T7 RNAP bound to their
respective DNA promoters which further explain how the N-terminal domain has evolved
to fulfill species specific functions.
Single-subunit RNAPs contain a functionally conserved motif that corresponds to
motif A and C in the Pol I DNAP family, although neither the sequence similarity nor
surrounding structure have to be the same (Steitz et al., 1994). What is the same is the
presence of 2-3 negatively charged carboxylate residues that can be either aspartate or
glutamate (Cramer, 2002; Iyer et al., 2003). A common theme for this motif is that these
metal chelating residues come from two separated regions of the polymerase (Cramer,
2002). The functional conservation is related to the common chemistry, the two-metal
catalysis mechanism described in Chapter 3, that all nucleotidyl transfer enzymes are
presumed to require. Therefore, any findings about the workings of such a mechanism in
these enzymes, such as my results presented in this thesis, have broad implications.
Motif B was first structurally characterized in the KF DNAP (Ollis et al., 1985;
Beese et al., 1993) as being located on what was identified as the “O-helix.” The term
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“O-helix” has thus been used to identify similar α helices in other single-subunit DNAPs
and RNAPs that contain the well conserved motif B sequence of Rx3Kx7YG that
recognizes incoming dNTP or rNTP substrates respectively through the NTP phosphates.
Members of the “single-subunit polymerases” maintain the presence of motifs A,
B, and C (Cramer, 2002). However what sets apart the DNA Pol I family that includes,
T7 RNAP, KF, and N4 vRNAP, from this broader group is the presence of a conserved
D/Tx2GR sequence that is only found in single-subunit DNA template-dependent
nucleotide transferases (Sousa, 1996).

1.8 The N4 mini-vRNAP apo structure
The recent X-ray crystal structure of the N4 mini-vRNAP apo protein (Figure
1.10) has shown that despite the low sequence similarity with T7 RNAP, the overall
structures of N4 mini-vRNAP and T7 RNAP can be superimposed, which revealed very
common subdomain and motif architectures between the two RNAPs (Murakami et al.,
2008). In the remainder of this subsection (1.8), I will describe the important findings
from the structure (Murakami et al., 2008). Apo N4 mini-vRNAP was found to be in a
“fisted right hand” configuration with similar Finger, Palm, and Thumb subdomains to
the DNA Pol I family. This polymerase domain is connected to an N-terminal domain
similar to that of T7 RNAP. Also like T7, N4 has a palm extension and extended foot.
The Palm cores that contain the catalytically essential aspartate residues are superimposable between T7 and N4 despite having only 28 and 12.8% sequence similarity and
identity, respectively, in this region. Other regions like the specificity loop that
recognizes the major groove of the DNA promoter in T7 RNAP, and the β-intercalating
hairpin that separates the upstream DNA to allow the template into the active site, are
preserved in N4.
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Figure 1.10. Comparison between the N4 mini-vRNAP apo and the T7 promoter complex structures.
Figures are from Murakami et al., 2008. A) N4 mini-vRNAP apo structure shown with cylindrical helices
and arrow sheets with a surface representation of the plug module and motif B that occlude the DNA
binding channel and active site. B) Color coded primary sequence protein regions for N4 mini-vRNAP. C)
The T7 RNAP promoter complex structure color coded as N4 and in a similar orientation. D) Color coded
primary sequence protein regions for T7 RNAP
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Several differences were found in the apo N4 mini-vRNAP structure when
compared to the structures of T7 RNAP (Murakami et al., 2008). The first is called the
“plug module” and it is a 33 amino acid insertion in the N-terminal domain that occupies
the template binding cleft needed for promoter/template DNA binding. It makes
interactions with all four functionally important regions of the enzyme, including the
T/Dx2GR motif, Palm core, motif B, and the β-intercalating hairpin - revealing an
inactive form of N4 vRNAP where the DNA binding channel and active site are
obstructed by protein regions (Figure 1.11). The second difference is that while the Ohelix is present, part of motif B that harbors the conserved Rx3Kx7YG sequence, the Nterminus of motif B, forms a loop rather than the canonical α helix and is turned to the
interior of the protein where it makes interactions with the Palm core and plug module,
thus comprising a second protein region that is occupying the active site of the protein.
Thirdly, N4 mini-vRNAP lacks a homologous subdomain H of T7 RNAP that is used for
RNA displacement, hinting at the necessity for EcoSSB for nascent RNA separation
mentioned above. Lastly, N4 mini-vRNAP has an α helix, #35, that is twice as long
(inserted residues 827-868) as a similar α helix found in T7 RNAP. It reaches as far as
the N-terminus, and in Chapter 2, I will explain its involvement in promoter recognition.

Figure 1.11. The Plug module and motif B loop inactivate N4 vRNAP by obstructing the active site.
Figures from Murakami et al., 2008. (A) Close-up electrostatic surface representation of the plug module
(blue is +, red is -, and white is neutral) in the same orientation and with the same colors as in Figure 1.10A. (B) Conserved NTP recognizing residues, R666 and K670, of motif B form a loop rather than the
canonical α helix and are positioned between the plug and between the Palm, which contains the
catalytically essential D559 (motif A) and D951 (motif C) residues for metal chelation and R424 (T/Dx2GR
motif) important for substrate binding.
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1.9 Thesis Format
In Chapter 2, I will describe 5 different structures of N4 mini-vRNAP bound to its
promoter that I solved at a resolution as high as 2.0 Å. I designed promoters with
differences in sequence that allow the differences between each of the three genomic
promoters to be addressed. Most of the chapter includes portions from a paper that has
been submitted – with additional sections that were not published added in. In this paper,
I did all of the crystallography and structural analysis work, while the cross-linking and
biochemical studies were done by my collaborators Elena Davydova and Lucia RothmanDenes at the University of Chicago. This paper puts into context the previous knowledge
about the biochemical difference in recognition between the different promoters and
identifies all of the key interactions important for the unique DNA-hairpin promoter
recognition. Additionally it reveals the conformational change between the apo and
promoter bound binary complex forms that allow the polymerase to become active for
transcription. This is discussed in relation to the physiological needs of the virion
encapsidated polymerase.
Chapter 3 describes de novo transcription initiation for N4 mini-vRNAP. I report
7 different structures and 9 different datasets of nucleotide, nucleotide analogue, and
catalytic metal combinations of soaks of the previously crystallized binary complex, but
now including a new binary complex with a new promoter, to a resolution as high as 1.8
Å. I have solved structures of two different pre-catalytic states – one with metal A and
one without – as well as a product complex that includes pyrophosphate that provides a
beginning to end description of the first phosphodiester bond formation. This study
provides the only structure depicting de novo transcription initiation that includes all of
the atoms involved for catalysis for a DNA-dependent RNA polymerase. A very
interesting finding regarding catalytic metal coordination by the γ phosphate of the +1
nucleotide substrate is described.
Lastly, in Chapter 4, I will address future directions regarding both promoter
binding and de novo transcription initiation studies for N4 vRNAP. Preliminary
experiments for these future directions are described.
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Chapter 2
Structural basis for DNA-hairpin promoter recognition by the
bacteriophage N4 virion RNA polymerase
2.1 Abstract
Coliphage N4 virion-encapsidated RNA polymerase (vRNAP) is a member of the
phage T7-like single-subunit RNAP family. Its central domain (mini-vRNAP) contains
all RNAP functions of the full-length vRNAP, which recognizes a five- to seven-base
pair stem and three-nucleotide loop hairpin DNA promoter. Here I report the X-ray
crystal structures of mini-vRNAP bound to promoters. Mini-vRNAP uses four structural
motifs to recognize DNA sequences at the hairpin loop and stem, and to unwind DNA.
Despite their low sequence similarity, three out of four motifs are shared with T7 RNAP
that recognizes a double-stranded DNA promoter. The binary complex structure reveals
that the plug and motif B loop, which block the access of template DNA to the active site
in the apo-form mini-vRNAP, undergo a large-scale conformational change upon
promoter binding, explaining the restricted promoter specificity that is critical for N4
phage early transcription.

2.2 Introduction
DNA-dependent RNA polymerases (RNAPs) accurately recognize specific
promoter DNA sequences and correctly position the transcription start site at the enzyme
active site, while subtle difference in promoter sequences modulate the level of
transcription. Therefore, knowledge of how RNAPs recognize specific DNA sequences
and position the transcription start site at the active site is essential for understanding
gene regulation.
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The coliphage N4 virion-encapsidated DNA-dependent RNAP (vRNAP), which
is present in ~4 copies per virion (Choi et al., 2008), is a member of the single-subunit
T7-like RNAP family (Kazmierczak et al., 2002). However, unlike other members, N4
vRNAP binds only to single-stranded DNA containing a 5-7-base pair (bp) stem and 3nucleotide (nt) loop hairpin (Haynes and Rothman-Denes, 1985; Glucksmann et al.,
1992). Upon injection of vRNAP and the N4 double-stranded DNA genome into the
Escherichia coli host cell, the injected DNA is negatively supercoiled by E. coli DNA
gyrase, which leads to extrusion of a cruciform structure that contains the vRNAP
recognition sequence (Glucksmann et al., 1992; Falco et al., 1978; Dai et al., 1997; Dai
and Rothman-Denes, 1998). E. coli single-stranded DNA binding protein (EcoSSB) then
presents the hairpin-form promoter to vRNAP for binding and transcription of the early
genes of the N4 genome (Dai and Rothman-Denes, 1998; Falco et al., 1977; Markiewicz
et al., 1992). In addition, EcoSSB participates in transcription elongation; it separates the
DNA:RNA hybrid from the vRNAP elongation complex to enable multiple rounds of
transcription (Davydova et al., 2003).
N4 vRNAP comprises three independently-folded domains; the middle domain
(mini-vRNAP: 1,100 amino acids) possesses all RNAP functions (Kazmierczak et al.,
2002). The apo-form mini-vRNAP structure was determined by X-ray crystallography at
2.0Å resolution: the structure resembles a “fisted” right hand polymerase domain with
Thumb, Fingers, and Palm sub-domains as well as an N-terminal domain, which is
specific to the T7-like single-unit RNAPs (Murakami et al., 2008; Jeruzalmi and Steitz,
1998). Furthermore, it has been proposed that two structural motifs – the plug module
and motif B loop – positioned near the active site to inactivate the enzyme. During
promoter DNA binding, the plug module must change its position to open the template
DNA binding cleft, and the motif B loop has to refold as a part of the O-helix to form the
nucleotide binding motif (Murakami et al., 2008).
N4 vRNAP recognizes three different promoters (P1, P2, and P3, Figure 2.1a) on
the N4 genome; these promoters are used to pull part of the N4 genome into the host cell
(A. Demidenko and Rothman-Denes, unpublished data) and to direct the transcription of
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the phage early genes (Haynes and Rothman-Denes, 1985). The three vRNAP DNAhairpin promoters have subtle sequence differences (Figure 2.1a) that affect vRNAP
binding (Glucksmann et al., 1992; Falco et al., 1978, Dai et al., 1997, Dai and RothmanDenes, 1998). The P1 and P2 promoters differ in their affinity for vRNAP with
dissociation constants of 40 nM and 2 nM (Davydova et al., 2007), respectively.
Interestingly, these binary complexes have different salt sensitivity: the P2-vRNAP
complex is much more salt resistant than the P1-vRNAP complex (Davydova et al.,
2007). The two promoters differ in the central position (-11) of the hairpin-loop with
guanine at P2 and adenine at P1; the third and fourth base pairs below the loop are not
conserved and do not confer binding specificity (Dai and Rothman-Denes, 1998).
Moreover, each promoter –P1, P2, and P3 – differs in stem length with 5 (P1) or 7 (P2
and P3) bps.
Results of DNA cross-linking studies together with site-specific mutagenesis of
the promoter identified positions -11G (center of the hairpin loop) and -8G (at the
hairpin-stem) as the two major determinants of the vRNAP-promoter interaction; the 6keto and N7 groups of both guanines determine the high-affinity and salt-resistance of the
vRNAP-promoter complex (Murakami et al., 2008; Davydova et al., 2007). Based on
these results and the apo-form mini-vRNAP crystal structure, a “docked” model of the
vRNAP binary complex was constructed (Murakami et al., 2008).
Here I report the X-ray crystal structures of mini-vRNAP bound to three different
promoters, which explain: 1) how N4 vRNAP structurally accommodates three different
types of hairpin-form DNA promoters; 2) how subtle differences in promoter sequence
determine the affinity and salt-stability of the binary complex; and 3) how N4 vRNAP
changes its conformation from the transcription inactive apo-form (Murakami et al., 2008)
to a transcription-competent binary complex. These findings underscore the fundamental
need of the few copies of vRNAP injected from the virion to discriminate between host
DNA and one copy of the N4 genome inside the host cell. In addition, the results
presented provide insights into the mechanism of transcription initiation (de novo
synthesis) of vRNAP, which is likely to be universal in the single-subunit RNAP family.
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2.3 Results
2.3.1 Overall Structure
I have determined the structures of five different binary complexes (N4 minivRNAP and promoter DNA) by X-ray crystallography at as high as 2-Å resolution
(Table 2.1). The structures were solved by molecular replacement using initially the apo
(Murakami et al., 2008), and subsequently the binary, N4 mini-vRNAP crystal structures
as search models. Binary complex crystal structures were solved with each of the DNA
constructs represented in Figure 2.1b. The single-strand DNA oligonucleotides used for
crystallization contain a promoter hairpin at their 3’-end (the 3-nt loop and 5-7-bp stem),
5-7 bases of single-stranded template DNA to position +3 and another DNA hairpin at the
5’-end to mimic downstream duplex DNA (Figure 2.1b). The sequence and/or hairpin
length of each DNA represent the key differences in the three N4 genome vRNAP
promoters (P1, P2, and P3, Figure 2.1a).
All five structures crystallized in the P212121 space group with two binary
complexes per asymmetric unit (Figure 2.2); they have almost identical structures (0.438
Å root mean square deviation) with some minor deviations in the position of the Fingers
at residues 657-661 (motif B), 689-729 (C-terminus of helix Y), and 756-764 (surface
exposed region). When present, as many as 967 water molecules and 2 monophosphates
(one monophosphate for each binary complex) were placed into the electron density map
(Figure 2.3). I did not find extra electron density corresponding to the divalent catalytic
metals (Mg2+ or Mn2+) at the enzyme active site, even when crystals were soaked in 10
mM MgCl2 or MnCl2, suggesting that the catalytic metals are only bound to the enzyme
in the presence of the incoming nucleotide at the active site. This finding is consistent
with the structural study of T7 RNAP (Yin and Steitz, 2004).
The overall structure of the min-vRNAP binary complex resembles a “right hand”
as observed in the apo-form structure; however the apo structure “fist” is now relaxed to
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a “grasping hand” in the binary complex (Figure 2.1c) to accommodate the promoter
DNA with important conformational changes described below.
Table 2.1. Data collection and refinement statistics of the N4 mini-vRNAP binary complexes
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Figure 2.1. Promoter DNA sequences and overall structure of the binary complex
a) Sequences and secondary structures of the three vRNAP promoters (P1, P2 and P3) in the N4 genome.
Key base differences among the three promoters are colored in red. The transcription start site (+1) is
colored in green. b) Promoter DNA constructs used for crystallization. The downstream region highlighted
by the grey box is disordered in the binary complex structures. Bases highlighted in red are key differences
compared with promoter P2 that functions for promoter recognition by vRNAP and are investigated by this
structural study. The transcription start site (+1) is colored in green. c) Overall structure of the N4 minivRNAP bound to the P2 promoter (top). The promoter DNA hairpin is depicted by a pink ribbon. The thick
bar (bottom) represents the N4 mini- vRNAP primary sequence with amino acid numbering. Domains, subdomains and structural motifs are labeled and color-coded as in the top panel; the color scheme is
maintained throughout this chapter.
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Figure 2.2. The two binary complexes in the asymmetric unit. The two binary complex structures
(molecules 1 and 2) are represented with the same color scheme as in Figure 2.1c. The thick bar (bottom)
represents the N4 mini-vRNAP primary sequence with amino acid numbering. Domains, sub-domains and
structural motifs are labeled and color-coded as in the top panel.

The resolved regions of DNA include the hairpin promoter and transcription start
sites (Figures 2.1b and 2.1c). All five structures show strong and clear electron density
for the promoter hairpin DNA (-17 to -5), moderate but interpretable electron density for
the single-stranded template DNA (-4 to +3), and no definable electron density for DNA
downstream of +3 or +4 (Figure 2.4). An N4 mini-vRNAP promoter complex structure
with a higher G:C content in the downstream hairpin still did not resolve any additional
downstream DNA density (see Appendix A). The promoter DNA hairpin comprises a 5-
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bp stem and 3-nt loop (Figure 2.5a), which includes DNA sequences from -5 to -9
forming a double-stranded DNA stem with their -17 to -13 complementary sequences.
Within the 3 bases in the loop (-10 to -12), bases -10 and -11 stack with each other and
also with the neighboring -9 base to mimic a double-stranded DNA helix conformation.
There is a sharp turn between bases -11 and -12 that enables base stacking between bases
-12 and -13.

a

b

ASP 559
4.61 Å
2.52 Å
6.86 Å

HIS 476

GLU 557
4.63 Å
3.09 Å

GLN 469

Figure 2.3. View of the monophosphate binding site.
a) Cylinder α-helices and arrow β-sheet representation of the overall structure with the monophosphate
binding site shown inside the rectangle.
b) Close-up view of residues that appear to be important for monophosphate binding and the aspartate
residues (557 and 559) important for polymerase catalysis. An Fo-Fc omit map of the monophosphate is
shown at σ=2.5.

38

Figure 2.4. Difference Fourier electron density maps of P2 DNA in the binary complex.
a) Superimposed on the final DNA stick model of the P2 binary complex with a difference Fourier (Fo-Fc)
electron density map (green net, σ=2.5), which was calculated using the native amplitudes and the phase
derived from the binary complex lacking DNA. 5’ and 3’ ends of DNA are labeled. Regions of hairpinstem promoter and template DNA are shown by orange and blue boxes, respectively.
b) Magnified view of the hairpin-stem promoter DNA (orange box in a, σ =2.5).
c) Magnified view of the template DNA (blue box in a, σ =1.8).

2.3.2 DNA-hairpin Promoter Recognition
Among the three vRNAP promoters, promoter P2 has the highest affinity and its
binding to mini-vRNAP yields the strongest salt-resistant binary complex (Davydova et
al., 2007). The P2 binary complex structure revealed that hairpin promoter binding is
achieved by four structural motifs (Figures 2.5b-d): 1) the N-terminal domain -11
recognition site; 2) the Fingers specificity loop; 3) the N-terminal domain β-intercalating
hairpin; and 4) the C-terminus of the Fingers long α helix (α35) (Murakami et al., 2008).
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Base specific interactions by the -11 recognition site include K114 and R119 that interact
with -10G (N7) and -11G (N7 and 6-keto), respectively. The stacking interaction
between W129 and -11G is critical for the salt-resistance of the binary complex
(Davydova et al., 2007). The specificity loop contacts the hairpin stem DNA from the
major groove with base specific interactions that include D901 (bases -9 and -10) and
R904 (-8G, N7 and 6-keto) (Figure 2.5c). Besides the base-specific interactions, K849
and K850, at the C-terminus of the Fingers’ long α helix, form salt-bridges with the
phosphate backbone at -12 and -13, respectively (Figure 2.5b). The -6 and -7 bases of
the promoter and their complementary -15 and -16 bases have no base-specific contacts
with vRNAP; rather, vRNAP fits the DNA stem structure on its surface with some
interactions with the phosphate and sugar backbone.

Figure 2.5. The interaction between the promoter hairpin and N4 vRNAP
a) P2 promoter DNA structure in the binary complex. The hairpin-stem promoter consists of doublestranded stem (-5 to 9, and -17 to -13) and 3-nt loop (-10 to -12). Template DNA contains bases from -4 to
+2 with the transcription start site at +1.
b) Promoter hairpin loop recognition. R119 and K114 interact with -11G (N7 and 6-keto) and -10G (N7),
respectively. W129 participates in a stacking interaction with -11G. The Fingers residues K849 and K850
form salt-bridges with the phosphate backbone at -12 and -13, respectively. Hydrogen bonds and saltbridges are depicted by red and orange dashed lines, respectively. Color code of the structure motifs is
indicated.
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c) Promoter stem recognition. D901 and R904 of the specificity loop recognize bases -9/-10 and -8,
respectively, from the major grove. R902 interacts with the phosphate backbone at -7 and -6.
d) The DNA and β-intercalating hairpin (orange) interaction in the P2_7a binary complex with a 7-bp DNA
stem. Residues K267 and K268 face the DNA stem to separate the last 2 bp of the 7 bp stem yielding a 5 bp
stem, and direct the template DNA toward the active site. The orientation of this view is rotated 180º
compared with panel c along an axis parallel to this plane.
e) Difference of -11 and R119/W129 interactions between P1 (blue) and P2 (pink) promoters in the binary
complexes. Only residues R119 and W129 in the P2 binary complex are shown. The bifurcate hydrogen
bonds between -11G (P2 promoter) and R119 are depicted by dashed red lines.

2.3.3 N4 vRNAP and DNA Interactions that define the transcription
start site
Primer-independent (de novo) transcription initiation at a defined start site
requires the DNA template strand to be positioned accurately at the active site for basepairing with the first two nucleotide substrates. N4 vRNAP initiates transcription 5 bases
downstream of the 5-bp hairpin stem with minimum preference for the initiation
sequence (Davydova et al., 2007). My binary complex, which has template DNA
structure to position +3, allowed me to understand the mechanism of transcription start
site selection by this enzyme. N4 vRNAP uses the following combinations of DNA base
contacts at the promoter hairpin and sequence-independent DNA contacts with bending
of the template DNA to define the transcription start site: 1) a stacking interaction
between residue W129 (-11 recognition site) and the -11 base of the hairpin loop defines
the upstream edge of the promoter (Figure 2.5b); 2) the β-intercalating hairpin defines
the junction between double- and single-stranded DNA between bases -5 and -4 (Figure
2.5d); 3) R318 participates in dual interactions including a cation-π interaction with base
-2 and a salt bridge with -2/-1 phosphate, which introduces a sharp DNA bend (~59°)
between bases -2 and -1 (Figure 2.6); and 4) DNA base flipping at +3 prevents
transcription initiation at +2 or downstream (Figure 2.6). These interactions restrict the
position of only bases -1 to +2 at the vRNAP active site. The four A residues of the
template DNA (from -4 to -1) interact with vRNAP only through the phosphate backbone,
suggesting that these bases serve as a molecular ruler to determine the transcription start
site. There are no extensive mini-vRNAP-base specific contacts at or near the
transcription start site of the DNA template (Figure 2.6), which is consistent with
biochemical results (Davydova et al., 2007).
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My collaborators used two approaches to characterize the interaction of R318
with the template DNA and its role in mini-vRNAP transcription start site selection. First,
they compared dinucleotide and trinucleotide synthesis supported by wild-type, R318A
and R318K mini-vRNAPs using two templates, P2-4A-8 and P2-4T-8 containing 4
adenines and 4 thymines, respectively, preceding the transcription start site (Figure 2.7a).
Wild-type enzyme started transcription at +1 (GGA or GG, 90~95 %) on both templates,
and only a small fraction (5~10 %) of the enzyme shifted the transcription start site to +2
(GA), with a concomitant increase in GG abortive synthesis on the P2-4T-8 template. In
contrast, both mutant enzymes showed increased use of +2 (R318A, 30% and R318K,
20%) as a start site on the P2-4A-8 template and a preference for initiation at +2 on the
P2-4T-8 template (R318A, 90% and R318K, 85%).

Figure 2.6. Positioning of the transcription start site at the vRNAP active site. A view of the P2_7a
promoter binary complex active center. Thumb and plug are removed to see inside the active center.
Residue R318 in the N-terminal domain has a cation-π interaction with base -2 and salt-bridges with the
phosphate backbone (depicted by dashed red lines) that induce a DNA kink between bases -2 and -1. The
+3 base is flipped presenting only DNA bases from -1 to +2 to the active site. Amino acid residues essential
for activity at the active site are shown: R424 (T/Dx2GR motif) for substrate binding; D559 (motif A) and
D951 (motif C) for chelating the catalytically essential Mg2+ ions; R666, K670 and Y678 (motif B) for
substrate binding.
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My collaborators had previously used catalytic autolabeling, where the enzyme is
cross-linked to the hydroxybenzaldehyde esters of GTP (bGTP) or ATP (bATP) as the
initiating nucleotide followed by the addition of [α-32P]ATP or [α-32P]GTP as the next
nucleotide with P2-A3-5-CTA as a DNA template, to analyze the site of vRNAP
transcription initiation (Davydova et al., 2007). To confirm the role of R318 in
transcription initiation, they measured the ability of the wild-type and mutant enzymes to
undergo catalytic autolabeling using templates containing 3-5 adenines (P2-A3-5-CTA) or
thymines (P2-T3-5-CTA) preceding the transcription initiation start site (Figure 2.7b). As
expected, the wild-type enzyme initiated mainly at +1 on the P2-An-CTA templates (n=3
with bATP + [α-32P]UTP; n=4 with bGTP + [α-32P]ATP) in contrast, the mutant enzymes
initiated at +1 and +2 with near equal efficiency. Transcription initiation by the mutant
enzymes shifted to position +2 on the P2-Tn-CTA templates (n=4 with bATP + [α32

P]UTP; n=5 with bGTP + [α-32P]ATP). On these templates, the wild type enzyme was

less selective indicating that both R318 and the run of adenines are required for
positioning of the +1 template base at the active site.
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Figure 2.7. Role of R318 in determining the site of transcription initiation. Experiments were
performed by Elena Davydova in Lucia Rothman-Denes’ laboratory.
a) Effect of mini-vRNAP R318 substitutions on di- and tri-nucleotide synthesis on P2-4A-8 and P2-4T-8
templates. The percentage of di- and tri-nucleotide synthesis is shown below each lane. Sequences of P24A-8 and P2-4T-8 are shown. Inverted repeat sequences that form the hairpin stem are indicated by arrows.
The center of the hairpin loop (-11), and transcription start site (+1) with transcripts (GGA, from +1; GA,
from +2) in the presence of GTP and ATP are shown.
b) Phosphodiester bond formation by catalytic autolabeling using templates with increasing number (n) of
As (P2-An-CTA) or Ts (P2-Tn-CTA) between the promoter hairpin and CTA. The sequences of the
templates are shown at the top (N corresponds to A and T in the P2-An-CTA and P2-Tn-CTA templates,
respectively). Bottom left: derivatized ATP (bATP); Bottom right: derivatized GTP. %: activity. TI:
transcription initiation site (+1 corresponds to 11 nucleotides from the center of the hairpin loop).
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2.3.4 Difference between the P1 and P2 Promoter-Binary Complexes
Compared with promoter P2, promoter P1 has lower affinity and the resulting
binary complex is salt-sensitive (Davydova et al., 2007). Position -11 (A at P1, G at P2,
Figure 2.1a) is the most critical determinant of affinity and complex salt-resistance. A
purine at this position is essential for formation of a stable binary complex even in low
salt conditions; replacement with a pyrimidine drastically changes the dissociation
constant (Kd) from the nanomolar (-11G: 2 nM; -11A: 40 nM) to the micromolar (-11T: 1
µM; -11C: 2 µM) range (Davydova et al., 2007). To structurally address the formation of
the salt-resistant complex, I solved the structure of the P1 binary complex and compared
it with the P2 binary complex. There are no structural differences between these binary
complexes except for the orientation of the -11 base and its interaction with R119 and
W129 in the -11 recognition site (Figure 2.5e). It appears that the salt-resistant P2
complex achieves tighter binding due to the -11G 6-keto group that is absent in the -11A
of the P1 promoter, which is consistent with the results of biochemical experiments
(Davydova et al., 2007). In the P2 binary complex, the N-terminal domain R119 residue
makes bifurcate hydrogen bonds with the -11 G 6-keto and N7 groups that swing the 11G base ~20º with respect to -11A of the P1 binary complex. The base rotation observed
in the P2 binary complex increases the stacking surface area between -11G and W129.
To investigate the role of R119 in promoter binding, my collaborators substituted
R119 with either Ala (R119A) or Lys (R119K) and compared these enzymes for their in
vivo transcription activity, binding affinity to the promoter DNA, and salt-sensitivity of
the binary complexes to the wild-type enzyme. Both R119A and R119K enzymes were
inactive in vivo (data not shown). Promoter binding was greatly decreased when R119
was substituted with A and the resulting complex was salt sensitive; R119 substitution
with K did not restore either affinity or salt resistance (Figure 2.8) indicating that a
bidentate interaction with the -11G 6-keto and N7 groups is required (Figure 2.5e).
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Figure 2.8. Role of R119 in hairpin loop binding. Experiments were performed by Elena Davydova in
Lucia Rothman-Denes’ laboratory.
a) Effect of R119 substitutions on promoter binding. Equilibrium dissociation constants of the minivRNAP-promoter complexes were determined by solution competition (SC) using surface plasmon
resonance (SPR, Biacore 3000).
b) Effect of R119 substitutions on the salt sensitivity of binary complexes. C-terminally His6-tagged minivRNAP was immobilized on Talon resin in buffer A (20 mM Tris-HCl, pH 8, 50 mM NaCl). 5’ 32P-labeled
DNA oligonucleotides (10 nM) were added to the resin and incubated on ice for 10 min. The resin was
washed three times with buffer A, three times with 1 M NaCl in buffer A, and they were eluted with 100
mM imidazole in buffer A. All procedures were performed at 4°C. The radioactivity in each of the fractions
was determined by the Cherenkov method. Open bars: 1M NaCl eluate; Black bars: 100 mM imidazole
eluate.

Theoretical calculations have indicated that the stacking between guanine and
tryptophan is more stable than between adenine and tryptophan, with stacking energies of
11.5 and 8.2 kcal/mol, respectively (Kumar and Govil, 1984). In addition, vRNAP
utilizes the polar contact between R119 and -11G (P2) to position -11G closer to W129
than -11A (Figure 2.5e, distance and angle); therefore, differences in the intrinsic
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stacking energies of the -11 base play an important role in the high affinity and salt
resistance of the P2 promoter-vRNAP complex.

2.3.5 Differences between the Binary Complexes with 5 or 7 bps
Hairpin-Stem Promoters
The three N4 vRNAP promoters differ in their hairpin stem lengths (5 bp in P1, 6
bp in P2 and P3; Figure 2.1a). Extension of the hairpin stem beyond 7 bps decreases
promoter binding by N4 mini-vRNAP (Davydova et al., 2007). To understand how N4
vRNAP accommodates different hairpin-stem lengths, I solved the structure of the P2_7a
DNA (7-bp stem) binary complex (Figure 2.1c). There are no vRNAP and DNA
structural differences between the 5 and 7-bp stem-length binary complexes. The 7-bp
hairpin-stem is melted to 5 bp in the binary complex structure, and the remaining 3’ bases
(-18 and -19) are flipped away from the stem suggesting that the vRNAP has a DNA
melting activity that works up to a 7-bp stem (Davydova et al., 2007). The β-intercalating
hairpin plays a role in DNA melting: two Lys side chains at 267 and 268 form a
hydrophobic wall, which stacks against the -5/-17 bp to make the double- and singlestranded DNA junction (Figure 2.5d); the relevance of K268 is reflected in reduced
promoter binding of the K268A enzyme (Murakami et al., 2008). These Lys residues in
N4 vRNAP are the structural and functional counterparts to the β-intercalating hairpin
V237 residue of T7 RNAP (Cheetham et al., 1999; Brieba and Sousa, 2001; Stano and
Patel, 2002).

2.3.6 Difference between Bound and Unbound Promoter Hairpins
Solution structures of the hairpin DNA sequence GCGAAGC have been solved
(Padrta et al., 2002) and match the sequence of the last two base pairs and the loop region
of the N4 P1 promoter. Comparing the structural differences between the free and bound
hairpins gives insight into possible protein induced conformational changes of the DNA
promoter upon N4 vRNAP recognition. Alignment of these regions in the NMR
structures to the same residues of the P1 promoter in the P1 binary structure (Figure 2.9)
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gives a root mean square deviation (rmsd) of 0.109 Å for 1PQT and 0.110 Å for 1KR8
pdb codes (Padrta et al., 2002). While the base of the hairpin stem fits nicely between the
structures, a large difference is revealed in the loop region between the binary complex
and the free hairpins. The distances between the promoter recognizing residues and
bound P1 DNA hairpin contacts are closer than with the respective atoms of the aligned
free DNA hairpin (Figure 2.9). From this comparison, it appears that vRNAP contorts
the structure of the DNA hairpin loop region to accommodate its binding pocket. It does
this through 4 major interactions with the promoter using K114, K849, K850, and D901
(Figure 2.9).

R119
-12 A

3.02 (3.40) Å

2.63 (4.30) Å

K849
W129
R119

4.12 (5.80) Å

-11 A -10 G
K114

2.58 (4.75) Å

3.27
(6.05) Å

D901

Figure 2.9. Comparison between free and bound DNA hairpins. Alignment of the 1PQT (black) NMR
(Padrta et al., 2002) structure with the P1 promoter of the N4 mini-vRNAP and P1 binary complex
structure (green carbons). Distances from the protein residues to contacts on the P1 DNA are shown with
distances to the same atom on the 1PQT NMR structure shown in parentheses.
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2.3.7 Structural Transition of vRNAP from the Apo-form to Binary
Complex
While conserving the “right-hand” overall structure that is common to the T7RNAP and DNA polymerase I families, the plug and motif B loop that occupy the DNA
template binding channel and the active site are unique in N4 vRNAP. A structural
comparison between the apo-form (Murakami et al., 2008) and the binary complex of
mini-vRNAP presented here identified drastic movements of these two motifs (Figure
2.10), which are required to accommodate the binding of template DNA to establish a
functional active site (Figure 2.6). These movements include: 1) a 6.8º rigid-body
movement of the N-terminal domain (with the exception of the plug and β-intercalating
hairpin) and the C-terminal one-third of the Fingers (residues 806-927); 2) another 25.1º
rigid body rotation of the plug and intercalating β-hairpin (Figure 2.10a); and 3) a third
12.8º rigid movement of the N-terminal two thirds of Fingers (residues 608-805) (Figure
2.10b). With this third movement, there is a significant conformational change of the
motif B loop including a translation of 32.6 Å of N659 from the interior of the protein
(apo-form) to the exterior (binary complex). In the apo-structure (Murakami et al., 2008),
motif B is sandwiched by the plug and the active site whereas in the binary complex it
becomes a part of the O-helix and further extends to form a short β hairpin that
presumably helps stabilize this structure. Motif B contains R666 and K670 that are
absolutely conserved in single-subunit enzymes and participate in binding of the
incoming nucleotide. These residues face toward the enzyme active site in the binary
complex to position the site of binding of the incoming nucleotide (Figure 2.6). These
conformational changes would allow the polymerase to transition between the apo-form
in an inactive state to an active form binary complex, only upon proper promoter
recognition.
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Figure 2.10. Conformational changes
a) The superimposed ribbon representations of the N4 mini-vRNAP alone (black) and the mini-vRNAP
(color-coded as in Figure 2.1c) in the binary complex. The two structures were aligned by superimposing
their Palm cores. The movements of the mobile modules from the apo-form structure to their positions in
the binary complex are indicated by the arrows (green: a 6.8° rigid body movement including the Nterminal domain, except for the plug and the intercalating β-hairpin, and the C-terminal one-third of the
Fingers, residues 806-927; orange: a rigid 25.1° body motion of the plug with intercalating β-hairpin).
b) A 12.8° rigid body movement of the N-terminal two thirds of Fingers (residues 608-805) with a large
structural transition of motif B. The structures in the binary complex and the apo-form are colored in light
blue/yellow and black, respectively. Motif B rearranges its structure from a loop (apo-form) to a short antiparallel β-hairpin (binary complex) with the largest transition of 32.6 Å at residue N659 (red dashed arrow).
The positions of R666 and K670 in motif B that participate in substrate binding are also shown.

2.3.8 The Plug and Motif B loop inactivate vRNAP
My collaborators and I reasoned that restriction of plug and motif B movements
before promoter binding would inactivate the enzyme. Therefore, my collaborators
substituted residues K176 and S885, which are located 5.8 Å apart (Cβ-Cβ distance) in the
plug and in the specificity loop of the apo-form mini-vRNAP structure, respectively, with
cysteines. Disulfide bond formation between these two residues, which are located across
the DNA binding channel, would result in immobilization of the plug module and
blockage of template DNA binding into the RNAP active center. Wild-type and
K176C/S885C proteins were purified in the absence of dithiotreitol (DTT), and tested
before and after incubation with DTT: 1) for their ability to bind to the promoter hairpin;
2) for formation of the first two phosphodiester bonds; and 3) in run-off transcription
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(Figure 2.11). Analysis of the K176C/S885C enzyme by SDS-PAGE revealed the
presence of two migrating species (Figure 2.11a left, K176C/S885C); upon DTT
treatment, a single band with wild-type mobility was detected indicating that the slower
migrating band contained a disulfide bond. The ability of both forms (with or without
disulfide bond) of the K176C/S885C enzyme to interact with the promoter hairpin was
determined by UV-cross-linking to a -11 IdU-substituted 13-mer oligonucleotide
encompassing the promoter hairpin; both species interacted with the promoter hairpin to
the same extent (Figure 2.11b). In contrast, the disulfide bond-containing protein was
deficient in transcription initiation and elongation, as measured by catalytic autolabeling
(Figure 2.11c left) and run-off transcription (Figure 2.11d), respectively.

Figure 2.11. The plug and motif B loop inactivate mini-vRNAP. Experiments were performed by Elena
Davydova in Lucia Rothman-Denes’ laboratory. Wild-type, K176C/S885C and G363C/G660C enzymes
were purified in the absence of DTT, preincubated with cystine (-DTT), then with DTT (+DTT), and
analyzed: by SDS-PAGE and silver staining (a), for their ability to bind to the promoter hairpin (b),
catalyze autolabeling (c) and run off transcription (d). Disulfide bond containing species is denoted by *.
The percentage of enzyme in each species (a), and their respective activities are shown below each lane.
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Immobilization of the motif B loop through replacement of G363 (the Thumb)
and G660 (motif B loop), which are located 9.3 Å apart (Cα-Cα distance) in the apo
structure, with cysteines followed by disulfide bond formation yielded a slower migrating
species (Figure 2.11a, right) that was deficient in catalytic autolabeling (Figure 2.11c
right, G363C/G660C). These results indicate that: 1) the position of the plug and motif
B loop in the mini-vRNAP apo structure are not artifacts of crystallization; 2) the plug
and motif B loop block the pathway of the DNA template to the active center; and 3) the
plug and motif B loop must move away from the DNA binding channel for catalysis upon
promoter binding as confirmed by the structures of the binary complexes.

2.4 Discussion
I have determined the crystal structures of the phage N4 mini-vRNAP-hairpin DNA
promoter complexes. The high resolution binary complex structures along with structurebased biochemical experiments provide insights into: 1) the recognition of the hairpinform DNA promoter by vRNAP; 2) the formation of the high affinity and salt-resistant
binary complex; 3) the structural transition of vRNAP from the apo-form to the binary
complex; and 4) the mechanism for selection of the transcription initiation site. The
results presented highlight the impact of subtle differences in protein-DNA interactions
on their affinity and salt stability as well as the large vRNAP conformational change
associated with the phage life cycle and infection strategy.

2.4.2 DNA Hairpin-Stem Promoter Recognition by the N4 vRNAP
The high resolution crystal structures of binary complexes revealed that N4 vRNAP
uses four structural motifs to accommodate the promoter hairpin on the protein surface
through sequence-specific interactions (Figures 2.5b-d): 1) the N-terminal domain -11
recognition site contacts bases (-10 and -11) of the hairpin loop; 2) the Fingers specificity
loop makes base-specific interactions to the hairpin stem (-8, -9 and -10) from its major
groove; 3) the N-terminal domain β-intercalating hairpin defines the junction between
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double- and single-stranded DNA with base recognition at -5G; and 4) the Fingers K849
and K850 form salt-bridges with the phosphate backbone at -12 and -13. These basespecific contacts explain the sequence conservation of the N4 vRNAP promoters at
positions -5, -8, -9, -10 and -11. Insights obtained from the binary complex structures are
consistent with biochemical studies including DNA and promoter mutations as well as
cross-linking experiments (Davydova et al., 2007).
The lack of sequence-specific interactions just upstream of the transcription
initiation site has been puzzling. My results indicate that the track of adenines, and
specifically the identity of the bases upstream of position +1, serves as a ruler to define
the site of transcription initiation. I speculate that the ability of adenines (in contrast to
thymines) to stack in a single-stranded conformation (Goddard et al., 2000), and the
interaction of R318 with the phosphate backbone that induces a kink between positions -2
and -1 are essential to mark the transcription initiation site.
Multi-subunit cellular RNAPs most likely use an alternative strategy to select the
transcription start site. These enzymes utilize an additional polypeptide and change their
structures for specific, de novo transcription initiation. For example, the region 3.2 of
sigma factor (bacterial RNAP) and the B-finger of TFIIB (eukaryotic RNAPII) associate
nearby the active site to determine the transcription start site and to support nucleotide
binding (Campbell et al., 2002; Murakami et al., 2002; Bushnell et al., 2004).

2.4.3 Comparison between N4 and T7 Single-Subunit Polymerase
Promoter Complex Structures
N4 vRNAP and T7 RNAP share striking structure similarity despite their low
sequence similarity. In addition, although there is a critical difference of promoter DNA
shape for these enzymes -the N4 and T7 RNAPs recognize a DNA hairpin and doublestranded DNA duplex, respectively- these enzymes recognize their promoters with
similar domains and motifs (Figure 2.12). The structures of the specificity loop and βintercalating hairpin as well as their interactions with DNA are very similar. However,
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the N4 vRNAP -11 recognition site has higher architectural complexity when compared
with its counterpart (AT-rich recognition loop in T7 RNAP), which may reflect the
functional difference of these motifs. In the case of N4 vRNAP, it recognizes the tip of
the hairpin loop through sequence specific interactions (at -11 and -12) whereas in T7
RNAP, the AT-rich recognition loop just fits into a wider and shallower minor groove of
the AT-rich DNA sequence (between -13 and -17) without any base recognition
(Cheetham et al., 1999). In addition to these three motifs, N4 vRNAP has extra contacts
between the hairpin loop phosphate backbone (at -12 and -13) and Lys residues (K849
and K850) at the end of the long α helix, that further improve the stability of the complex.

Figure 2.12. The three promoter-recognition structural motifs of N4 and T7 RNAPs
a) The -11 recognition site (gray), specificity loop (cyan) and β-intercalating hairpin (orange) of N4
vRNAP in the binary complex. The promoter hairpin is depicted by a pink ribbon.
b) The AT-rich recognition loop (gray), specific loop (cyan) and β-intercalating hairpin of T7 RNAP in the
binary complex (PDB: 2PI5). Template and non-template DNA strands are depicted by pink and yellow
ribbons, respectively. The orientation of the T7 binary complex has been aligned with the N4 binary
complex in panel a by superimposing their Palm cores.

2.4.4 Role of the Promoter Hairpin in the Transition from the Inactive
Apo-Form Enzyme to the “Transcription Ready” Binary Complex
The crystal structure of apo-form N4 mini-vRNAP revealed that the enzyme is
inactivated by the plug module and motif B loop interactions that prevent the access of
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the DNA template to the active site and the binding of the incoming nucleotides
(Murakami et al., 2008). The inactive conformation found in the apo-form crystal
structure was validated by the engineered disulfide linkage experiments presented here
(Figure 2.11). The binary complex structures show how vRNAP changes its structure to
accommodate a promoter and template DNA as well as nucleotides at the active site. The
template DNA binding channel is completely closed in the apo-form structure, although
the promoter hairpin-binding region is surface exposed (Figure 2.1c). Therefore, I
propose that an establishment of the promoter hairpin binding to three motifs (-11
recognition site, specificity loop, and ß-intercalating hairpin) partially opens the template
DNA binding channel, which would be opened further by inserting the template DNA
into the cleft. The promoter hairpin may act as the “key” to transform the inactive apoform enzyme to the “transcription ready” binary complex. This hypothesis is supported
by the fact that N4 vRNAP is inactive on single-stranded DNA templates lacking hairpinform promoters (Falco et al., 1977). It is worth noting the functional similarity of the N4
mini-vRNAP “plug” with sigma70 region 1.1, which occupies the DNA binding channel
before E. coli RNAP holoenzyme interacts with its cognate promoters (Murakami et al.,
2002; Mekler et al., 2002; Nagai and Shimamoto, 1997).
In contrast to N4 vRNAP, T7 RNAP does not undergo a large conformational
transition between the apo-form and the binary complex. I surmise that the difference
between these enzymes (transcription-inactive N4 vRNAP vs. transcription-ready T7
RNAP) originates from a difference in their infection strategies. Phage N4 early
transcription is carried out by ~4 copies of vRNAP, which are injected from the phage
virion (Choi et al., 2008). A lack of tight specificity toward the hairpin-form promoter
DNA would allow vRNAP to randomly bind to the host’s genomic DNA, which would
compete with the binding to the three N4 early promoters. In contrast, the phage T7 early
genes are transcribed by the host E. coli RNAP (Chamberlin et al., 1970), while T7
RNAP is responsible for transcription of the middle and late genes. This transcriptional
program allows T7 RNAP to be abundant, without the need for such strict promoter
specificity.
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I have shown that the plug and motif B loop undergo conformational changes upon
binding of the promoter to vRNAP. Future challenges include the identification of the
RNAP “sensor” and specific promoter “signal” that trigger such conformational changes.

2.5 Methods
2.5.1 mini-vRNAP Purification
Recombinant mini-vRNAP with an N-terminal His6-tag sequence was overexpressed in E. coli BL21 cells transformed with expression plasmid pKMK56
(Kazmierczak et al., 2002), which carries an ampicillin resistance gene and an arabinose
inducible promoter. Cells were grown at 37 °C in 1 L of LB medium supplemented with
ampicillin (100 µg/ml) to an A600 of ~0.5. Protein expression was induced by adding 20%
L-arabinose to a final concentration of 0.2% for 2 hrs. Cells were harvested and stored
frozen at -80 °C. Cells were solubilized in sonication buffer (20 mM Tris-HCl (pH 8 at 4
°C), 0.5 M NaCl, 5 mM imidazole, 5% glycerol and 1 mM PMSF) and lysed by
sonication on ice. The sonicated cells were spun at 30,679 x g at 4 °C for 15 minutes and
the mini-vRNAP found in the soluble fraction was purified by a 5 ml HiTrap chelating
column (GE Healthcare) charged with Ni2+. The Ni2+ column purification solutions were
as follows: wash buffer (20 mM Tris-HCl (pH 8 at 4 °C), 50 mM NaCl, 10 mM
imidazole, 5% glycerol and 1 mM PMSF); and elution buffer (20 mM Tris-HCl (pH 8 at
4 °C), 50 mM NaCl, 200 mM imidazole and 5% glycerol). The mini-vRNAP recovered
in the elution fraction was further purified by chromatography using a 20 ml Q-sepharose
column (GE Healthcare) equilibrated with TGED (10 mM Tris-HCl (pH 8 at 4 °C), 5%
glycerol, 0.1 mM EDTA and 1 mM DTT) using a linear gradient of 0.1 to 0.7 M NaCl
(Figure 2.13). The proteins were further purified by gel filtration column
chromatography (Superdex200, GE Healthcare) equilibrated with TGED + 0.2 M NaCl
(Figure 2.13). About 4 mg of protein were obtained after gel filtration per liter of culture.
Peak fractions containing mini-vRNAP were pooled; glycerol was added to a final
concentration of 15%, then aliquoted, frozen in liquid nitrogen, and stored at -80 °C until
use.
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2.5.2 DNA Purification
DNA oligonucleotides (Figure 2.1b) were purchased from Integrated DNA
Technologies (1 μM scale). Lyophilized DNA pellets were dissolved in 40 µl of 5x TBE
and 360 µl of formamide, and heated to 95 °C for 5 min. DNA was purified by a 15 %
polyacrylamide gel (29 : 1 of acrylamide : bis-acrylamide) containing 8 M urea. The gel
was run in 1 x TBE at 70W until bromophenol blue dye reached near the bottom of the
gel. UV shadowing was used to mark the top 2/3 of the DNA band on the gel, which was
cut out in small pieces and eluted from the gel by three cycles of soaking the gel pieces in
NANOpure water for 12 hours with mixing, brief centrifugation, and removal of the
supernatant which was stored at 4 °C. The DNA solution was dialyzed in a 1,000 MWCO
dialysis membrane for ~24 hrs against NANOpure water, filtered through a 0.20 µm filter,
and lyophilized by speedvac at 60 °C. The DNA powder was suspended in annealing
solution (5 mM Na-cacodylate (pH 7.4), 0.5 mM EDTA, and 0.2 M NaCl) and hairpin
stem DNA was annealed by heating to 95 °C for 5 min and cooling to 25 °C at a rate of
0.01 °C/s. Annealed oligonucleotides were stored at -20 °C at a usual concentration of ~
1.25 mM.
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Figure 2.13. Chromatograms and SDS-PAGE Coomassie blue stained gels of a wild-type N4 minivRNAP purification. Red arrows beside each gel indicate the band for N4 mini-vRNAP. In the
chromatograms: blue indicates UV absorbance at 280 nm, red columns at the bottom indicate washes (“X”)
or fractions, green indicates increasing salt concentration, and brown represents measured conductivity.
The double black lines on the Y-axis of the Superdex 200 gel are there to represent the negative region I cut
out of the original graph that was likely present due to re-zeroing the UV absorbance at the beginning of the
run.
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2.5.3 Crystallization of Binary Complexes
N4 mini-vRNAP -80 °C frozen (or sometimes directly after purification) fractions
were concentrated in 5K or 10K MWCO Vivaspin centrifugal concentrators at 4 °C at
the recommended rotar speed. Final concentrations were usually between 20 to 40
mg/mL measured by the Bradford assay and the protein was stored at 4 °C prior to use.
The binary complex was formed by mixing protein and DNA (1:1 molar ratio) in 10 mM
Tris-HCl (pH 8 at 21 °C), 50 mM NaCl, 0.1 mM EDTA. Initial crystals were obtained by
hanging drop vapor diffusion. The binary complex solution (10 mg/ml of mini-vRNAP)
was mixed with an equal volume of the crystallization solution (20 % PEG 3350, 0.1 M
Tris-HCl (pH 8), 0.2 M dibasic ammonium citrate) and incubated at 21 °C over the same
crystallization solution. The binary complex crystals used for data collection were grown
by the hanging drop vapor diffusion method with microseeding. Solutions used for each
of the binary complexes are summarized in Table 2.2. Briefly (see Appendix B for more
details), the mini-vRNAP/DNA mixture was mixed with an equal volume of
crystallization solution including microseeds, and incubated as a hanging drop over a
reservoir solution. Generally, the different crystal types retained a similar overall shape
(Figure 2.14). The crystals were harvested in a stabilization solution, moved to a cryoprotection solution, and then flash frozen by liquid nitrogen. P2_7a binary crystals were
soaked (see Appendix C for more details) in crystallization solution with 10 mM MeCl2
(MgCl2 or MnCl2) overnight followed by the same cryo and freezing protocol as without
the metal, but with the addition of the respective 10mM MeCl2 in each step.

Figure 2.14. Representative N4 mini-vRNAP and promoter hairpin DNA binary complex crystals.
The length of the black line in each picture represents approximately 200 μm.
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Table 2.2. Summary of the crystallization, stabilization and cryo solutions of each binary complex.

2.5.4 Data Collections and Structure Determinations
Crystallographic data were collected by synchrotron radiation at the National
Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY) or by home
source X-rays using a Rigaku RU-200 rotating anode generator with Osmic confocal
“blue” optics and a R-axis IV plate system. For a near complete dataset, a minimum of
80 ° of total crystal rotation is needed with 0.2 ° oscillation anges for each image, which
equals 400 images. The usual exposure time for each image was 10 seconds with
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synchrotron radiation and 15 minutes using home source X-rays. Datasets were
processed with HKL2000 (Otwinowski and Minor, 1997) (Table 2.1). Excellent electron
density maps were obtained by a combination of molecular replacement using the apoenzyme structure (Murakami et al., 2008) as a search model and by density modification
using CNS (Brunger et al., 1998). After density modification, clear densities
corresponding to DNA were obtained in addition to the density maps corresponding to
the mini-vRNAPs. The DNA models were built by O (Jones et al., 1991), and the binary
complex models were refined by rigid body refinement, energy minimization and
individual B-factor refinements by CNS (Brunger et al., 1998; Table 2.1).

2.5.5 Site-directed mutagenesis of mini-vRNAP
Site-directed mutagenesis was performed as described previously (Murakami et
al., 2008). Mutant mini-vRNAP enzymes contain the following DNA sequence changes:
R119A, CGT to GCT; R119K, CGT to AAA; K176C, AAA to TGC; R318A, CGT to
GCT; R318K, CGT to AAA; G363C, GGT to TGT; G660C, GGT to TGT; S885C, TCA
to TGT. The sequences of all polymerase expression constructs were confirmed.
Enzymes were produced and purified as described (Davydova et al., 2003).

2.5.6 Salt-resistance of promoter-vRNAP complexes and determination
of equilibrium dissociation binding constants
The salt resistance of mini-vRNAP-promoter complexes, determination of
equilibrium dissociation constants and promoter-binding affinities were performed as
described (Davydova et al., 2007).

2.5.7 Analysis of R318A and R318K mini-vRNAPs
Transcription initiation reactions (5 µl) contained 1 µM template (P2-4A-8 or P24T-8, Figure 2.7a), 0.1 µM enzyme, 1 mM [γ−32P] GTP, 0.5 mM ATP, 10 mM Tris-HCl
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pH 7.8, 10 mM MgCl2, 50 mM NaCl, and 1 mM DTT. Reactions were incubated at 37º C
for 2 min, processed as described previously (Davydova et al., 2003) and analyzed by
electrophoresis on 8 M urea/20% polyacrylamide gels and phosphorimaging. Catalytic
autolabeling was performed as described previously (Davydova et al., 2007).

2.5.8 Analysis of K176C/S885C and G363C/G660C mini-vRNAPs
Wild-type, K176C/S885C and G363C/G660C enzymes were purified as described
previously (Davydova et al., 2003), but in the absence of DTT. Proteins (8 µl of 10 µM
enzyme in 10% glycerol, 20 mM Tris-HCl pH8, 500 mM NaCl) were incubated with Lcystine (Sigma) (2 µl of 0.5 mM in 0.2 M NaCl) overnight on ice to generate disulfide
bond formation. Proteins were incubated with 10 mM DTT at 37º C for 15 min to reduce
the disulfide bond. All reactions described below with the disulfide bond-containing
enzymes lacked DTT. Cross-linking reactions of wild-type and mutant proteins to a 5’ 32P
end-labeled 13-mer oligonucleotide encompassing the -11 5 IdU-substituted promoter
hairpin (5’GAAGCG-5IdU-AGCTTC3’, inverted repeats in italics) were performed as
described previously (Davydova et al., 2007). Catalytic autolabeling reactions contained
1µM P2-3 oligonucleotide (5’TCCAAAAGAAGCGGAGCTTC3’, +1 underlined and
inverted repeats in italics), 1 mM benzaldehyde derivative of GTP, and [α−32P]ATP
(3,000 Ci/mmol, Amersham) (Davydova et al., 2007). Crosslinking and catalytic
autolabeling reactions were terminated by the addition of SDS-loading dye lacking DTT,
and analyzed by 10% SDS-PAGE, silver staining and phophorimaging. Run-off
transcription reactions were performed at 37ºC for 10 min using 0.1 µM 12-P2-52 DNA
template in the presence of 1 µM EcoSSB, and analyzed by 8M urea-PAGE and
phosphorimaging as described previously (Davydova et al., 2003).
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2.8 Accession Number
Coordinates and structure factors have been deposited to the Protein Data Bank.
Accession codes of each of the binary complexes are summarized in Table 2.1.
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Chapter 3
Structural Basis of De Novo Transcription Initiation by the
Bacteriophage N4 Virion RNA Polymerase
3.1 Abstract
N4 vRNAP is a virion-encapsidated RNA polymerase (vRNAP) from the N4
bacteriophage that is injected into host E.coli K12 cells to transcribe N4 early genes. Xray crystal structures were reported in Chapter 2 for N4 mini-vRNAP, the central domain
of N4 vRNAP that contains all of the RNAP functions, bound to different DNA hairpin
promoters. Here I report the first transcription initiation complex for a DNA-dependent
RNA polymerase - N4 mini-vRNAP- that has both initiating nucleotides as well as both
catalytic metals in the active site. This is the highest resolution, 1.8 Å, structure for any
fully functional DNA-dependent RNA polymerase, which provides for a detailed analysis
of the conformations and interactions of both the substrates and protein side chains. I
report two pre-catalytic de novo transcription initiation complexes, one with catalytic
metal A and one without, that reveal a newly found interaction of the +1 nucleotide
substrate’s γ phosphate. Also, I have solved the structure of a pre-translocated 2-mer
product and pyrophosphate transcription initiation complex that provides a description of
the beginning and end events of the first phosphodiester bond formation. In addition to
this I have made 2 different alanine substitution derivatives and solved both of their
structures at high resolution with initiating nucleotides and both catalytic metals and
made comparisons with the wild-type structure that allowed me to propose an important
role for a lysine residue in +1 substrate recognition.
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3.2 Introduction
3.2.1 Background
Transcription initiation for DNA-dependent RNA polymerases (RNAPs) is
performed de novo or without the presence of a primer (described below). While much is
known about the phosphoryl transfer reaction during elongation for RNAPs, the
mechanisms involved in binding and catalysis for the very first two RNA substrates that
will comprise the 5’ end of the mRNA product have not been fully examined.
Transcription initiation events take place in the same active site as during elongation,
with a major difference being the presence of the 5’-triphosphates of the +1 nucleotide.
Herein I explain a mechanism for an RNAP to accommodate this difference.
Recently, I solved X-ray crystal structures of binary, RNAP and promoter,
complexes of the N4 bacteriophage mini virion-encapsidated RNA polymerase (minivRNAP) (Chapter 2). N4 mini-vRNAP is a member of the T7-like single-subunit RNAP
family (Kazmierczak et al., 2002) but is unique in that it recognizes a specific DNA
hairpin sequence with a 5-base pair (bp) stem and 3 nucleotide (nt) loop as its promoter
(Glucksmann et al., 1992; Haynes and Rothman-Denes, 1985; Davydova et al., 2007;
Chapter 2). The N4 mini-vRNAP binary structures revealed that conformational changes
occur between the apo (Murakami et al., 2008) and binary complexes to activate the
RNAP upon binding of the promoter and positioning of the template DNA near the active
site (Chapter 2). In the binary structures the -1 to +2 promoter/template bases were found
to point towards the nucleotide entry pore, while the +3 template base was flipped in the
opposite direction (Chapter 2). A question remained as to how the active site recognized
the first two templated RNA substrates for de novo transcription initiation.
N4 vRNAP is presumed to use a two-metal catalytic mechanism for
phosphodiester bond formation (described below) as is the case for most nucleotide
polymerases (Steitz et al., 1994). Prior to this study, there were no known de novo
transcription initiation complex structures for a DNA-dependent RNAP that include both
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catalytic metals. X-ray crystal structures of T7 RNAP initiation complexes were recently
solved by using 3’-deoxy nucleotides, which bind at the active site of the enzyme,
however the important catalytic metal A was not found in the structures (Kennedy et al.,
2007). It remained unclear as to what if any differences were observed in the presence of
the catalytic metal. For T7, the addition of initiating nucleotides to the active site did not
cause a large conformational change from the binary complex structure (Kennedy et al.,
2007), suggesting that the initiating nucleotides were not positioned proximal to the
catalytic aspartate residues as would be expected for catalysis.
3.2.2 De novo Transcription Initiation

De novo transcription initiation is the process whereby the very first nucleotide
substrates of an mRNA product are made in the absence of a pre-existing primer (Figure
3.1). This reaction is unique to template-dependent RNAPs since DNAPs generally use a
pre-existing primer to make a product strand. Since initiation describes the beginning of
synthesis for a gene it is of the utmost importance to understand its mechanisms. There is
usually an energy or nucleotide substrate binding barrier in most RNAPs between de
novo initiation and elongation that allow the event to be an intrinsic form of regulation.
For T7 RNAP, the Kd is 2 mM and 80 μM for the +1 and +2 initiating nucleotides,
respectively, but only ~ 5 μM during elongation (Kennedy et al., 2007; Bandwar et al.,
2002; Guajardo et al., 1998). The yeast mitochondrial transcription machinery, which
belongs to the T7-like RNAP family, initiates transcription with a +1 A and also needs
higher concentrations of initiating nucleotides than during elongation (Amiott and
Jaehning, 2006b). In this way, the RNAP is able to sense ATP abundance and perform
transcription of genes being directly regulated by mitochondrial respiration (Amiott and
Jaehning, 2006a). A question remains as to how the RNAP active site is able to stabilize
and perform catalysis on the very first two RNA substrates in the absence of a preexisting primer.
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Figure 3.1. Comparison between inherent steps required for primer-dependent (left) or de novo
transcription (right) events. The primer-dependent polymerization side (left) of the figure was adapted
from Yin and Steitz, 2004. For primer-dependent polymerization (left) a present 3’-OH on the primer
strand (P) is in position and upon accepting the next incoming nucleotide at the N-site, the phosphoryl
transfer reaction occurs, pyrophosphate leaves, and translocation of the product once again opens the N-site
for the next incoming nucleotide. During de novo transcription initiation (right) there is no primer and
only a P-site and an N-site that binds the +1 and +2 templated substrates, respectively, where phosphoryl
transfer occurs to make a 2-mer product that is subsequently translocated to open the N-site for the next
incoming substrate to bind.

3.2.3 Two-metal Catalysis

The two-metal catalysis mechanism that is most widely accepted today was
proposed by Steitz in 1994 and it explains a nucleotidyl transferase reaction wherein
phosphodiester bonds are formed between subsequent polymerizing nucleotides (Steitz et
al., 1994; Joyce and Steitz, 1994). The mechanism relies on the correct placement of two
divalent metal cations - about 4 Å apart prior to catalysis (Yang et al., 2006) - more so
than the need for direct interactions with side-chains, hinting at the possibility of
synthesis with a ribozyme (Steitz et al., 1994) in an “RNA World.” Actually, the
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foundation for the mechanism came from the reverse reaction of self-splicing ribozymes
(Steitz and Steitz, 1993). The metals, in N4 mini-vRNAP, T7, and in the Pol I DNAP
family are coordinated by motifs A and C, and in similarly functioning motifs that harbor
asparates and glutamates in other nucleic acid polymerases. The metals are called metal
A or 1 and metal B or 2 in the literature. Metal A’s ultimate role is to act as a Lewis acid
whereby it stabilizes the charge of the 3’-O- oxyanion (Maguire and Cowan, 2002) of
either the primer (DNA or RNA) during elongation or the +1 initiating nucleotide
substrate during de novo transcription initiation. In so doing it lowers the pKa of the 3’O
such that it releases its H, presumably to solvent in the lack of a protein acceptor (see
below).
In the pre-catalytic state, metal B is coordinated by oxygens from all 3 phosphate
groups of the incoming nucleotide (Steitz et al., 1994). Steitz proposed that the role of
metal B is to first bind the +2 substrate but more importantly to stabilize a penta-covalent
intermediate (Figure 3.2) that is formed when the now nucleophilic 3’-O- attacks the α
phosphate of the incoming nucleotide, which subsequently displaces the α -phosphorus to
α-β-bridging oxygen bond, where the β and γ phosphates of the +2 substrate leave as
pyrophosphate (PPi). This reaction mechanism is classified as an SN2 reaction which
stands for bimolecular nucleophilic substitution and means that the 3’-O- attacks the α phosphate in-line with the leaving group’s oxygen bond which is displaced (Garcia-Diaz,
2007). Once the reaction occurs a stereochemical inversion occurs, as seen in DNAP λ
(Garcia-Diaz et al., 2007; Yang et al., 2006). This explanation has held up for nearly 14
years.
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Figure 3.2. Representation of a penta-covalent intermediate state of a universal template-dependent
nucleotide polymerase two-metal catalysis mechanism. Figure is from Steitz et al., 1994. Metal 1 (A)
acts as a Lewis acid to reduce the pKa of the 3’O- such that it loses its H. The 3’O- then attacks the α
phosphate of the next templated NTP through a penta-covalent intermediate that is stabilized by metal 2 (B).
Metal B is then presumed to dissociate with the β and γ phosphates (pyrophosphate).

Recently it was proposed that a transition from the pre-catalytic state - where
there are two metals present at about 4 Å apart from one another - to the transition state
requires that the two metals approach one another to a final distance of ~2.5 Å (Yang et
al., 2006). This explains why larger divalent cations, such as Ca2+, slow catalysis. Due to
the larger radius of atoms like Ca2+, they are not able to get close enough to each other to
allow the chemical reaction (Yang et al., 2006). Additionally Mg2+ has a usual oxygen
ligand to cation metal distance of between 2.05 and 2.25 Å vs. 2.2 to 2.7 Å for Ca2+,
which relates to Mg2+’s greater role in biological reactions that require greater specificity
(Maguire and Cowan, 2002).
Other roles for the two metals include a “templating “ effect (Cowan, 2002)
wherein there purpose is to bind to the substrate and/or protein in a way that brings all of
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the reactive components close enough to perform the reaction (Yang et al., 2006) - a
classical role for enzymes. This is facilitated by the rigid geometrical requires of the
usual metal, Mg2+, that is used. Mg2+ has hexacoordinate requirements that are at rigid
90° bond angles that form an octahedral coordination sphere (Yang et al., 2006; Maguire
and Cowan, 2002). Mn2+ which can usually replace Mg2+ for catalysis has a similar
configuration but with a more relaxed configuration requirement (Yang et al., 2006).
Steitz reasoned that as long as the enzyme could provide the two metals in the
proper geometry to the 3’-OH that this would be sufficient to lower the pKa to allow the
dissociation of the 3’-OH hydrogen. Some argue that the 3’OH hydrogen’s pKa is too
high to be deprotonated easily and suggest the need for a general base provided by a
protein side-chain. The Cameron group have recently published a paper where they used
the solvent deuterium isotope effect to demonstrate that a two-proton transfer reaction
using polymerase side-chains may be plausible for both DNA and RNA polymerases and
that the mechanism would still require two-metals (Castro et al., 2007).

3.2.4 Experimental summary
To understand how N4 mini-vRNAP binds the first two RNA substrates and
performs de novo transcription, a complete atomic description of the structures of both
RNA substrates and both catalytic metals at the active site prior to phosphodiester bond
formation was needed. Therefore, I used a strategy that involves AMPCPP or GMPCPP
nucleotide analogues that maintain natural sugar and base composition, as opposed to
using 3’-deoxy nucleotides that are unable to chelate metal A at the active site due to the
lack of a metal coordinating 3’-O- from the +1 substrate’s sugar ring. My de novo
transcription initiation structures reveal the importance of catalytic metal A on
transcription initiation and I propose a transcription initiation specific reaction
mechanism that allows a single active site to perform two different duties: transcription
initiation and elongation. Additionally, I have solved pre-metal A binding and product
complexes that provide structural frameworks to understand the mechanism of the de
novo transcription initiation reaction.
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3.3 Results
This is the first structural study of de novo transcription initiation for N4 vRNAP.
Since little is known about de novo transcription initiation for RNAPs in general, it was
important to solve a transcription initiation complex with both RNA substrates and
catalytic metals in the structure. To determine different N4 mini-vRNAP transcription
initiation structures, I soaked initiating +1 and +2 nucleotides and MeCl2 solutions into
the previously described P2_7a DNA promoter/template and N4 vRNAP binary complex
crystals. Soaking was chosen over co-crystallization, since: 1) soaking allowed for
selection of preferred crystals; 2) less nucleotide analogue was expended; 3) finding the
proper crystallization properties for each of the many different substrates and metals
wasn’t needed; 4) the concentrations of each soak could be controlled and compared
between crystals; 5) the cryo-protectant solution was found to require substrate and metal
concentrations throughout the process, which would have in effect been a soak anyway;
and 6) initial soaking experiments proved effective.
The N4 mini-vRNAP and P2_7a DNA binary complexes have a C at both +1 and
+2 template positions (Chapter 2). In order to soak two different initiating +1 or +2
NTPs, I determined the conditions to make a new binary complex structure with P2_7c
DNA that has a C and T at the respective +1 and +2 template positions. NTP and metal
soaks of the different binary complexes were solved by molecular replacement using the
previously determined binary complex structure (Chapter 2). All crystal soaks described
throughout this chapter maintained both the space group and 2 complexes per asymmetric
unit (protein molecule A (1) and molecule B (2)) properties of the binary structures
(Chapter 2) but with the addition of conformation changes and extra substrate density
reported below.
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3.3.2 A complete de novo transcription initiation complex structure
To obtain a structural framework for understanding two-metal catalysis during de
novo transcription initiation for N4 vRNAP, it was important to be able to trap an
initiation complex in the presence of both catalytic metals. When I used 3’dGTP as the
+1 substrate (reported below), no metal A density was observed, indicating that the 3’Ois essential for metal coordination. The transcription initiation complex of T7 RNAP
with 3’dGTP initiating substrates (Kennedy et al., 2007) also lacked metal A density.
A second obstacle to obtaining density for metal A in a transcription initiation
complex for N4 mini-vRNAP came from the realization that Mg2+ might be chelated
away from the enzyme by the high concentration (0.11 M) of citrate in the crystallization
solution. Soaking N4 mini-vRNAP and P2_7c promoter/template binary crystals with
GTP (+1), the non-hydrolyzable ATP analogue (Figure 3.3) AMPCPP (+2), and either
50 or 100 mM of MgCl2 resulted in crystal structures that lacked electron density for
metal A with a MgCl2 concentration dependent lack of +2 AMPCPP density – probably
due to its precipitation from the cryoprotectant solution. Citrate has also been a potential
problem in other X-ray crystal structures of nucleic acid polymerases that involve Mg2+
as a cofactor (Garcia-Diaz et al., 2007; Tomita et al., 2006).
With the above information, it became important to both use a substrate at the +1
position with an existing 3’-OH group as well as to use a catalytically relevant metal that
would bind better to the polymerase than to citrate. In order to use the most natural
template that required GTP at the +1 and +2 positions, to trap the reaction in a
homogenous state, and to make sure the 3’-OH of the +1 substrate was present for metal
A interactions, I soaked the non-hydrolyzable GTP analogue GMPCPP (Figure 3.3) into
N4 mini-vRNAP and P2_7a binary complex crystals. Mn2+ was also soaked into the
crystal as MnCl2 and was chosen as a suitable catalytic metal since: 1) it produces
anomalous signal at the Cu K-α wavelength to unambiguously be identified; 2) it has the
same octahedral coordination sphere geometry as Mg2+; and 3) N4 mini-vRNAP can use
it to perform transcription (Figure 3.4). The X-ray crystal structure was solved with both
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synchrotron radiation and home source X-rays (Cu K-α wavelength). The high resolution
structure revealed excellent electron density for both nucleotides and both metal A and
metal B of both complexes of the asymmetric unit at a resolution of 1.8 Å (Figure 3.5,
Table 3.1). All four metals produced unambiguous anomalous signal (see Methods).
This is the first DNA-dependent RNAP de novo transcription initiation complex to reveal
both catalytic metals prior to phosphodiester bond formation.

Figure 3.3. Nucleotides and nucleotide analogues used in this study. Figures are from Jena Bioscience
with minor modifications.
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Table 3.1. Data collection and refinement statistics (Molecular Replacement) for N4 mini-vRNAP transcription initiation complexes

Soaked nucleotide(s) (final
concentration)
Soaked metal (final
concentration)
PDB code
Complex (see text)
Data collection
Cell dimensions
a, b, c (Å)
Resolution (Å)
Rsym
I/σ
Completeness (%)
Redundancy

b
P2_7a, GTP,
Mg+2

b
P2_7a,
3’dGTP, Mg+2

a

P2_7c, GTP,
AMPCPP,
Mn+2, λ = 1.54

c

P2_7c, GTP,
AMPCPP,
Mn+2, λ = 1.08

a

P2_7a,
GMPCPP,
Mn+2, λ = 1.54

b
P2_7a,
GMPCPP,
Mn+2, λ = 0.96

b
P2_7a, GTP,
Mg+2

10 mM MgCl2

b
K437A,
P2_7c, GTP,
AMPCPP,
Mn+2
5 mM GTP, 5
mM AMPCPP
20 mM MnCl2

b
R440A,
P2_7c, GTP,
AMPCPP,
Mn+2
5 mM GTP, 5
mM AMPCPP
20 mM MnCl2

5 mM GTP

5 mM 3’dGTP
10 mM MgCl2

5 mM GTP, 5
mM AMPCPP
20 mM MnCl2

5 mM
GMPCPP
20 mM MnCl2

5 mM
GMPCPP
20 mM MnCl2

500 μM GTP

10 mM MgCl2

5 mM GTP, 5
mM AMPCPP
20 mM MnCl2

3CTX
SCI

3CV4
SCI

N/A
SCII

3CTE
SCII

N/A
SCII

3CUD
SCII

3D3G
Product

3CWP
SCII

3CU6
SCII

83.300,
111.787,
276.850
50-2.1 (2.182.1)
0.09 (0.614)
10.98 (1.43)
89.7 (73.0)
3.3 (2.8)

82.493,
111.490,
275.509
50-2.3 (2.382.3)
0.128 (0.527)
8.67 (1.82)
92.2 (88.7)
2.9 (2.3)

82.339,
111.374,
275.357
50-2.7 (2.82.7)
0.122 (0.523)
8.9 (1.84)
76.7 (49.7)
3.4 (2.4)

82.143,
111.723,
275.400
40-2.1 (2.182.1)
0.127 (0.353)
8.07 (2.03)
66.2 (42.2)
3.6 (1.5)

82.013,
111.486,
275.177
50-2.5 (2.592.5)
0.131 (0.383)
6.2 (2.06)
74.1 (42.8)
2.8 (1.4)

82.834,
111.861,
276.093
50-1.8 (1.861.8)
0.064 (0.545)
26.63 (2.28)
99.0 (91.5)
6.0 (4.4)

83.459,
111.790,
277.009
50-1.8 (1.861.80)
0.072 (0.728)
22.56 (1.68)
99.7 (98.7)
5.9 (4.2)

82.271,
112.213,
276.139
40-2.0 (2.072.0)
0.092 (0.353)
10.18 (2.95)
95.2 (96.5)
4.0 (3.8)

82.313,
111.890,
275.581
40-2.0 (2.072.0)
0.085 (0.542)
17.26 (2.76)
95.6 (90.0)
5.0 (4.9)

40-2.00
154459
0.215/0.252

40-2.00
156674
0.213/0.228

16891
982
1190

16887
985
1794

29.746
39.230
36.270

30.789
39.375
38.215

0.007
1.153

0.008
1.119

*
*
Refinement
Resolution (Å)
50-2.11
50-2.29
40-2.11
50-1.8
50-1.81
No. reflections
126713
100308
91839
222543
221664
Rwork / Rfree
0.208/0.219
0.201/0.229
0.207/0.241
0.200/0.231
0.201/0.235
No. atoms
Protein
16899
16899
16899
16899
16899
Ligand/ion
968
974
985
970
964
Water
1420
1309
860
2626
2399
(Average) B-factors
Protein
30.509
24.484
27.019
26.381
30.894
Ligand/ion
33.738
32.330
34.348
29.137
41.774
Water
34.105
27.001
28.814
38.170
41.044
R.m.s deviations
Bond length (Å)
0.008
0.008
0.007
0.007
0.007
Bond angles (°)
1.117
1.160
1.044
1.066
1.096
Each structure is derived from one respective crystal. Highest resolution shell is shown in parenthesis. All structures were of the P212121 space group.
a
collected with home source X-rays
b
collected at NSLS X25
c
collected at NSLS X29
* only initial round of minimization refinement after rigid body refinement
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mM: 1 5 10 20 1 5 10 20
Me2+:

Mg2+

Mn2+

Figure 3.4. Comparison between Mg2+ and Mn2+ as the catalytic metal for N4 mini-vRNAP
transcription. Left and right parts of the figure are from the same denaturing PAGE gel. Product is from
runoff transcription using N4 mini-vRNAP and the P2_7a DNA construct with [32P-α] UTP and unlabeled
NTP mix (see Methods).
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Figure 3.5. P2_7a DNA promoter, N4 mini-vRNAP, GMPCPP and Mn2+ de novo transcription
initiation complex showing an Fo-Fc omit electron density map of the substrate and metals at 1.8Å
resolution and contoured at 3σ. The color scheme is P2_7a DNA grey, +1 GMPCPP substrate green, and
+2 GMPCPP substrate pink. Mn2+ metals A and B are colored magenta. PDB ID 3CUD.

The X-ray crystal structure of N4 mini-vRNAP bound with the P2_7a promoter,
+1 and +2 GMPCPP substrates, and Mn2+ metal A and metal B, provides a structural
description of how N4 vRNAP recognizes and stabilizes the first two nucleotides prior to
phosphodiester bond formation at the active site. Both substrates are base-paired with the
template and each sugar adopts the C3’-endo conformation. The metal A to metal B
distance is 3.55 Å in both complexes of the asymmetric unit, which is consistent with
other two-metal catalysis enzymes (Yang et al., 2006). While the metals are in their
canonical positions (Steitz et al., 1994) for two-metal catalysis, a 5’ γ phosphate oxygen
completes the coordination sphere of metal A, which is a de novo transcription initiation
specific interaction since the 5’ triphosphates are not in the +1 binding site (P-site) during
elongation.
The +1 susbstrate is recognized and positioned by several different types of
interactions, some of which are from protein regions that are separated by large distances
in the primary sequence but come together in three-dimensional space for their common
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function. Six major types of interactions position the +1 substrate (Figure 3.6): 1) R424
from the D/Tx2GR motif (Kazmierczak et al., 2002) makes a contact with the N3 atom of
the +1 guanine base; 2) triphosphate recognition from Palm subdomain residues; 3) base
pairing with the template; 4) stacking with the +2 substrate base; 5) γ phosphate
coordination to catalytic metal A; and lastly 6) by a steric upstream block by both the -1
template base and by two hydrophobic residues, I949 and F950 (F950 is a Ramachandran
outlier possibly indicating its unique function here).
The triphosphates of the +1 substrate are unique to de novo transcription initiation
versus during elongation. There are extensive interactions that accommodate the
triphosphate groups in the initiation complex structure. Two basic residues, K437 and
R440 from the Palm subdomain position proximal to the triphosphates of the +1 NTP.
K437 makes a direct interaction with the α phosphate, and R440 holds a water molecule
that is bridged between the α and γ phosphates (Figure 3.6A). The γ phosphate of the +1
substrate is bound by E557 from the Palm subdomain, the water held by R440 (Figure
3.6A), a water positioned by the main-chain oxygen of I949, and by catalytic metal A
(Figure 3.6B).
The +2 substrate is located in what is sometimes called the elongating substrate
site or N-site and is bound by the following interactions (Figure 3.6): 1) R424, which
also binds the +1 base, recognizes the O4 atom of the +2 sugar ring from the minor
groove; 2) Y678 recognizes the 2’OH and is the ribose from deoxyribose discriminator
(Kazmierczak et al., 2002); 3) the base is base-paired with the +2 template base; 4) N671
of the O-helix makes an interaction with the guanosine base keto group; 5) β and γ
phosphate oxygens are bound by Y612 from the Fingers subdomain and R666 from the
Motif B loop (now α helix) region of the O-helix, respectively (Murakami et al., 2008;
Chapter 2); 6) metal B coordinates oxygen atoms from all 3 phosphate groups and is also
coordinated to D951, D559, and G560 (main-chain oxygen) residues; and 7) metal A is
coordinated to an oxygen from the α phosphate.
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B
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B

G560

E557

α
+1

+2

β
α
γ
2.41
2.59

2.07

2.33

A

2.71
2.76

2.03

2.39

2.23

2.29
B

2.15
2.21

I949
E557

β

γ

D559

2.13
2.14

2.25

G560
D951

Figure 3.6. The active site of the GMPCPP and Mn2+ bound N4 mini-vRNAP de novo transcription
initiation complex. Views are of the important interactions involved in substrate and metal recognition.
Protein residues that make important interactions are shown as sticks. Water molecules are depicted as red
spheres and the catalytic Mn2+ metals A or B are depicted as black spheres. Important contacts are shown
as dotted lines. A) The Palm subdomain (red) and the O-helix (blue and yellow) that contains motif B
(yellow) are part of the Fingers subdomain and contain protein residues important for substrate and metal
recognition. B) The γ phosphate of the +1 NTP completes the octahedral coordination sphere of the metal
A Mn2+. The distances of the six coordinating interactions for both metals are shown.
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A superposition of the transcription initiation complex with that of the binary
complex (Chapter 2) with the same P2_7a promoter DNA, produced a root mean square
deviation (rmsd) of 0.482 and revealed the three following different regions of the active
site with conformational changes described in detail below (Figure 3.7): the +1 and +2
templating bases; O-helix and motif B residues; and the negatively charged residues that
chelate the catalytic metals. In the binary complex structures (Chapter 2), K688 makes
an interaction with the +2 template base. However, the +2 template base appears to turn
away from this interaction to base-pair with the +2 substrate in the initiation complex
structure. The +1 template appears to shift the direction of its base for base-pairing as
well. Another consequence of +2 binding is conformational changes in sidechains
important for specific recognition of the 2’-OH (Y678), the β phosphate (Y612), and the
γ phosphate (R666). These residues are located on the O-helix, which moves ~ 6° upon
substrate binding. The Y-helix (Figure 3.7), which has been shown to have large
conformational changes upon each successive nucleotide addition in T7 RNAP during
elongation (Yin and Steitz, 2004), shows essentially no difference between the N4 minivRNAP transcription initiation and binary complex structures. The third region which
shows substrate and metal induced conformational changes is in the conserved metal
chelating residues D559 and G560 from motif A, and D951 from motif C. One of the
metal coordinating oxygen atoms of D951 in the binary complex moves as far as 2.79 Å
to a final position where it is coordinated to both catalytic metals in the initiation
complex (Figure 3.7B). The conformational changes between the two structures are
primarily limited to those mentioned, other protein regions align nicely, and even F950,
which is next to D951 (Figure 3.7), is essentially unchanged in position between the two
aligned structures.
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Figure 3.7. Structural alignment of the N4 mini-vRNAP transcription initiation (P2_7a DNA
promoter with GMPCPP and Mn2+) and binary complexes (P2_7a DNA promoter) show active site
substrate induced conformational changes. Residues 50-1000 were aligned between molecule A of both
structures with a root mean square deviation of 0.482. A) The transcription initiation complex (cyan) and
binary complex (orange) active site is shown with important residues shown as sticks. The O-helix moves
about 6° between the complexes, while the Y-helix is essentially unchanged. The +1 substrate in the P-site
and the +2 substrate in the N-site are depicted as thin green or purple lines respectively. Catalytic metals
are shown as black spheres. B) A close-up view of the conformational changes between the conserved
metal chelating aspartates (D559 and D951) and mainchain G560 oxygen between the initiation (magenta)
and binary (pink) complexes. Distances by double-sided arrows indicate how far each respective atom has
moved. F950 from both complexes align almost perfectly with one another and are shown to contrast the
conformational changes of the nearby metal chelating residues.
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To determine whether or not the orientation of the γ phosphate of the +1 substrate
in the transcription initiation complex was an artifact of using a non natural GTP
substrate at the +1 position (i.e. GMPCPP), I determined a new transcription initiation
complex structure with natural substrate GTP at the +1 position and the non-hydrolyzable
AMPCPP nucleotide analogue at the +2 site by soaking them with MnCl2 into N4 minivRNAP and P2_7c promoter/template binary complex crystals (Figure 3.8 Left). In this
way the reaction would be stalled prior to phosphodiester bond formation as in the
previous initiation complex structure, but with a natural GTP at the +1 position. I solved
the structure at high resolution with synchrotron X-rays and also at the Cu K-α
wavelength using home source X-rays to detect the anomalous signal of the Mn2+ ions
(Table 3.1 and Figure 3.8 Right). A structural comparison between molecule A of the
P2_7c-GTP-AMPCPP-Mn and P2_7a-GMPCPP-Mn initiation complexes showed that
they were near identical in their positions of the γ phosphate and its orientation towards
metal A, thus verifying that the γ phosphate group of the +1 substrate coordinates to the
Mn2+ metal A with the natural +1 substrate.

Figure 3.8. Validation of the +1 γ phosphate orientation and catalytic metal presence.
Left) The +1 substrate’s γ phosphate coordinates to metal A with a natural +1 GTP substrate. The -1 to +2
promoter/template is shown with initiating substrates and catalytic metals. The blue electron density is
from an mFo-DFcalc map calculated after omitting the substrates and metals that surround it and is contoured
at 2σ. PDB ID 3CTE
Right) Unbiased Mn2+ identification using anomalous signal. Promoter/template bases -1 to +2 are shown
with initiating nucleotides GTP and AMPCPP at the +1 and +2 positions respectively. Catalytic Mn2+
metals A and B are shown as purple spheres. Blue density around each metal is from a Fourier map
contoured at 3σ that was calculated with a refined model’s phase combined with anomalous data that was
collected at the Cu K-α wavelength.
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3.3.3 K437 on the Palm subdomain is important for triphosphate
recognition of the +1 nucleotide substrate
Analysis of the transcription initiation complex revealed that the positioning of
the γ phosphate may be important for GTP (versus GDP or GMP) specific binding, which
would only occur during transcription initiation. Another possibility was that the
coordination to catalytic metal A by the γ phosphate would be used for a de novo
initiation specific substrate assisted catalytic mechanism that involved the +1 γ phosphate
as a proton acceptor to activate the +1 3’-OH group for nucleophilic attack on the +2 α
phosphate (see Discussion). Two basic residues that are located on the Palm subdomain,
K437 and R440A, were found to be proximal to the phosphate groups of the +1 substrate
in the N4 mini-vRNAP initiation complex structure. I hypothesized that these residues
may play an important role in properly orienting the γ phosphate group of the +1
substrate to coordinate to metal A.
To test the importance of these residues I mutated either K437 or R440 to alanine
and solved crystal structures of each respective derivative as a transcription initiation
complex that was co-crystallized with the P2_7c DNA promoter/template and soaked
with GTP, AMPCPP, and MnCl2 (Table 3.1). The only major difference between the
mutant N4 mini-vRNAP crystal structures was that they had density for the +1 nucleotide
substrate to varying degrees. To remove model bias, after the +1 nucleotide was modeled
into the new density it was then omitted and an mFo-DFcalc SigmaA weighted difference
map was calculated and read into the Pymol program (DeLano, 2002) which normalizes
the electron density by scaling each map’s average density to zero and standard deviation
to one. This allowed for direct comparisons of the relative amounts of electron density
(corresponding to relative amounts of nucleotide occupancy) to be made between the wT,
K437A, and R440A transcription initiation complexes (Figure 3.9).
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K437

wT

+1 GTP
R440
Mn2+ (A)

A437

K437A

+1 GTP
R440
Mn2+ (A)
K437

R440A
+1 GTP
A440

Mn2+ (A)
Figure 3.9. K437 is important for +1 GTP substrate triphosphate recognition. Crystallographic
binding comparison of the +1 GTP substrate between the transcription initiation complexes (+1 GTP, +2
AMPCPP, and Mn2+) of wT, K437A, and R440A N4 mini-vRNAPs. Black density is from +1 GTP
omitted mFo-DFcalc maps contoured at 3σ. Each figure shows the +1 GTP substrate and catalytic Mn2+
metal A (purple). N4 mini-vRNAP (or mutant) residues 437 and 440 are shown as sticks on the left.
Dotted lines represent close contacts to the substrate. Electron density maps are automatically normalized
in the graphics display program Pymol (DeLano, 2002). PDB IDs for wT, K437A, and R440A
transcription initiation complexes shown are 3CTE, 3CWP, and 3CU6, respectively.
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Both N4 mini-vRNAP mutants bind the +2 nucleotide substrate similar to the
wild-type, however, at the +1 position there are differences in the binding of the +1 GTP
between the wild-type, K437A, and R440A enzymes. The K437A mutant shows the
most notable difference in electron density (Figure 3.9); the density for the +1 nucleotide
was strongest around the base, part of the sugar, and near the γ phosphate, however the βphosphate group had greatly diminished density suggesting that the lack of the K437
interaction allowed this region to be flexible and that the overall reduction in electron
density for this nucleotide was probably due to the lack of K437’s stabilizing interaction.
The R440A mutant structure however (Figure 3.9) showed density with a similar
intensity to that of the wild-type at the +1 nucleotide substrate position. The R440A
mutant transcription initiation structure provides a nice internal control of a similarly
basic residue that was proximal to the K437 residue, thus showing that the effect for
K437A is specific for that residue. Additionally the R440A mutant results suggest that
the key residue interaction for stabilization is K437 since the lack of the R440 functional
group does not appear to reduce +1 nucleotide binding.

3.3.4 Mutation of K437 to alanine decreases transcription activity
The structural comparison of wT, K437A, or R440A transcription initiation
complexes found that K437 was important for stabilizing GTP at the +1 substrate
position, which positioned the GTP γ phosphate to coordinate to metal A. If GMP were
in the +1 position – which would structurally be similar to the 3’ terminal end of a primer
during elongation - then there would be no γ phosphate to coordinate to metal A. I
therefore designed an experiment to determine the biochemical importance of K437, as
well as the proximal R440 residue, in using a GTP vs. GMP substrate at the +1 position
to make a 2-mer GA product. N4 mini-vRNAP wT, K437A, or R440A enzymes were
used to produce reaction progress curves of templated GA 2-mer product formation
(Figure 3.10) over time. The template (Plus_3) used in all cases was designed with a C
and a T at the respective +1 and +2 template positions, but with an A at the +3 position,
which prevents 3-mer transcription due to the lack of an appropriate UTP in the substrate
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solution. Each respective pre-equilibrated enzyme/template solution was mixed with the
respective +1 G nucleotide, [32P-α]-ATP, and MgCl2 solution at 37°C and aliquots were
removed at different times, quenched, separated by denaturing PAGE, and analyzed by
phosphorimaging techniques. This experiment was performed once.

Figure 3.10. Steady state reaction progress curve comparison of N4 mini-vRNAP point mutants and
their utilization of either GMP (M) or GTP (T) as the +1 initiating substrate to form the respective
GA 2-mer products. W, K, and R represent wT, K437A, or R440A N4 mini-vRNAP enzymes,
respectively. Enzyme and promoter/template solutions were mixed with substrates for varying amounts of
time and quenched – all by hand. The 2X enzyme and promoter/template solution contained 1 μM of either
wT CΔMyc, K437A, or R440A N4 mini-vRNAP enzyme and 1.1 μM Plus_3 DNA (annealed) in 1X
MTCN pH 8. The 2X substrate solution contained: 1mM of either GTP or GMP (Sigma); 2 mM ATP; 10
mM MgCl2; 1X MTCN pH 8; and 0.33 μM [32P-α]-ATP. Both solutions were pre-incubated for more than
10 minutes at 37°C prior to the 37°C reaction. Solutions were mixed and aliquots were removed at
different timepoints to an equal amount of stop solution (10 M urea, 0.1 M EDTA, and BPB), which were
later boiled and ran on a 25% 37:3 acrylamide:bis acrylamide 7M urea denaturing gel and analyzed and
quantified by phosphorimaging.

First, when comparing the curve in the region prior to product inhibition, GMP in
all three enzymes appears to form more product faster than when GTP is used (Figure
3.10). For GMP the velocity in the linear region prior to the plateau corresponding to
product inhibition appears to be similar for each enzyme. When GTP is used as the +1
initiating nucleotide however, there appears to be differences in the enzymes. For wT
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and R440A the curves are nearly similar, with a possible greater slope (reaction velocity)
for the wT. However, the K437A mutant appears to have a slower turnover velocity
compared to the other two enzymes, supporting the role of K437 as a GTP specific
interacting residue, which was illustrated in the above structural comparison.

3.3.5 GMP has faster transient state kinetics than GTP as substrate at
the +1 position at the concentration tested
The N4 mini-vRNAP transcription initiation complex structure revealed an
interaction of the +1 GTP γ phosphate with catalytic metal A. The K437A mutant
transcription initiation structure found that the absence of K437 diminishes the
stabilization of the +1 substrate triphosphate groups. Additionally, K437A was shown to
have a greater decrease in reaction velocity than wT with GTP more so than GMP at the
+1 substrate position under steady state conditions. These results suggested that the
proper coordination of the +1 GTP γ phosphate group to metal A might be important for
substrate assisted catalysis. To compare the catalytic kinetics of the first phosphodiester
bond formation in the presence (GTP) or absence (GDP or GMP) of the +1 substrate’s γ
phosphate, I designed an experiment to monitor GA 2-mer product formation using GΔP
(GTP, GDP, or GMP) as the +1 substrate - similar to the steady state experiment
mentioned above. However, in this experiment I only used the wT N4 mini-vRNAP and
the reaction was monitored under transient state kinetics conditions on the millisecond
timescale using a stop quench apparatus rather than a steady state bench-top assay. Presteady state kinetics measurements were necessary to provide product formation kinetics
prior to the expected rate-limiting step of product release, which might have differed
between using the two different +1 substrates.
In Figure 3.11 I show the results of a chemical quench experiment on a
millisecond timescale (performed once), where both the +1 GΔP and the +1 ATP were
held at the same 100 μM concentration and the ATP was radiolabeled to monitor for a 2mer, GA product. Only a small burst is observed and the overall interpretation is that
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GMP creates more product faster than GDP, and GDP faster than GTP both in the burst
and in the initial steady state. These results indicate that there is faster turnover kinetics
for GMP vs. GTP. There is definitely a possibility though of differences between binding
affinities rather than catalytic kinetics since the concentration of substrate might not be
saturating. Also the initial steady state velocity difference might be attributed to a
difference in product release. Further transient state kinetic analysis needs to be
continued to fully understand the catalytic significance of the +1 NTP γ phosphate during
de novo transcription initiation.

Figure 3.11. Comparison of transient state kinetics between GTP, GDP, and GMP at the +1 position
in the formation of a 2 mer (GA) product. The RQF-3 (http://www.kintek-corp.com/) rapid chemical
quench apparatus was used to rapidly mix 2X enzyme and promoter/template (20 μM N4 (CΔMyc) minivRNAP; 22 μM Plus_3; 1X MTCN pH 8; and 100 mM NaCl) with 2X substrate (200 μM ATP; 200 μM
GTP, GDP, or GMP (Sigma); 10 mM MgCl2; 0.2 μM [32P-α]-ATP (3000 Ci/mmol); 100 mM NaCl; and 1X
MTCN pH 8) at 37°C followed by rapid quench with 0.5 M EDTA pH 8 at different time points. Products
were run on a 25% 37:3 acrylamide:bis acrylamide 7M urea denaturing gel and analyzed by
phosphorimaging techniques
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3.3.6 Structure of a de novo transcription initiation complex without
metal A
In an attempt to solve the structure of a 2-mer GG product transcription initiation
complex, I soaked GTP and MgCl2 into the N4 mini-vRNAP and P2_7a
promoter/template binary complex crystals to carry out in situ RNA synthesis and
determined the resulting structure at 2.1 Å resolution. However, product density was not
observed in the structure. Clear density was observed for both GTP nucleotide substrates
that were both in the C3’-endo sugar conformation and base-paired to the +1 and +2
DNA promoter/template bases in both molecule A and molecule B of the asymmetric unit,
however only metal B showed clear density in both complexes. The lack of metal A in
this complex suggests that two different pre-catalytic states may exist (Figure 3.12) - one
before and one after metal A binding - and therefore I will refer to this structure as
Substrate Complex I (SCI) and the above structures that included both catalytic metals as
Substrate Complex II (SCII). Eventually the proper conditions to achieve catalysis
within the crystal were found (below). In the case for SCI though, a cryoprotectant
solution was used that had a high concentration of GTP that presumably displaced any
product formed during soaking. Further catalysis in the cryo solution probably didn’t
occur due to citrate chelation of Mg2+ at higher concentrations of the PEG3350
cryoprotectant. Additionally, the soak was done (only for this crystal structure) by
applying a small amount (10 μL) of soak solution directly to the crystallization drop,
which was then inverted over the reservoir. This method may have diluted the
concentration by vapor diffusion or did not allow it to properly diffuse into the drop
solution, thus decreasing the substrate or metal concentration of the soak. All other soaks
reported in this chapter involved removing the crystals from the drop to a sealed glass
tray well with ~30 μL of the respective soak solution.
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Figure 3.12. Proposed reaction scheme for N4 mini-vRNAP de novo transcription initiation. From left
to right, the binary complex was previously shown not to bind catalytic metals (Chapter 2). SCI lacks
metal A and shows a distinct conformational difference between it and SCII. Upon metal A binding, SCII
contains all of the components to perform the phsophoryl transfer reaction to produce the final 2-mer
product and pyrophosphate. The product complex is described below.

The structure of SCI depicts an outward flipped orientation of the +1 NTP
triphosphates, revealing that a conformational change occurs in the +1 nucleotide
substrate’s triphosphate groups upon metal A binding (Figure 3.13). As with SCII, both
+1 and +2 substrate nucleotides in SCI maintain their C3’-endo sugar pucker
conformations. The absence of metal A in SCI provided the following details of the
geometrical arrangement of the active site prior to phosphodiester bond formation when
comparing SCI to SCII: 1) the distance between the +1 3’OH and +2 α-P was decreased
from 3.9 to 3.3 Å, which is consistent with the idea that metal A moves towards the +2 αP and brings the 3’-O- within a distance capable for in-line nucleophilic attack (Yang et
al., 2006); 2) the conserved catalytic aspartate D559 shifts its position to coordinate both
metal A and metal B; and 3) the γ phosphate group of the +1 nucleotide substrate moves
as much as 8.1 Å to coordinate to catalytic metal A (Figure 3.13B).
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Figure 3.13. Conformational changes associated with substrate and metal binding. (A) Binary
complex (pink) superimposed with Substrate Complex I (cyan) shows the movement of the catalytic
aspartates upon substrate and metal B binding to the active site. (B) Substrate complex I (cyan)
superimposed with Substrate Complex II (white with magenta spheres for catalytic metals) shows the
conformational change of the +1 substrate’s triphosphate groups between SCI and SCII.

3.3.7. The structure of a transcription initiation 2-mer product complex
with pyrophosphate
X-ray crystal structures were solved for three of the four intermediates in the
proposed reaction scheme for N4 mini-vRNAP de novo transcription initiation: binary,
SCI, and SCII complexes (Figure 3.12). In order to understand the structural aspects of
the complete reaction scheme, it was important to be able to solve a transcription
initiation complex structure that included both the 2-mer and pyrophosphate products
formed after the first phosphoryl transfer reaction. Initial efforts to achieving this goal
were aimed at soaking a pppGpG dinucleotide into the crystal; however this required
high concentrations of the dinucleotide – that were hard to obtain - to achieve strong
enough occupancy in the crystal. Additionally, soaking just pppGpG into the crystal
didn’t allow for the pyrophosphate product to be included in the structure.
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A second and more successful strategy was to perform an in situ transcription
initiation reaction by soaking the crystal with natural +1 and +2 GTP substrates and
MgCl2. The process of making both the binary (Chapter 2) and initiation complexes
diffract well involves a series of steps before freezing the crystals where the
concentration of PEG3350 is gradually increased. I previously solved a crystal structure
for a substrate complex that was soaked overnight in a substrate solution and then
transferred through a series of cryoprotectant solutions where the substrate was absent in
the last solution before freezing the crystal. This structure showed no substrate density. I
therefore found it important to keep the substrate and metal concentrations as close to the
respective soaking concentrations as possible in all of the cryoprotectant solutions. I
moved N4 mini-vRNAP and P2_7a binary crystals to 30 μL soak solutions (in sealed
glass tray wells) with different concentrations of GTP and constant 10 mM MgCl2 and
attempted to solve each structure at the respective concentration, which was maintained
throughout the cryoprotection process. GTP soak concentrations of 20 and 100 μM
showed little extra electron density at the active site and 2.5 mM GTP datasets were not
collected due to the severe mosaicity of the diffraction spots. A GTP concentration of
500 μM provided excellent electron density for a 2-mer product and pyrophosphate at the
active site of molecule A. My current theory as to why this concentration of GTP worked,
is that it had enough of the substrate to see good density and bind to the RNAP active site,
while at the same time the concentration isn’t too high in the cryoprotectant to displace
the product with GTP substrate directly before freezing of the crystal in liquid nitrogen.
The X-ray crystal structure of the N4 mini-vRNAP transcription initiation product
complex (Figure 3.14) at 1.8 Å revealed the structures of pppGpG and pyrophosphate at
the active site; however no metal electron density was observed. The lack of metal
density might be either due to its citrate induced precipitation or possibly that the RNAP
releases the metal after product formation and only binds new metal upon the next
successive nucleotide addition. The structure reveals that the product is not translocated,
but has released pyrophosphate which is bound to the O-helix.
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There are very few protein conformational changes between SCII and the pretranslocated product complex, with an rmsd of 0.196 when aligning the molecule A
residues 50-1000, which is less than the 0.482 rmsd value between the binary and SCII
complexes. Three different types of conformational changes occur between SCII and the
product complex (Figure 3.14B-C): 1) +1 substrate triphosphate reorganization; 2)
catalytic asparate conformational changes; and 3) O-helix residues move from +2
triphosphate recognition (SCII) to pyrophosphate binding (product). In the first type of
conformational change, the +1 substrate’s triphosphate groups swing outward, slightly
similar to the conformation seen in SCI (Figure 3.14B and 3.15) and make a bidentate
interaction with R440 through two oxygens of the α phosphate. Additionally K437,
which held oxygens from the α and β phosphates of the +1 substrate in SCII, now holds
the γ phosphate. Both the triphosphate and the catalytic aspartate movements appear to
be related to the presence or absence of the catalytic metals. The third conformation
change is due to pyrophosphate release. Residues Y612 and R666, which held the β and
γ phosphates of the +2 substrate respectively, still maintain a similar interaction with the
pyrophosphate; though R666 now makes contacts with oxygens from both phosphates.
K670 also adds a contact to pyrophosphate where its distance in SCII was slightly further
away. These O-helix sidechain interactions are slightly swung away from their SCII
position due to the separation of pyrophosphate (Figure 3.14C).
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Figure 3.14. The N4 mini-vRNAP transcription initiation complex with a pre-translocated 2-mer
RNA product and pyrophosphate. A) The Palm subdomain (red) and the O-helix (blue and yellow) that
contains motif B (yellow) are shown with template DNA (pink), product RNA (green), and pyrophosphate
(orange phosphates and red oxygens). Important interacting protein residues are shown as sticks with
dotted lines representing close contacts. B and C) SCII was aligned by residues 50-1000 for molecule A
(rmsd 0.196). B) The lack of catalytic metals in the product complex presumably cause conformational
changes in the catalytic aspartates and in the γ phosphate of +1 between SCII (green with gray protein
residues) and the product complex (cyan). C) The release of PPi causes conformational changes in protein
residues important for +2 substrate triphosphate recognition between the SCII (cyan) and product
complexes (green).
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Figure 3.15. Comparison of the +1 triphosphates, K437, and R440 positions between N4 mini-vRNAP
binary, SCI, SCII, and product transcription initiation complexes. All structures were aligned by
residues 50-1000 in molecule A. Colors are as follows: binary, gray; SCI, blue; SCII, green; product,
orange. There is little difference between the compared K437 and R440 positions, suggesting that the large
differences between the respective triphosphate groups are intrinsic and related to the presence of metal A.

3.3.8. The structure of a transcription initiation complex prepared with
3’dGTP
Using 3’dGTP analogues as +1 and +2 base substrates provides a convenient way
to trap the transcription initiation complex prior to the first phosphodiester bond
formation due to the lack of a +2-α-phosphate attacking +1 3’O- and this was what was
used in the X-ray crystallographic study of T7 RNAP transcription initiation (Kennedy et
al., 2007). In an attempt to trap the transcription initiation complex similarly, I soaked
3’dGTP nucleotides and MgCl2 into the P2_7a binary complex crystals and solved the Xray crystal structure (Table 3.1). The results of the positions of the protein and ligands
were near identical to SCI with some interesting differences (Figure 3.16): 1) both +1
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and +2 3’dGTP substrates maintain the C3’-endo sugar conformations but to a lesser
degree of puckering; 2) The functional group of the conserved aspartate D559 is rotated,
possibly due to a lack of interactions with the missing 3’OH group of the +1 sugar; and 3)
the phosphates of the +1 substrate are in nearly identical positions, however the absence
of the 3’OH appears to rotate the sugar which may cause a difference in the angle of the
bonds between each bridging oxygen and phosphate. These results suggest first that the
3’dGTP analogues are somewhat sufficient for mimicking the natural GTP substrate but
not good for metal A binding. Secondly, the results suggest that differences between N4
vRNAP and T7 RNAP transcription initiation structures are not due to the analogues used,
but rather either due to inherent differences in the mechanisms of the RNAPs or that the
alignment of the promoter/template in the T7 structures is a crystallographic artifact.

Figure 3.16. Superposition of N4 mini-vRNAP and P2_7a structures soaked with MgCl2 and either
GTP (blue) or 3’dGTP (green). Small differences are seen in +1 triphosphate orientation and sugar
puckering, and in the orientation of D559. There is little deviation however between using either GTP or
3’dGTP at the +2 position.
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3.4 Discussion
I have determined crystal structures of N4 mini-vRNAP de novo transcription
initiation complexes that have revealed not only how the first two RNA substrates are
bound at the active site, but also the structural difference between three different reaction
states. The high resolution initiation complex structures of wild-type and mutant RNAPs
provide insights into: 1) the important protein residues that are used to bind the +1 and +2
substrates; 2) the structural differences of the substrate and protein between a metal A
containing and metal A lacking transcription initiation complex; 3) how the γ phosphate
of the +1 substrate, which is only present in the P-site during de novo transcription
initiation, plays a role in catalytic metal A coordination; and 4) the structure and
associated conformational changes upon product formation and pyrophosphate release.
The conformational changes between each reaction state to perform de novo transcription
were found generally only near the active site in very few and specific residues,
highlighting the fine-tuned sensitivity to proper substrate and metal binding, which
heavily relies on the intrinsic conformational dexterity of the substrate triphosphate
groups.

3.4.1 The importance of metal A in the de novo transcription initiation
reaction
The previously described binary complex crystal structures (Chapter 2) combined
with the new ligand substrate and metal bound de novo transcription initiation complex
structures presented here allow me to begin to put together a series of intermediate steps
that explain the de novo transcription initiation reaction mechanism (Figure 3.12). First,
from MeCl2 soaks of binary complex crystals that showed no extra metal density in the
structure (Chapter 2), it is evident that substrates are required to bind with or before
catalytic metals. It is unclear as to which substrate binds first, whether +1 binds and then
+2, visa versa, or randomly. Whether the +1 substrate could bind to the polymerase
active-site pre-bound to metal A is unknown, but it does appear that the role for R440 is
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more important when the +1 triphosphates are extended away from the metal A
coordination as seen both in SCI and in the product complex. When the γ phosphate
interacts with metal A it loses close contacts with R440 in SCII. This is consistent with
the observed strong electron density for the +1 substrate in the R440A transcription
initiation complex (Figure 3.9). R440’s role could be to bind the +1 nucleotide in a step
that precedes metal A binding.
Only when metal A binds does the γ phosphate of the +1 substrate rotate to
coordinate to the metal, thus - with natural substrates - allowing phosphodiester bond
formation to occur. Once product is made, PPi is presumably released with metal B and
metal A would have lost coordination contacts with the now bonded 3’O of the +1
substrate. The loss of the 3’OH coordination for metal A might allow metal A to
dissociate and release the coordination of the +1 γ phosphate. This is shown in the pretranslocated product complex (Figure 3.14) where there are no identifiable metals
present and the β and γ phosphate groups of the +1 substrate have flipped away from the
metal A binding site. This step would mark the transition into elongation and the 5’
phosphate interactions with the active site would need to be lost to allow for product
translocation.
X-ray crystal structures of pre-catalytic complexes of DNAPs and RNAPs in the
past have predominately relied on the use of 3’-deoxy NTPs at the primer terminus,
which distorts the geometry of the active site due to the inability of catalytic metal A to
coordinate properly (Batra, et al., 2006). Similarly, 3’-deoxy NTPs were used as the +1
substrate in the T7 RNAP transcription initiation study (Kennedy et al., 2007), which
showed a possible misalignment of the substrates near the catalytic aspartates (described
below). Recently, complete atomic descriptions of pre-catalytic complexes have been
provided for DNAP β (Batra, et al., 2006) and λ (Garcia-Diaz, et al., 2007) of the Xfamily of repair DNAPs. By using the non-hydrolyzable nucleotide analogue dUpnpp at
the N-site, they were able to provide a 3’OH group on the P-site substrate for proper
metal coordination and showed that metal A binding reduces the 3’-O to metal A distance
from 3.5 to 2.2 Å (Batra, et al., 2006). In Figure 3.6B, I show that the +1 3’-O to metal
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A distance is 2.41 Å in SCII, which is in close agreement to the DNAP β value. N4 minivRNAP SCII represents the first high resolution pre-catalytic complex structure for the
DNAP Pol I family that has all of the atoms involved in the reaction in the structure.
Both catalytic Mg2+ metals were modeled for a T7 RNAP elongation complex where
AMPCPP was in the elongating position and the primer terminus had a 3’-OH. The 3’O
to metal A distance however, is 3.7 Å, which is inconsistent with proper metal A
coordination (Batra, et al., 2006), suggesting that something isn’t correct with the T7
RNAP structure.

3.4.2 Transcription start-site selection for N4 vRNAP
The structural alignment of N4 mini-vRNAP SCII over the binary complex
(Figure 3.7) showed that there was minimal movement of the template DNA, suggesting
that positioning of the appropriate template near the active site is important for proper
start-site selection. Both N4 and T7 position the -1 promoter base towards the secondary
channel (i.e. nucleotide entry pore), however the T7 structure also includes +3 in the
same direction where N4’s +3 is flipped out and away from the secondary channel. For
the structural study of T7 transcription initiation -using the 3’dGTP analogue substrateno difference in the template DNA was seen between the binary and initiation complexes.
When I aligned the N4 mini-vRNAP and T7 RNAP binary promoter complexes by
secondary structure (Figure 3.17), I found that the templates of the T7 RNAP binary and
initiation complexes were positioned 1 base further in the upstream direction relative to
N4 mini-vRNAP. For T7, the authors concluded that the shift from the expected position
could be explained by the presence of a unique site used only for de novo transcription
initiation called the “D-site” (Kennedy et al., 2007). Comparisons between my newly
solved transcription initiation complexes for N4 mini-vRNAP with the T7 initiation
complex show that there is no “D-site” for N4 vRNAP and it remains unclear for T7 how
phosphodiester bond formation would take place given the distances between substrate
and the catalytically important residues.
.
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Figure 3.17. The T7 template in the binary complex (2PI5 and black) is positioned 1 base further
upstream than the N4 binary complex. The N4 binary complex is depicted with: red palm, blue and
yellow Fingers residues, and grey promoter/template. Upon templated substrate binding the substrates are
not in position for catalysis in the T7 transcription initiation complex (2PI4 and brown).

Proper initial alignment of the promoter/template allowed for correct binding of
substrate to the active site of the N4 mini-vRNAP transcription initiation complex crystal
structures: evidenced by the product complex structure. For the +1 substrate the major
determinant for binding comes from the K437 residue and base pairing to the template.
Metal A coordination in SCII is important for +1 binding, but both GTP without metal A
and 3’dGTP at the +1 position still were able to bind. The K437A transcription initiation
structure (Figure 3.9) however showed a dependency for K437 in +1 substrate binding.
When I compared the N4 mini-vRNAP transcription initiation structures with
structures of multi-subunit RNAPs I found similar basic residues in analogous positions
(Figure 3.18A-B) to K437 and R440 that interact with the +1 substrate triphosphate
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groups. By modeling the substrates and metals of SCII into a transcribing (elongating)
yeast Poll II structure (Wang et al., 2006) I identified K979 and K987 of the Rpb2
subunit as possible similarly functioning residues (Figure 3.18B). These residues are
located in region H of the second largest subunit of multi-subunit RNAPs and have been
implicated in: 1) cross-linking to initiating substrate mimicking nucleotide derivatives
intended to map the active site in both yeast (Treich et al., 1992) and in E.coli
(Godovikova, et al., 1989); and 2) yeast cell viability (Treich et al., 1992). Interestingly,
a sequence alignment of the region harboring the K437 and R440 residues for N4 vRNAP
with related T7-like RNAPs showed that K437 is unique to N4 vRNAP, while R440A is
conserved in mitochondrial RNAPs but is replaced with a lysine in other phage RNAPs
(Figure 3.18C). The corresponding residues found in the yeast pol II structure however,
K979 and K987, are absolutely conserved throughout multi-subunit polymerases from
bacteria, archaea, and eukaryotes (Figure 3.18D).

Figure 3.18. K437 is unique to N4 vRNAP compared to other single-unit polymerases but may
functionally represent conserved residues in multi-subunit polymerases. (A) Substrate complex II of
the N4 mini-vRNAP structure compared to a similar orientation of the (B) Pol II modeled transcription
initiation complex derived from N4 mini-vRNAP Substrate Complex II nucleotide substrates and cataltyic
metals modeled into the yeast pol II transcribing polymerase structure (Wang et. al. 2006). Similar basic
residues in each are boxed. (C) Protein sequence alignment of N4 vRNAP with similar regions in other
single-subunit T7-like RNAPs (BP = bacteriophage). (D) Alignment between multi-subunit polymerases
from bacteria, archaea, and eukaryotes that show the strongly conserved basic residues that may be similar
in function to K437 from N4 vRNAP.
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For +2 substrate stabilization during de novo transcription initiation, N671
appears to play a role in stabilizing the +2 base (Figure 3.6A) for N4 mini-vRNAP.
Interesting, when comparing the conserved motif B region of the O-helix between related
single-subunit RNA and DNA polymerases, the corresponding residue at this position in
DNAPs is conserved in having a short functional group (Figure 3.19). However, in
RNAPs the residues in this same position are conserved in having a long functional group
(Figure 3.19). The long functional group may play an important role in proper start-site
selection, only in those polymerases that undergo de novo transcription initiation.

Figure 3.19. Sequence alignment comparison between motif B of related single-subunit RNA and
DNA polymerases. RNAPs have a conserved long residue corresponding to N671 for N4 mini-vRNAP
and DNAPs in this position have a conserved short residue (red arrow).

.
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3.4.3 Conformational changes during catalysis
The conformational changes of both the protein and substrate between the binary
and SCI and between SCI and SCII structures suggest an induced fit substrate and metal
recognition strategy that ensures fidelity (Figure 3.13), but with only subtle movements
in the sidechains around the active site. The T7 transcription initiation complex study
suggested that there were no conformational changes associated with initiating substrate
recognition (Kennedy et al., 2007). A lock-and-key fit for substrate in this manner may
provide a surface for catalysis, but the need for fidelity in any polymerase would suggest
a polymerase mechanism that provides structural checkpoints throughout the binding and
catalytic processes as described here for N4 mini-vRNAP.
An alignment between the N4 mini-vRNAP binary complex and SCI revealed a
small turn of the Y-helix (3.64°) and O-helix (2.82°) that corresponds to a movement
(Figure 3.20A) of the conserved ribose-discriminating Y678 residue from occupying the
+2 substrate binding site (binary complex) to moving out of the way to allow the +2
substrate to bind (initiation complex). Previously, the fidelity checkpoint for nucleotide
incorporation was thought to be controlled by the motion of the Fingers subdomain that
opens and closes between each successive nucleotide addition cycle (Yin and Steitz,
2004). The small rotation of this region in N4 mini-vRNAP as compared to other RNAP
and DNA polymerases (Figure 3.20) between nucleotide bound and unbound states,
combined with my structural evidence showing metal A binding as a step preceding
phosphodiester bond formation, suggest that it might be the coordination geometry of
metal A that determines fidelity – where only when the proper metal coordination is
achieved through the correct base pairing will metal A bind and perform catalysis. This
type of fidelity mechanism has been suggested by Yang et al. (2006), and is supported by
recent evidence suggesting that the Fingers motion might be dependent on a rate limiting
step that precedes Fingers opening (Allen et al., 2008) and that the Fingers motion may
not be the rate limiting step for phosphodiester bond formation.
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Figure 3.20. A) A superposition of the N4 promoter-binary (orange) and SCI transcription initiation
(cyan) complex structures at the active center. Perfectly conserved Y678 is in and out of the N-site.
Only slight rigid body motion of the O- and Y-helices is observed.
(B-D) O- and Y-helices movement between the open (orange) and closed (cyan) conformations of the Pol I
DNA polymerase family.

3.4.4 The position of the γ phosphate in SCII suggests a substrateassisted catalytic mechanism.
The coordination of the γ phosphate to catalytic metal A in SCII suggested a
possible catalytic role for the γ phosphate. For the T7 RNAP, GTP as the initiating +1
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nucleotide was shown to have faster kcat values than for GMP at the +1 position (Martin
and Coleman, 1989). Since the γ phosphate is bound both by E557 and catalytic metal A,
and is proximal to its own 3’OH group, it seems reasonable that a proton shuttle
mechanism could deprotonate the 3’OH to active it for nucleophilic attack on the +2 α-P
(Figure 3.21). This type of substrate-assisted catalytic mechanism could easily be
envisioned within the context of an all RNA environment, where the proper metal
coordination would allow the γ phosphate of an NTP to activate its own sugar for
catalysis.
Stop quench experiments consistently showed GMP as having faster turnover than
GTP. However, due to the design of these experiments, binding differences between
GTP and GMP could be causing discrepancies since they were most likely not done
under saturating substrate conditions. The complete biochemical mechanism, with
dissociation constants for both +1 and +2 substrates needs to be worked out before GTP
and GMP can accurately be compared as the +1 initiating substrate. Another possible
explanation though for slower turnover values for GTP than GMP is that SCI and SCII
structures depict a two-step binding mechanism that might overall be slower than GMP,
which wouldn’t presumably need a second step, since it has no γ phosphate to coordinate
to metal A.
Why would an enzyme use a GTP vs. GMP +1 substrate specific mechanism? In
vivo, the cell is thought to have much higher concentrations of NTP vs. NMP
(Glembotski et al., 1981), which would require that an RNAP was able to bind in the Psite both the high concentration of NTP, as well as the primer terminal base that would
structurally be similar to NMP. Secondly, it has been shown that mRNA products with
5’-triphosphate groups have greater stability in vivo (Celesnik et al., 2007). In Chapter 2,
N4 mini-vRNAP was shown to have a mechanism to activate itself for transcription only
by binding to its unique DNA hairpin promoter – due to the fact that the vRNAP was
injected into the host with low copy number. Similarly, if the very few mRNA products
that the vRNAP made were able to be stable inside the cell without being degraded
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quickly, then it would have a greater chance of making more of the second RNAP in the
lifecycle, N4 RNAP II, which could overcome the low RNAP copy number limitation.

Figure 3.21. Model for a proposed substrate-assisted catalytic mechanism during de novo
transcription initiation. A proton shuttle is proposed where E557 draws an H from the γ phosphate,
which then deprotonates its own 3’OH to activate it for nucleophilic attack on the +2 α phosphorous.

A question remains as to whether or not Mg2+ would coordinate the +1 γ
phosphate as Mn2+ does. Mg2+ is usually regarded as the most available and
physiological divalent cation used for nucleotide polymerases. Despite this, Mn2+ is
catalytically and structurally similar to Mg2+, but with less of a stringent coordination
geometry (Yang et al., 2006). In SCI Mg2+ is in the metal B position and in SCII, Mn2+
atoms are in both the metal A and B positions. The overlay of these two structures shows
little deviation of the common metal B (Figure 3.13B) and would suggest such a
situation for metal A. It is conceivable that the newly discovered motion of the 5’triphosphates of the +1 substrate used to coordinate metal A would occur whether the
metal was Mn2+ or Mg2+. Catalysis within the crystal using MgCl2 was shown possible in
the pppGpG product transcription initiation complex, however once an increasing amount
of PEG 3350 is added to the solution for cryoprotection, it appears that Mg2+ density is
lost in the crystal structures – possibly due to chelation and/or precipitation by citrate
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required for crystal growth and stability. The next goal of this study is to find the proper
conditions for observing Mg2+ at the metal A position of the active site.

3.5 Methods and Materials
3.5.1 N4 mini-vRNAP and DNA Purifications
N-terminally His-tagged N4 mini-vRNAP from the pKMK56 plasmid and point
mutations of this plasmid (below) were expressed and purified as before (Chapter 2).
The P2_7a DNA (5’-TGCCTCCCAGGCATCCAAAAGAAGCGGAGCTTCTTC-3) was
the same as described (Chapter 2), however a new P2_7c DNA construct was ordered
(IDT) and purified as before (Chapter 2) with the sequence: 5’TGCCTCCCAGGCAGTCAAAAGAAGCGGAGCTTCTTC-3’

3.5.2 Site-directed mutagenesis of N4 mini-vRNAP
Site-directed mutagenesis of the pKMK56 plasmid was performed to make mutant
K437A and mutant R440A using the QuikChange site-directed mutagenesis kit
(Stratagene) protocol. Mutant N4 mini-vRNAP DNA sequence changes were as follows:
K437A, AAA to GCC; R440A, CGT to GCA. The respective mutated residue was
verified by sequencing the region containing the mutation. Mutant proteins were
expressed and purified as above for the wT.

3.5.3 Crystallization of Binary Complexes
P2_7a:N4 mini-vRNAP binary complex crystals were formed as before (Chapter 2).
P2_7c DNA and N4 mini-vRNAP wT, K437A, or R440A binary complex crystals were
all made as follows: 1uL of 10mg/mL protein was mixed with a 1:1 molar ratio of the
P2_7c DNA in crystallization solution (10 mM Tris-HCl (pH 8.0 at 21 °C), 50 mM NaCl,
0.1 mM EDTA) and mixed with 1uL of solution A (25% PEG 3350, 0.1 M Tris-HCl pH
8.0, 0.21 M dibasic ammonium citrate, 0.09 M ammonium dihydrogen monophosphate)
and used as a drop for hanging drop vapor diffusion over a reservoir containing the same
solution, but with PEG 3350 concentrations of 25% for the wT and a gradient from 10%
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to 25% for the mutant crystals. Crystals grew in under 3 days to typical dimensions of
250um x 125um x 25um (Figure 3.22) for the wT complex crystals and 300um x 175um
x 70um for mutant complex crystals.

Figure 3.22. P2_7c binary complex crystal. Scale bar is ~100 μm long.

3.5.4 Crystal soaking and cryoprotection
All soaking and cryoprotectant procedures were done at room temperature prior to
freezing the crystals in liquid nitrogen (see Appendix C). Cryoprotectant steps were
usually between 2 to 5 minutes each.
N4 mini-vRNAP, P2_7a, GTP, Mg2+
N4 mini-vRNAP and P2_7a binary complex crystals were soaked as follows: 10 uL of
(10 mM MgCl2, 5 mM GTP (GE Healthcare), 25% PEG 3350, 0.1 M Tris-HCl pH 8.0,
0.1 M dibasic ammonium citrate, 0.1 M ammonium dihydrogen monophosphate) was
added directly to the crystal drop and re-equilibrated with the reservoir solution overnight.
The next day the crystals were moved in 3 steps from 30% to 35% to 40% PEG 3350
solutions (30 uL of each solution in a glass tray) all containing 10 mM MgCl2, 5 mM
GTP (GE Healthcare), 0.1 M dibasic ammonium citrate, 0.1 M ammonium dihydrogen
monophosphate, and a gradient from 0.1 M (30% PEG 3350 solution) to 0.04 M (40%
PEG 3350 solution) Tris-HCl pH 8.0 prior to freezing in liquid nitrogen.
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N4 mini-vRNAP, P2_7a, 3’dGTP, Mg2+
The 3’dGTP and Mg2+ soak of the N4 mini-vRNAP and P2_7a binary crystals were
performed exactly as the GTP and Mg2+ soak above with the exception that GTP was
replaced (at the exact same concentrations as well) with 3’dGTP (TriLink BioTech.)
N4 mini-vRNAP, P2_7a, GMPCPP, Mn2+
N4 mini-vRNAP and P2_7a binary complex crystals were moved to a glass tray well and
soaked overnight in a 50 uL solution containing the following: 20 mM MnCl2, 5 mM
GMPCPP (Jena Bioscience), 25% PEG 3350, 0.1 M Tris-HCl pH 8.0, 0.11 M dibasic
ammonium citrate, 0.09 M ammonium dihydrogen monophosphate. Crystals were then
moved in 3 steps through 30 uL solutions from 30% to 35% to 40% PEG 3350 that all
contained 20 mM MnCl2, 5 mM GMPCPP (Jena Bioscience), 0.11 M dibasic ammonium
citrate, 0.09 M ammonium dihydrogen monophosphate, and a gradient from 0.1 M (30%
PEG 3350 solution) to 0.045 M (40% PEG 3350 solution) Tris-HCl pH 8.0 prior to
freezing in liquid nitrogen.
N4 mini-vRNAP, P2_7a, pppGpG product complex
N4 mini-vRNAP and P2_7a binary complex crystals were moved to a 30 uL stabilization
solution of: 10 mM MgCl2, 25% PEG 3350, 0.1 M Tris-HCl pH 8.0, 0.11 M dibasic
ammonium citrate, 0.09 M ammonium dihydrogen monophosphate. Then the crystals
were moved to and soaked in a glass tray well in 30 uL of the following solution
overnight at room temperature: 0.5 mM GTP (GE Healthcare), 10 mM MgCl2, 25% PEG
3350, 0.1 M Tris-HCl pH 8.0, 0.11 M dibasic ammonium citrate, 0.09 M ammonium
dihydrogen monophosphate. Crystals were then moved in 3 steps through 24 or 28 uL
solutions from 30% to 35% to 40% PEG 3350 that all contained 10 mM MgCl2, 0.5 mM
GTP (GE Healthcare), 0.11 M dibasic ammonium citrate, 0.09 M ammonium dihydrogen
monophosphate, and a gradient from 0.1 M (30% PEG 3350 solution) to 0.085 M (40%
PEG 3350 solution) Tris-HCl pH 8.0 prior to freezing in liquid nitrogen.
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N4 mini-vRNAP, P2_7c, GTP, AMPCPP, Mn2+
N4 mini-vRNAP and P2_7c binary complex crystals were moved to a glass tray well and
soaked overnight in 30 uL of the following solution: 5 mM GTP (GE Healthcare), 5 mM
AMPCPP (Sigma), 20 mM MnCl2, 25% PEG 3350, 0.1 M Tris-HCl pH 8.0, 0.11 M
dibasic ammonium citrate, 0.09 M ammonium dihydrogen monophosphate. Crystals were
then moved in 3 steps through 30 uL solutions from 30% to 35% to 40% PEG 3350 that
all contained 20 mM MnCl2, 5 mM GTP (GE Healthcare), 5 mM AMPCPP (Sigma), 0.11
M dibasic ammonium citrate, 0.09 M ammonium dihydrogen monophosphate, and a
gradient from 0.1 M (30% PEG 3350 solution) to 0.024 M (40% PEG 3350 solution)
Tris-HCl pH 8.0 prior to freezing in liquid nitrogen.
K437A N4 mini-vRNAP, P2_7c, GTP, AMPCPP, Mn2+
K437A N4 mini-vRNAP and P2_7c binary complex crystals were moved to a glass tray
well and soaked overnight in 30 uL of the following solution: 5 mM GTP (Sigma), 5 mM
AMPCPP (Sigma), 20 mM MnCl2, 25% PEG 3350, 0.1 M Tris-HCl pH 8.0, 0.11 M
dibasic ammonium citrate, 0.09 M ammonium dihydrogen monophosphate. Crystals were
then moved in 3 steps through 30 uL solutions from 30% to 35% to 40% PEG 3350 that
all contained 20 mM MnCl2, 5 mM GTP (Sigma), 5 mM AMPCPP (Sigma), 0.11 M
dibasic ammonium citrate, 0.09 M ammonium dihydrogen monophosphate, and a
gradient from 0.1 M (30% PEG 3350 solution) to 0.009 M (40% PEG 3350 solution)
Tris-HCl pH 8.0 prior to freezing in liquid nitrogen.
R440A N4 mini-vRNAP, P2_7c, GTP, AMPCPP, Mn2+
R440A N4 mini-vRNAP and P2_7c binary complex crystals were soaked and
cryoprotected exactly the same way (and on the same days) as the K437A N4 minivRNAP and P2_7c binary crystals above using the very same prepared solutions that
were split to use for each respective mutant complex crystal type.
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3.5.5 Data Collections and Structure Determinations

Crystallographic data were collected by synchrotron radiation at the National
Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY) and processed
with HKL2000 (Table 3.1; Otwinowski and Minor, 1997). For a near complete dataset, a
minimum of 80 ° of total crystal rotation is needed with 0.2 ° oscillation anges for each
image, which equals 400 images. Typical exposure times for each image were ~ 5
seconds with synchrotron radiation and ~ 10 minutes using home source X-rays. The
binary complex structures described previously (Chapter 2) were used as a search model
for molecular replacement followed by rigid body refinement, minimization, and B-factor
minimization using CNS (Brunger et al., 1998). Excellent electron density was observed
for substrate, metals, or product at the active site after calculating Fo-Fc maps. Substrates
and substrate analogue starting structures were downloaded from the HIC-Up server
(http://xray.bmc.uu.se/hicup/; Kleywegt, 2007) and models were built into the respective
electron density with either the O (Jones et al., 1991) or Coot (Emsley and Cowtan, 2004)
program. Final refinement was done with Refmac5 (Murshudov et al., 1997) within the
CCP4 suite (Acta Cryst , 1994) followed by cycles of water addition using either only the
ARP/wARP (Lamzin and Perrakis, 1998) program or with additional cycles using the
Coot program. Final coordinates and structure factors were submitted to the PDB
database (www.pdb.org) with PDB codes listed in Table 3.1.
Datasets of the P2_7c-GTP-AMPCPP-Mn and the P2_7a-GMPCPP-Mn crystals
were additionally collected (Table 3.1) using home source X-rays (Rigaku RU-200
rotating anode generator with Osmic confocal “blue” optics and a R-axis IV plate system)
at the Cu K-α wavelength to unambiguously detected Mn2+ signal at the active site (see
Appendix D) and were scaled with the HKL2000 package with and without the
anomalous flag. Using CNS, model phase was generated from a refined structure from
the normally scaled dataset (that was solved through molecular replacement as above, but
not fully refined) and was combined with the anomalous dataset to generate Fourier maps
showing unambiguous anomalous density corresponding to the Mn2+ ions.
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3.5.6 Biochemical Experiments
3.5.6.1 Runoff transcription using either Mg2+ or Mn2+ as the catalytic
metal
N4 (CΔMyc) mini-vRNAP and P2_7a DNA (same DNA that was used for
crystallization), both at an end concentration of 1μM, were allowed to equilibrate for 12
minutes at 37°C with reaction buffer (end concentrations: 50 mM Tris-HCl pH 8 at room
temperature, 0.1 M NaCl, 0.1 mM EDTA (pH 8), and 25 μg/uL BSA) and either MgCl2
or MnCl2 at varied concentrations. Then 1μL of NTP mix (final concentrations: 200 μM
GTP, ATP, and CTP; 50 μM UTP; and 2 μCi/μL [α-32P]-UTP) was added to a final
volume of 10 uL and incubated for 12 minutes at 37°C and quenched with a urea stop
solution (10 M urea, 0.1 M EDTA, and BPB dye) and boiled prior to loading the samples
on a 7 M urea 20% 29:1 acrylamide:bis acrylamide gel.

3.5.6.2 Pre-steady-state kinetics transcription reactions using GTP,
GDP, or GMP as the +1 initiating nucleotide
Plus_3 DNA promoter/template (5’-GGGGATCAAAAGAAGCGGAGCTTCT3’) from the Penn State Huck Institute Nucleic Acid Facility was heated to 95°C 5
minutes and decreased to 25°C at 0.05°C/s in a thermocycler. MTCN buffer (pH 8 at
room temperature) was used throughout this experiment and contained the following 1X
concentrations: 50 mM MES; 25 mM Tris; 25 mM CAPS; 50 mM NaCl). The RQF-3
(http://www.kintek-corp.com/) rapid chemical quench machine was used to rapidly mix
2X enzyme and promoter/template (20 μM N4 (CΔMyc) mini-vRNAP; 22 μM Plus_3;
1X MTCN; and 100 mM NaCl) with 2X substrate (200 μM ATP; 200 μM GTP, GDP, or
GMP (Sigma); 10 mM MgCl2; 0.2 μM [32P-α]-ATP (3000 Ci/mmol); 100 mM NaCl; and
1X MTCN) at 37°C followed by rapid quench with 0.5 M EDTA pH 8 at different time
points. The reaction buffer used to push the enzyme and substrate solutions contained the
following: 1X MTCN, 100 mM NaCl, and 5 mM MgCl2. Products were run on a 25%
37:3 acrylamide:bis acrylamide 7M urea denaturing gel and analyzed by
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phosphorimaging. ImageQuant software was used to determine the intensity of 2-mer
product bands as a ratio of the product divided by the sum of the respective product and
substrate bands. A similar ratio of a control lane was then subtracted from this value to
remove background signal. The remaining ratio was then multiplied by the concentration
of ATP to determine the product concentration for each timepoint.

3.5.6.3 Steady state transcription experiment with wT or derivatives and
either GTP or GMP as the initiating nucleotide
Enzyme and promoter/template solutions were mixed with substrates for varying
amounts of time and quenched – all by hand. The 2X enzyme and promoter/template
solution contained 1 μM of CΔMyc wT, NΔEpi K437A, or NΔEpi R440A N4 minivRNAP enzyme and 1.1 μM Plus_3 DNA (annealed) in 1X MTCN pH 8. The 2X
substrate solution contained: 1mM of either GTP or GMP (Sigma), 2 mM ATP, 10 mM
MgCl2, 1X MTCN pH 8, and 0.33 μM [32P-α]-ATP. Both solutions were pre-incubated
for more than 10 minutes at 37°C prior to the 37°C reaction. Solutions were mixed and
aliquots were removed at different timepoints to an equal amount of stop solution (10 M
urea, 0.1 M EDTA, and BPB), which were later boiled and ran on a 25% 37:3
acrylamide:bis acrylamide 7M urea denaturing gel and analyzed and quantified by
phosphorimaging as above.
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3.8 Accession Numbers
Coordinates and structure factors have been deposited to the Protein Data Bank.
Accession codes of each of the transcription initiation complexes are summarized in
Table 3.1.
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Chapter 4
Summary and Future Directions
4.1 Introduction
The intent of this last chapter is to provide a summary of my discoveries
presented in this thesis regarding first the N4 mini-vRNAP promoter complexes (Chapter
2) and secondly the N4 mini-vRNAP transcription initiation complexes (Chapter 3).
Each section will include a description of what is now known about the subject due to
this thesis work that was not known before. Fore each section I will then present future
directions and preliminary data aimed at answering questions that have spawned from my
studies. The preliminary data is provided in the hopes to give someone a starting point to
continue this work.

4.2 N4 mini-vRNAP Promoter Recognition
4.2.1 State of knowledge
Before I began my studies on the N4 mini-vRNAP, extensive knowledge had
already been accumulated on the nature and structure of the DNA hairpin promoter
(Chapter 1). During the beginning of my studies, the apo form of N4 mini-vRNAP had
been solved which allowed for modeling of a docked promoter onto the apo structure
(Murakami et al., 2008) based on extensive biochemical experiments that had verified the
major determinants of recognition in the hairpin portion of the promoter (Davydova et al.,
2007). The original publication regarding N4 mini-vRNAP identified the T7-like RNAP
conserved catalytic aspartate residues of the Palm subdomain and the NTP recognizing
residues of the O-helix (Kazmierczak et al., 2002). A more recent paper clearly
identified the correct transcription start-site (Davydova et al., 2007). What was unclear
though was how the occluded DNA binding channel of the apo structure (Murakami et al.,
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2008) would open to accommodate the single-stranded region of the promoter, and more
precisely how N4 mini-vRNAP would position the template correctly at the transcription
start-site.
The binary, N4 mini-vRNAP and promoter complexes, that I have solved and
presented in Chapter 2 provide a complete and high resolution atomic description that
verify, and provide a structural context for, the DNA hairpin promoter recognizing
protein residues that were expected from biochemical experiments (Davydova et al., 2007;
Murakami et al., 2008). My structures have also added new details of the DNA hairpin
promoter recognition, such as R119’s role in positioning the G vs. A residue of the P2 vs.
P1 promoter respectively, to better stack with W129 and owing to the difference in
binding of the two wild-type promoters.
The binary complex structures revealed that N4 mini-vRNAP must undergo a
conformational change upon promoter binding to be activated for catalysis. The
conformational changes between apo and binary complex structures provided the
structural information for my collaborators to design experiments that allowed cysteines
to be added into N4 mini-vRNAP, which has no cysteine residues naturally. These
experiments showed that when the plug module was forced to be in the apo-form
conformation that N4 mini-vRNAP can bind to a DNA hairpin, but the single-stranded
region might be occluded from the active site as the apo structure suggests, since there is
little transcription initiation in this form. Below (4.2.2) I include preliminary
crystallization details for two new N4 mini-vRNAP and DNA complexes aimed at
understanding whether or how the DNA promoter might trigger specific conformational
changes that activate N4 mini-vRNAP for transcription initiation.
Resolving the single stranded region and the first two templating bases of the
promoter in the N4 mini-vRNAP promoter complexes provided evidence of how R318 is
responsible for kinking the DNA to correctly position the transcription start-site. A major
question remains as to the importance of the -1 base. In Figure 3.6A, the -1 base is
pointed in the same direction as the templating bases and seems to provide an upstream
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steric block to correctly position the +1 NTP substrate. Below (4.2.3) I present
preliminary crystallization details and initial observations of two complexes aimed at
understanding the importance of the -1 promoter/template adenine base of the N4 minivRNAP DNA hairpin promoters.
4.2.2 Are there promoter induced triggers for the apo to binary complex
conformational changes?
In Figure 2.10b, the conformational change of motif B upon promoter binding is
illustrated. To determine whether the hairpin portion of the DNA promoter induces this
conformational change or whether there is a trigger induced by a certain length of the
single-stranded region of the promoter, new DNA constructs were designed of just the
hairpin portion of the promoter or just the hairpin plus 2 bases of the single-stranded
region (Figure 4.1). The N4 mini-vRNAP:Hairpin 3 (HP3) was found to crystallize in
similar conditions to those for the binary complexes presented in Chapter 2. For N4
mini-vRNAP:Hairpin 5 (HP5), crystal conditions were initially screened at the
Hauptman-Woodward Institute. The best conditions found thus far are in Table 4.1 with
crystal pictures shown for the HP5 and HP3 complexes in Figure 4.2 and 4.3,
respectively. Verification that the crystals were not salt came from UV fluorescence
microscopy of the HP5 complex (Figure 4.2) and X-ray diffraction of the HP3 complex
(Figure 4.4).

Figure 4.1. Hairpin promoters with a minimal or absent single-stranded region. HPLC purified DNA
was purchased from Integrated DNA Technologies and no further purification was used.
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Table 4.1. Best known crystallization and cryoprotectant solutions for HP3 and HP5 N4 mini-vRNAP
complexes
Hairpin

3

Best

Best Condition

Cryoprotectant

1:1 molar ratio of hairpin 3:C∆Myc

Dehydration

N4 mini-vRNAP [10mg/mL]

method: increasing

In well and drop: 0.2 M dibasic

PEG3350

ammonium citrate, 0.1 M pH 9 Tris-

concentration

HCl, PEG 3350 10%

slowly to 40%

Other Comments
Crystals also grew
well with 2:1 molar
ratio of hairpin
3:C∆Myc N4 minivRNAP (but with
5% PEG3350)

1:1 molar ratio of hairpin 5:C∆Myc
pH 8 with Tris-HCl,

N4 mini-vRNAP [7mg/mL]

5

In well and drop: 0.1 M pH 7.4
sodium cacodylate, 0.1 M MgSO4,

Not determined

and pH9 with TAPS
also work well

14% PEG 4K

Figure 4.2. CΔMyc N4 mini-vRNAP:HP5 binary complex crystals and verification of protein (and/or
DNA) content using fluorescence microscopy. A and B are NaCl crystals used for a negative control. C
and D are CΔMyc N4 mini-vRNAP:HP5 Binary complex crystals. A, B, and C were taken by Neela
Yennawar with the JANSi UVEX fluorescence microscope (www.janscientific.com). A and C were excited
at a wavelength 280 nm and fluorescence emission was detected at 360 nm. B is a brightfield image. D
was taken with a normal light microscope. The length of the black line in D represents 250 μm.
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Figure 4.3. CΔMyc N4 mini-vRNAP:HP3 complex crystals. The length of the black line represents 200
μm.

Figure 4.4. Hairpin 3 DNA and CΔMyc N4 mini-vRNAP complex crystal diffraction. The space group
was preliminarily determined to be primitive orthorhombic with unit cell dimensions of 78.18, 115.64, and
288.73 Å (determined from single image).

4.2.3 The importance of the -1 base
The -1 promoter base is positioned in the same general direction as the first two
templating bases in the N4 mini-vRNAP promoter complex (Figure 3.6A). For the T7
RNAP, this is also the case (Kennedy et al., 2007). For the T7 RNAP work has been
done to understand the importance of the -1 base by either substituting the position with
different bases (Imburgio et al., 2000) or by completely removing the base, while
maintaining the correct distance by adding linkers (Weston et al., 1997). The general
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deduction from this work for T7 RNAP is that it doesn’t matter what the base is, but that
its presence is important for de novo transcription (Imburgio, et al., 2000; Weston et al.,
1997). Below I present preliminary details on the best conditions known (Table 4.2) for
N4 mini-vRNAP binary complex crystal formation with either a DNA promoter that
lacks a base at the -1 position (P2_ABASIC_-1; Figure 4.5 Left) while maintaining a
sugar and phosphate backbone, or with a DNA promoter that has substituted the
conserved A with a C at the -1 position by reducing the number of A’s from 4 to 3
preceding the transcription start-site (P3_-1C; Figure 4.5 Right); crystals of both
complexes are shown in Figure 4.6. Solving these structures at high resolution and
comparing them with the binary complexes that I have described in Chapter 2 will allow
for further insight into the role of the -1 promoter base. Additionally, nucleotide and
metal soaks can be performed on such structures to determine their ability in stabilizing
the +1 NTP substrate.

Figure 4.5. DNA promoter constructs designed to understand the structural importance of the -1
base. DNA was purchased from Integrated DNA Technologies and was purified as described in section
2.5.2.

Figure 4.6. Crystal pictures of N4 mini-vRNAP P2_abasic_-1 or P3_-1C complexes. The length of the
black line in each figure represents 50 μm.
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Table 4.2. Best known crystallization and cryoprotectant solutions for P2_abasic_-1 or P3_-1C N4
mini-vRNAP complexes

DNA Promoter

P2_ABASIC_-1

P3_-1C

Best Condition

Best

Other

Cryoprotectant

Comments

1:1 molar ratio of P2_ABASIC_-

0.1 M dibasic

1:N∆Epitope N4 mini-vRNAP

ammonium citrate,

[10mg/mL]

0.1 M ammonium

In well and drop: 0.21 M dibasic

dihydrogen

ammonium citrate, 0.09 M

monophosphate,

ammonium dihydrogen

0.1 M pH 8 Tris-

monophosphate, 0.1 M pH 8 Tris-

HCl, PEG 3350

HCl, PEG 3350 25%

40%

1:1 molar ratio of P3_-

0.21 M dibasic

1C:N∆Epitope N4 mini-vRNAP

ammonium citrate,

Have achieved

[10mg/mL]

0.09 M ammonium

diffraction to as high

In well and drop: 0.21 M dibasic

dihydrogen

as ~ 2.5 Å

ammonium citrate, 0.09 M

monophosphate,

resolution, however

ammonium dihydrogen

0.05 M pH 8 Tris-

diffraction is

monophosphate, 0.1 M pH 8 Tris-

HCl, PEG 3350

generally anisotropic

HCl, PEG 3350 20%

20%, PEG 6k 20%

Have achieved
diffraction to as high
as ~ 3.8 Å resolution

4.3 De novo transcription and catalysis for N4 mini-vRNAP
4.3.1 State of Knowledge
Before I began my structural studies regarding de novo transcription initiation for
N4 mini-vRNAP there was a gap in knowledge as to how the +1 NTP substrate was
stabilized as opposed to when there was a primer at the P-site; there were no structures of
a DNA-dependent RNA polymerase that included the first two initiating NTP substrates
prior to catalysis. More was known of the +2 NTP’s interactions with the polymerase
since it is the elongating substrate and was expected to be similarly positioned as in the
elongation complex of T7 RNAP (Yin and Steitz, 2004) that shares a conserved binding
motif for the N-site substrate (Chapter 1). Recently a structural study of T7 RNAP was
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published (Kennedy et al., 2007), yet the structures lacked a complete description of both
of the catalytic metals and the structures are generally questionable due to the
relationship of the distances from the substrate and catalytically important protein
residues (discussed in Chapter 3).
The complete atomic description at high resolution of the N4 mini-vRNAP DNAdependent RNAP de novo transcription initiation complex including both initiating
substrates and both catalytic metals revealed the details necessary to understand +1 NTP
substrate binding at the P-site – elucidating the unforeseen interaction of the +1 NTP’s γ
phosphate with catalytic metal A that might be important for catalysis. Additionally,
being able to trap complexes with and without metal A was helpful in piecing together a
mechanistic scheme for catalysis that along with mutational studies showed that both
K437 and metal A’s presence are important to the γ phosphate’s position seen in SCII.
The two-step scheme involves first forming the metal A lacking SCI that causes an Ohelix conformational change, followed by forming SCII, which is the second pre-catalytic
intermediate that revealed that metal A binding induces alignment of the reactants and
catalysts. Once I was able to find the conditions necessary to view electron density that
corresponded to a 2-mer product and pyrophosphate in the crystal structure, then a full
structural description of de novo transcription was achieved. The lack of metals in the
product complex is suggestive of a fidelity mechanism that relies on proper substrate
geometry before binding the catalytic metal.
4.3.2 Future Directions
The importance of metal A coordination to the γ phosphate of the +1 NTP substrate
during de novo transcription initiation
In SCII, the γ phosphate group of the +1 NTP is coordinated to metal A. In
Chapter 3 a role for the γ phosphate in catalysis was proposed, however two major
problems need to be addressed. First, I performed biochemical experiments where a
promoter required a G and an A nucleotide at the P- and N-sites respectively. The reason
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for this was to be able to use GMP, GDP, or GTP at the P-site to determine the catalytic
differences between them in making a GA 2-mer product. The problem with this design
is that the O-helix recognizes the triphosphate groups of the N-site substrate and may
permit GTP to inhibit the N-site more so than GMP or GDP – thus complicating the
interpretation of such a study. Secondly, SCII was solved with Mn2+ as the catalytic
metal. Mg2+ is generally assumed to be the preferred physiological metal, and so a
question remains as to the ability of the +1 NTP’s γ phosphate to coordinate to Mg2+
rather than Mn2+.
To determine the extent of the importance of the +1 NTP’s γ phosphate, crystal
structures should be solved with the same conditions as for SCII, but with the exception
of using either GMP or GDP as the P-site substrate. I have shown the ability of GMP to
work quite well as the P-site substrate in Chapter 3; it would be interesting to know
whether the remaining +1 NTP phosphates can contribute to metal A coordination or
whether perhaps a water molecule is substituted for the γ phosphate location seen in SCII.
There is a possibility that Mn2+ is imposing a conformation of the +1 NTP’s γ
phosphate that is not the case with Mg2+ at the metal A position. In Figure 4.7 I show
that when using Mn2+ rather than Mg2+, Mn2+can rescue the effects of not having the
preferred substrate at the P-site, where the un-preferred substrate is 2’-dGTP or 2’F-GTP.
This suggests that Mn2+ is a less stringent selector of the proper substrate. To answer
these questions I recommend two different approaches. First, as described in Chapter 3,
Mg2+ was difficult to capture at the metal A site potentially due to the crystallization
conditions used. I suggest an effort to find different crystallization conditions. For the
Hairpin 5:N4 mini-vRNAP binary complex reported in this chapter a crystallization
condition that contains MgSO4 was found. This could potentially be a starting point to
find a similar condition for a DNA promoter that contains at least up to the first two
templating bases. Then, initiating NTPs could be soaked into the crystal and Mg2+ might
have a better chance to occupy the metal A position. Secondly, in Figure 4.7 data is
shown for the ability or inability of other metals to promote catalysis. By comparing
structural and atomic properties of these metals (Table 4.3) with their catalytic ability, as
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well as the structural differences that each metal imposes on the de novo transcription
initiation complex of N4 mini-vRNAP, it may be possible to understand the precise roles
of these metals during catalysis. Additionally, metals such as Co2+, which is catalytically
active (Figure 4.7), should produce great anomalous signal using home source (Cu K-α)
X-rays (see Appendix D).

Figure 4.7. Test for N4 mini-vRNAP and Plus_3 de novo transcription 2-mer product formation
using different catalytic metals or P-site NTP substrate. On the right of the figure typical bands for 5’
tri-, di-, or mono-phosphate are shown – from previous experiments these are typical and are assumed to be
a consequence of the impurity of the NTP used for substrate at the P-site. A 2X solution (7 μL) of CΔMyc
N4 mini-vRNAP (0.2 μM) and the Plus_3 DNA promoter (0.22 μM) in 1X MTCN pH 8 was mixed with 7
μL of a 2X metal and substrate solution containing: 1mM +1 NTP (GTP (Sigma), 2’dGTP (GE Healthcare),
or 2’F-GTP (2’-deoxy-2’-fluoroguanosine 5’-triphosphate from Metkinen Chemistry)), 2 mM ATP, 10 mM
of a respective metal salt solution (MgCl2, MnCl2, ZnCl2, CaCl2, CoSO4, Cu acetate, NiSO4), 1X MTCN
pH8, and 0.3465 μM of [32P-α]-ATP (3000 Ci/mmol). Each 2X solution was incubated at 37 °C for at least
5 minutes prior to mixing. After mixing, 4 μL aliquots were taken at 30 seconds as well as at 5 minutes and
each was quenched in 4 μL of a 10 M urea, 0.1 M EDTA, and bromophenol blue quench solution. The
time 0 is a no enzyme control for each respective substrate solution. Samples were separated on a 25%
37:3 acrylamide:bis acrylamide 7M urea denaturing gel (80 W with 30 minute pre-run and 2 hours and 40
minutes of run with samples).
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Table 4.3. Properties of some divalent metal cations. Values are from Tevelev and Cowan, 1995.

Ion

Ionic

Charge-

Coordination

Geometry

Ligand

radius (Å)

radius ratio

number

Mg2+

0.86

2.33

6

oct

O

Mn2+

0.97

2.07

6

oct

O, N

Co2+

0.72

2.78

4, 6

tet, oct

N, S

Ni2+

0.69

2.90

6

oct

O, N, S

Zn2+

0.74

2.70

4

tet

N, S

Ca2+

1.14

1.75

6-8

flexible

O

Preference
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Appendix A
Growth of P1_ds_a N4 mini-vRNAP binary complex crystals
A 2.6 Å resolution dataset was collected for the P1_ds_a N4 mini-vRNAP
complex crystals. The DNA promoter shown below was constructed to increase the
stability of the downstream hairpin in the hopes of resolving its density such that it would
mimic downstream duplex DNA. The resulting structure however did not provide any
additional downstream DNA electron density compared to the binary complexes
presented in Chapter 2. The DNA construct, crystal images (the length of the white bar
represents 200 μm), and crystallization conditions of this complex are presented here in
the hope that they might be useful.

DNA Promoter

Best Condition
1:1 molar ratio of
P1_ds_a:N∆Epitope N4 minivRNAP [10mg/mL]

P1_ds_a

In well and drop: 0.21 M dibasic
ammonium citrate, 0.09 M
ammonium dihydrogen
monophosphate, 0.1 M pH 8 TrisHCl, PEG 3350 25%

133

Best

Comments

Cryoprotectant
0.21 M dibasic

The crystals that

ammonium citrate,

diffracted to 2.6 Å

0.09 M ammonium

resolution were

dihydrogen

crystallized with

monophosphate, 5

the addition of 0.2

mM pH 8 Tris-

M MnCl2 (not

HCl, PEG 3350

essential to making

20%, PEG 6k 20%,

the crystal though)

45 mM MnCl2

Appendix B
General guidelines and tips for making and handling N4 mini-vRNAP promoter
complex crystals – expanding upon section 2.5.3
Preparation of the N4 mini-vRNAP and DNA promoter solution
Take the N4 mini-vRNAP protein solution, the promoter DNA, and crystallization
solution (10 mM Tris-HCl (pH 8 at 21 °C), 50 mM NaCl, 0.1 mM EDTA) from their
respective storage temperatures of 4, -20, and 4 °C and put them on ice on your bench-top.
Make at room temperature - in a ~ 1.7 mL microcentrifuge tube- the protein/DNA
solution to a final volume of 7 μL (this is for 1 row or 6 wells of a crystal tray with 1 drop
per well – if you want two drops per well or multiple rows than use a multiple of 7 μL)
with 10 mg/mL of protein and a 1:1 molar ratio of DNA. The rest of the volume up to 7
μL will be the crystallization solution. I found no particular order necessary when adding
the components. I then flick the bottom of the tube to mix the protein/DNA solution and
briefly spin down the solution with a mini centrifuge. I repeat this once more and
transfer the tube to a microcentrifuge and spin at ~ 9000 g at room temperature for 5 to
10 minutes. The point of this last step is to move all debris to the bottom of the tube –
however I think this step may be optional.
Preparation of the reservoir
Once the optimal crystallization solution has been determined I generally use this
solution at a fixed concentration in the drop, but make a slight gradient in a crystal plate
row of the reservoir solution’s PEG3350 (the precipitant) concentration. This way I can
potentially account for slight variations in the rate of crystal growth – brought on for
example by changes in ambient air temperatures. In 24-well crystal trays I use 1 mL of
reservoir solution. If I know that in the optimal crystal condition the reservoir solution
had 25% PEG3350 in it then I might make a same solution but with 20% PEG3350. I
then, across a single row of 6 wells, put 1 mL of the 20% solution in well #1, and then
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decrease 0.2 mL across the row where well #6 doesn’t get any of the solution. Then in
the reverse direction I do the same with the 25% solution with mixing in each well by
pipetting up-and-down with a fresh pipette tip for each well that needs mixed. I then
apply a silicone-based release compound around the opening of each well. This is done
by cutting a pipette tip (the end that touches the pipette) to fit snugly onto a syringe,
followed by rapping the junction with Parafilm. By pulling the plunger out of the back of
the syringe, it can be filled with the compound, and once the plunger is put back, it can be
used to put a small amount around the well opening. Do not complete the circle around
the well; leave a small gap at the end to allow air to be pushed out when pushing down on
the cover slide.
Preparation of crystal seeds
Using a crystal seed generally decreases the time (maybe by half) to produce
suitable binary complex crystals and is heavily relied on for a few of the DNA promoters.
For some DNA promoters, like P2_7c, seeding is generally not needed. I made seeds of
pre-existing crystals by moving them to a solution that had the same components as
where used in its respective crystallization drop, but with the addition of +5% PEG3350.
The idea behind this is that moving a crystal out of its respective solution also removes it
from a protein concentration that kept the crystal precipitated; to avoid dissolving the
crystal in the next solution it seems helpful to increase the PEG3350 precipitant
concentration to counter the loss of protein in the solution. The crystal is moved from the
drop to a cover slide by 1st placing ~ 30 μL of the +5% solution on a new coverslide
(square) and then using a cryoloop to catch the crystal from its original drop and move it
to the new solution. I then smash the transferred crystal as small as possible (making
“seeds”) using an angled teasing needle from a dissection kit. I then draw-up the solution
of seeds with a pipette and transfer it to a microcentrifuge tube. I store the tube at the
temperature at which the crystal grew. I usually then make 1/10 to 1/1000 dilutions of
the seed using the same +5% solution – sometimes directly before use of the seed
(preferred) and sometimes storing the seed at this dilution. If I am using one DNA
promoter type binary complex crystal to make a different DNA promoter type binary
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complex crystal then I make sure that at least two rounds of crystallization and seeding
occur before using the crystal for final data collection; for example, I might use a seed
from the P2 binary complex crystal to make a crystal of the P1 binary complex, but I
would then make a seed of the resulting P1 binary complex crystal to make another P1
binary complex crystal for data collection.
Preparation of the drop
There are either two or three parts to the final solution (or mix): the protein/DNA
solution, the crystallization solution, and the optional solution holding the seed. The 7
μL of protein/DNA solution are mixed with either 7 μL (no seed) or 6.5 μL (with seed) of
crystallization solution. These two solutions are mixed first before adding the seed. If
the seed is not added at the end, then it has the potential to dissolve and will not serve its
purpose. If a seed is to be used, then 0.5 μL of the seed stock (or a dilution thereof) is to
be added only after vigorously vortexing the solution to equally disperse the seeds
throughout the solution. I then flick with my finger the bottom of the tube that has the
final solution in it and very briefly spin it with a mini centrifuge. The final solution is
then added in 2 μL drops to the center of glass cover slides (circular and siliconized). I
usually clean an empty pipette box lid with ethanol and lay 6 coverslides (for one row) on
top of the lid. I will then add 2 μL to 1 or 2 slides and then invert the slides over the
reservoir well followed by pushing the edges of the slide down to make an air tight well.
I do the same until all of the final solution is gone. If there is solution left at the end then
I will add a second drop to the last cover slide. The reason not to add drops to all of the
slides first is that they will dry-out in the air before you can invert them over the reservoir.
I sometimes add multiple drops with different variable conditions to the same cover slide.
To do this I will make a mark on the slide so that I can properly orient and document
which drop has which condition (remember you are going to flip the coverslide over,
which flips the side the drop is on). This method saves time and resources by using the
same reservoir for multiple screening conditions in the drop.
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Initial observations
Immediately look at the drops under the microscope. Generally for N4 minivRNAP binary complex crystals there is often an initial light brown precipitant color in
some of the best crystallization conditions. Too much brown and dark color isn’t good
and might mean you have too much protein or precipitant, or that the drop dried out
before you were able to invert it over the reservoir.
Cryoprotection and freezing
Once the crystals have grown they need to be cryoprotected before freezing them
in liquid nitrogen. For some crystals, the best cryo solutions decreased the dibasic
ammonium citrate concentration 0.1 M less than what was used for crystallization.
Additionally, 40% seemed to be the optimal precipitant concentration for cryoprotection,
whether it is 20% PEG 6k and 20% PEG 3350 for the P1 binary complex or 40% PEG
3350 for P2 and P2_7a binary complexes. In Table 2.2 the stabilization and
cryoprotection solution components are listed. A 3 to 5 step gradient is made by mixing
the stabilization and cryoprotectant solution in equal increments. First the coverslide
with the crystal drop is inverted and placed on top of the cover of the crystal tray. Once
the crystal is in focus under the microscope, 30 μL of stabilization solution is added with
a pipette to the drop. I usually have to pipette the solution up-and-down to separate the
crystals from the drop, since usually there is a film over the drop. If the crystals are stuck
to the glass slide I usually first try to dislodge them by bringing-up some of the solution
that I added and then forcefully ejecting it beside the crystal. If this doesn’t work then
use the pipette tip to scrape-off the crystal. Once all of the crystals are loose, I then draw
them all up into the pipette tip with the solution and move them to a well of a glass tray.
I find that transferring crystals with a pipette tip rather than through the air with a loop
keeps the crystal from being harmed by repeated exposure to the air. I then refocus on
the drops in the glass tray and examine their quality. After 2 to 5 minutes I add the first
cryoprotectant solution of the gradient to another well on the glass tray, and then use this
pipette tip to also –by looking under the microscope- find the best crystals in the first
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glass tray well and draw them into the pipette. It is important to minimize the amount of
solution drawn-up with the crystals, since the point is to move the crystal into an
increasing concentration of precipitant. Once the crystal(s) is in the pipette tip, transfer it
to the second well containing the first cryoprotectant gradient solution. Repeat this
through the gradient solutions and up to the final cryoprotectant solution. Note that at
each step the crystal can actually be in the solution longer than 2 to 5 minutes, but that
the well will then need to be sealed by applying the silicone-based release compound
around the well, followed by putting a square coverslide over the well – this keeps the
solution from drying-out.
I generally freeze crystals for two purposes: one is to immediately shoot the
crystal with X-rays and another is to freeze for storage or transfer to the synchrotron.
Prepare a cryotube by placing it in a cryo-tube holder where the cryo-tube is submersed
beneath the liquid nitrogen within a Dewar. When the crystal is in the final solution
choose a cryo-loop that is bigger than the crystal. Use the loop to capture the crystal and
immediately plunge it into the cryotube. If the cryotube has threads then tighten the cap,
attach it to a pre-chilled (in liquid nitrogen) cane and place it into a large storage Dewar.
Mounting the crystal onto the goniometer
First use an empty equivalent pin (loop) and mount it on the goniometer to make
sure the loop is centered in the cryo-stream. When mounting onto the goniometer from a
cryotube I usually hold the tube with tongs under liquid nitrogen and loosen the cap. I
then make sure the tube is filled with liquid nitrogen before raising it into the air. Then I
use the tongs to place the cryotube onto the goniometer while with the other hand I hold
the cap in place and either drop the cryotube or remove it quickly depending on the
position of the goniometer. Alternatively take the glass tray –with the final solution
covered with a coverslide- to the home source X-rays where there is a microscope.
Capture the crystal with the loop (using the microscope) and with a plastic card shielding
the nitrogen stream, mount the crystal directly onto the goniometer and remove the
plastic card.
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Appendix C
General guidelines and tips for soaking N4 mini-vRNAP promoter complex crystals
with nucleotide and/or metal solutions

Crystal soaking
Soaking crystals is done in the same way as the initial transfer of crystals to the
stabilization solution as described in Appendix B with the difference being that the
desired concentration of specific nucleotides and/or metals are added into the
stabilization solution. Usually there is enough room in the stabilization solution -where
water is substituted with the nucleotide and/or metal solution(s) - to add the new
components. Once the solution and crystals are transferred to the glass tray well, they are
sealed and covered as desribed in Appendix B. I then let the glass tray sit overnight at
room temperature.
Cryoprotectant with nucleotides and/or metals
Transfer, freezing, and mounting of soaked crystals is done the same way as for
those without soaking as in Appendix B. The only exception is that the concentration of
nucleotides and/or metals –from my experience- must be maintained throughout the
cryoprotectant solutions. This presents a difficulty, since there are limitations to
maximum stock concentrations, for example the solubility of PEG 3350 generally
requires that you make a 50% solution. This means that in the final cryoprotectant
solution there is no additional water volume that can be replaced by components that one
wants to soak into the crystal. As a general role, the concentrations of both salts and PEG
precipitants listed in Table 2.2 must be maintained in the final cryoprotectant solution.
The only component that can be replaced by nucleotide or metal solutions is the Tris-HCl
pH buffer. A last resort would be to start with some of the components in powder form
to fit the desired concentration into the final cryoprotectant solution.
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Appendix D
Theoretical plot of imaginary (f’’) and real (f’) scattering components for Mn (top)
or Co (bottom) as a function of X-ray energy
The imaginary scattering component f’’ becomes non-zero when the incident Xray radiation is sufficient to permit absorption and subsequent fluorescence by the Mn or
Co atom, therefore the closer the wavelength (Cu K-α in this case) to the f’’ maximum
(aborption edge), the greater the anomalous signal. Plot generation and information were
from http://skuld.bmsc.washington.edu/scatter/.
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