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Crystal structures of RNA Polymerase (RNAP) and RNAP complexes indicate that the
RNAP B’ pincer (“clamp”) can exist in a range of conformational states, ranging from a
fully open conformation that permits entry and exit of DNA, to a fully closed
conformation that prevents entry and exit of DNA. Clamp closure involves a swinging

motion of the B’ pincer by the switch region at the base of the 3’ pincer.

In order to define RNAP clamp conformation in solution, we have used fluorescence
resonance energy transfer (FRET) to monitor the distance between a first fluorescent
probe, serving as donor, incorporated at the tip of the B’ pincer and a second fluorescent

probe, serving as acceptor, incorporated at the tip of the 3 pincer.

We have developed a procedure that permits incorporation of a fluorescent probe within a
protein. The procedure involves preparation of a protein containing the azide-containing

unnatural amino acid p-azidophenylalanine at the site of interest, followed by



incorporation of a fluorescent probe through azide-specific chemical modification
(accomplished by Staudinger-Bertozzi ligation using a phosphine derivative of the
fluorescent probe). We have used this procedure to incorporate fluorescent probes at the

tips of the RNAP B’ pincer and RNAP [ pincer.

We have used the resulting labeled RNAP derivatives in FRET experiments addressing
opening and closing of the RNAP active-center-cleft in transcription initiation and
elongation and in FRET experiments addressing effects of small-molecule effectors,
myxopyronin (Myx), corallopyronin (Cor), ripostatin (Rip), and lipiarmycin (Lpm), on
opening and closing of the RNAP active-center cleft. Results indicate that: (1) RNAP
holoenzyme in solution exists predominantly in a partly closed clamp conformational
state (2) the RNAP clamp closes upon formation of the RNAP-promoter open complex,
yielding a fully closed clamp conformational state (3) the RNAP clamp remains closed—
and exhibits no further change in mean clamp conformation—upon formation of RNAP-
promoter initial transcribing complexes and transcription elongation complexes. The
results support the proposal that Myx, Cor, Rip and Lpm bind to an RNAP- switch-region
conformational state and Myx. Cor, Rip and Lpm inhibit RNAP function by trapping the
RNAP switch region in this conformational state, thereby interfering with conformational

cycling of RNAP clamp important for RNAP function.
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1. General Introduction

1.1. Multi-subunit RNA polymerases (RNAPS)

The first step of gene expression is the synthesis of RNA from the DNA template, a
process call transcription. Regulation of gene expression occurs primarily at the step of
transcription. RNA polymerase (RNAP) is the enzyme responsible for transcription and is
the main target for transcription regulation (Chamberlin, 1976; von Hippel, 1998). RNA
polymerases are conserved in all living organisms - bacteria, archaeas, and eukaryotes-
and are members of a family of “multi-subunit RNAP family” (Ebright, 2000; Minakhin
et al., 2001). All members of this protein family contain five conserved subunits: (B’, B,
o', ", and  in bacterial RNAP; A, B, D, L, and K in archaeal RNAP; RPB1, RPB2,
RPB3, RPB11, and RPB6 in eukaryotic RNAP I1). Bacterial RNAP core enzymes contain
only the five conserved subunits (Chamberlin, 1976). Archaeal and eukaryotic RNAP
core enzymes contain the five conserved subunits and also contain additional subunits

(Ebright, 2000).

Bacterial core RNAP has subunit composition a'a"BB’m and a molecular mass of about
380 kDa. Two a subunits are identical in sequence but structural distinct in the context of
RNA polymerase. o' forms protein-protein contacts with subunit p and ", while o"
contacts 3° and o. Each o subunit consists of two independently folded domains: the N-
terminal domain (aNTD) and the C-terminal domain (aCTD), connected by a long,

flexible linker (Ebright and Busby, 1995). The N-terminal domain of a is responsible for



the dimerisation, interaction with the rest of RNA polymerase and interaction with
transcriptional activators. The C-terminal domain of a is also capable of dimerisation
(although weaker than aNTD), is responsible for interaction with upstream DNA (weak,
non-sequence specific and stronger, sequence specific interactions) and interaction with
transcriptional factors (activators, repressors and elongation and termination factors). The
flexible linker connecting aNTD and aCTD is about 13-36 amino acid residues long and

allows aCTD to occupy different positions relative to the RNA polymerase.

The two largest subunits of RNA polymerase f and B’ make up most of the RNA
polymerase-DNA interface, forming an active center of the enzyme where synthesis of
the RNA transcript takes place. Three highly conserved Aspartate residues of [’

coordinate two Mg2+ ions that are essential for the function of the enzyme.

The smallest subunit of RNA polymerase, ®, forms protein-protein contacts with p’
subunit and has been shown to aid in the assembly of the RNA polymerase, although it is
not required for the enzyme function in vitro (Gentry et al., 1993; Ghosh et al., 2001;

Vrentas et al., 2005).

RNAP core enzyme is competent for non-specific transcription initiation and elongation
(Wheeler et al., 1987), but is unable to locate and bind promoter DNA. To carry out
promoter-specific initiation, RNAP core must associate with additional initiation factors -
o factors ( Gross et al., 1998) that direct the core enzyme to the promoter sequences by

recognizing the specific sequences of the promoter (deHaseth et al., 1998). The complex



of RNAP core enzyme with initiation factors capable of initiating transcription in a

regulated manner is referred to as RNAP holoenzyme (composition o'’ Bp’wo).

The o factors contain determinants for sequence-specific interaction with DNA and,
through these determinants, targets RNAP holoenzyme to promoters (Busby and Ebright,
1994; Roberts and Roberts, 1996; Gross et al., 1992, 1998). In addition, ¢ plays critical
role in promoter melting, promoter escape, early elongation and response to
transcriptional regulators (Helmann and Chamberlin, 1998; Ring et al., 1996; Busby and

Ebright, 1994; Gross et al., 1992,1998).

Bacterial o factors are subdivided into two major categories: the ¢'° family of o factors
(Paget and Helmann, 2003) and the ¢>* family of o factors (Buck et al., 2000). Most
bacterial ¢ factors belong to the o’® family with distinct regions of highly conserved
sequence (Lonetto et al., 1992). The principal ¢ factors of bacterial species--6” in T.
thermophilus and T. aquaticus, ¢’° in E. coli--contain five conserved regions: oR1.1, cR2,
oR3, the c6R3/0R4 linker, and cR4 (Gross et al., 1998). 6R2, 6R3, and R4 are structured,
independently folded domains that contain determinants for sequence-specific
interactions with, respectively, the promoter -10 element, the promoter extended -10
element, and the promoter -35 element (Gross et al., 1998; Severinova et al., 1996;
Malhotra et al., 1996; Campbell et al., 2002). cR1.1 and the cR3/0R4 linker (also known
as oR3.2) are unstructured, highly negatively charged segments (Campbell et al., 2002).
Escherichia coli ¢'°, the most abundant o factor in E. coli, is the best-characterized o

factor. E. coli " RNAP holoenzyme is the subject of the work in this thesis.



1.2. Bacterial promoter elements

Promoters are specific DNA sequences that mark the transcriptional start site. RNA
polymerases recognize promoter sequences, bind to them and start transcription. Bacterial
promoters contain two crucial sequence elements: the -10 element and the -35 element
(Hawley and McClure, 1983; 1986; Keilty and Rosenberg, 1987; Harley and Reynolds,
1987). The —10 element is located near position —10 relative to the transcription start site
and has the consensus sequence 5’-TATAAT-3’. The —35 element is located near
position —35 relative to the transcription start site and has the consensus sequence 5’-
TTGACA-3’ (Gross et al., 1992). The -10 element is specifically recognized by o'
region 2 within RNAP holoenzyme and the -35 element is specifically recognized by ¢’°
region 4 within RNAP holoenzyme. The elements are separated by a ~17 bp spacer of a
non-conserved sequence (Harley and Reynolds, 1987). Spacing has been proposed to be

important for correct orientation of -10 and -35 elements relative to each other.

The -10 and -35 elements are referred to as the core promoter elements. Strength of
promoters containing these regions is generally determined by their resemblance to the

consensus.

Some promoters have an “extended -10 element”, located immediately upstream of the -
10 element of the promoter and having the consensus sequence 5’-TGN-3’

(Ponnambalam et al., 1996; Keilty and Rosenberg, 1987). Sequence-specific recognition



of the extended -10 element is mediated by o'° region 3 (Barne et al., 1996; Bown et al.,

1999).

Some promoters, such as rrn promoters, which direct ribosomal RNA synthesis, contain
an additional element located immediately upstream from the -35 element, referred to as
UP-element (Ross et al., 1993). The full UP element is a ~20 nt long, A/T rich sequence.
The UP element is specifically recognized by determinants within the C-terminal
domains (CTDs) of o' and o subunits of RNAP (Aiyar et al., 1998). The presence of UP
element can increase the binding affinity of RNAP holoenzyme to the promoter by two

orders of magnitude (Rao et al., 1994).



1.3. Transcription initiation and elongation

Transcription can be divided into three distinct steps: initiation, elongation and
termination. Transcription initiation is a multistep process (Record et al., 1996).
Transcription initiation by RNA polymerase holoenzyme involves the following steps
(Figure 1.1) (deHaseth et al., 1998; Young et al., 2002; Murakami and Darst, 2003;

Record et al., 1996).

(1) RNAP holoenzyme recognizes core promoter elements and binds to the promoter
DNA, interacting solely with the promoter region upstream of the transcription start site,

to yield an RNAP-promoter closed complex (RP).

(2) RNAP then clamps tightly onto the promoter DNA, extending its interactions with the
promoter downstream from the transcription star site, to yield an RNAP-promoter

intermediate complex (RP;).

(3) RNAP then unwinds and melts approximately 14 base pairs of promoter DNA
surrounding the transcription start site, forming a single-stranded region (“transcription

bubble”), to yield an RNAP-promoter open complex (RP,).

(4) If nucleoside triphosphates (NTPs) are available, RNAP begins RNA synthesis as an
initial transcribing complex (RPjg). Typically, RNAP fails to achieve productive RNA

synthesis on its first attempt and enters into abortive cycles of synthesis and release of



short RNA products—RNA products 2-9 nt in length. RNA products below a threshold
length of 9-11nt are not stably retained within the RNAP active center, and dissociate at

rates comparable to nucleotide-addition rate.

(5) When by chance, RNAP succeeds in synthesizing an RNA product of the threshold
length of ~9-11 nucleotides, RNAP breaks its interactions with promoter DNA, breaks at
least some of its interactions with ¢'°, and begins to translocate along DNA, processively
synthesizing RNA as a RNAP-DNA elongation complex (RDg) with stably bound nascent
RNA. The transition from RPj. to RD. is referred to as “promoter clearance” or

“promoter escape”.

The elongation complex is highly processive until it is terminated by signals in the
termination region. During termination, the synthesis of an RNA molecule stops and the
elongation complex containing the RNA, DNA and RNA polymerase dissociates. After
termination, the core RNAP is recycled back to the promoter region to reform the

holoenzyme and start the transcription cycle again.



R+P <> RP; <> RP; = RP; = RP1¢c — RDe

l

RNA oligomers

Figure 1.1. Transcription initiation and elongation pathways.



1.4. Structures of RNAP and RNAP complexes

The crystal structures of the Thermus aquaticus RNAP core, Thermus aquaticus RNAP
holoenzyme, Thermus aquaticus RNAP holoenzyme in complex with a fork-junction
DNA, Thermus thermophilus RNAP holoenzyme, Thermus thermophilus RNAP
elongation complex, yeast Saccharomyces cerevisiae RNAP Il (Pol 1), yeast Pol 1l
elongation complex, and RNAP bound with inhibitors have been determined in the past
ten years. The crystal structures revealed the high degree of structural similarity between

the prokaryotic and eukaryotic RNAPSs.

1.4.1. Structure of the RNA polymerase core enzyme

From a function point of view, E. coli RNA polymerase is the best-characterized cellular
RNAP. However, up until now the only structure available for E. coli core RNA
polymerase has been determined to a resolution of 15 A by cryo-electron microscopy
(EM) and image processing of helical crystals (Darst et al. 2002). The first high
resolution structure of core RNA polymerase was resolved at 3.3 A resolution from
Thermus aquaticus (Taq, Zhang et al 1999). The very high conservation of sequence,
structure, and function between E. coli and Tag RNA polymerases make the structural

information available for Tag RNAP directly applicable to E. coli RNAP.

The crystal structure of Tag RNA polymerase contains most of the B’ subunit, complete 3

subunit, the N-terminal domains of two a subunits and ® subunit. RNA polymerase core
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has dimensions of ~150 A x ~ 100 A x ~ 100 A and has a shape reminiscent of a crab
claw (Figurel.2). The two “pincers” of the “claw” define the active-center cleft, which
has a diameter of 25 A—a diameter that can accommodate a double-stranded helix of a
nucleic acid. The active site of the enzyme with Mg is located at the base of the cleft.
The B’ subunit of RNAP makes up one pincer and part of the base of the active-center
cleft. The g subunit of RNAP makes up the other pincer and part of the base of the active-
center cleft. The N-terminal domains (NTDs) of o'and o' subunits are located distal to
the active-center cleft. o'NTD is located closer to the active-center cleft and interacts with
B subunit, while o/'NTD is located farther from the active-center cleft and interacts with
[’ subunit. C-terminal domains of a subunits were not resolved in this structure of RNA
polymerase core. The ® subunit interacts exclusively with B’ and is located distal to the

active-center cleft, near the base of the B “pincer”.

In addition to the active-center cleft, RNAP core contains two other distinct channels: the
secondary channel, which mediates access of NTP substrates to the active center cleft;
and the RNA-exit channel, which mediates egress of nascent RNA from the active-center

cleft.

The major structural difference between the Taq core RNAP crystal structure and the E.
coli core RNAP cryo- EM map resides in the position of the B’ pincer relative to the rest
of the enzyme. A large conformation change of the Taq RNAP crystal structure is
required for an optimal fit to the E. coli cryo- EM structure (Darst et al. 2002). The

conformational change involves a nearly 20 hinge-like rotation of the B’ pincer, resulting
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in the opening of the main RNAP channel by 25 A in Tag RNAP. The difference reflects
the structural flexibility of RNA polymerase and different conformations it is capable of

assuming.
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A active-center cleft B active-center cleft
L NTP entrance channel

B’ pincer —& A - B pincer
B flap
active-center Mg2+

B pincer

RNA exit channel B flap

Figure 1.2. Structure of RNAP core (Zhang et al., 1999). Subunits al, aIl, B, B’ and o are
shown in light blue, dark blue, orange, green and gray. Active-center Mg 2* is in magenta.
(A) Front view. (B) Top view.
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1.4.2. Structure of the RNAP holoenzyme

The structure of Thermus thermophilus RNAP holoenzyme was determined at 2.6 A
resolution (Vassylyev et al., 2002) and the structure of T. aquaticus o RNAP
holoenzyme was determined at 4.0 A resolution (Murakami et al., 2002) (Figure2.3). In
addition the positions of 6R1.1, 6R2, 6R3, 6R3/6R4 linker, and cR4 relative to RNAP
core in E. coli ¢’° RNAP holoenzyme have been determined by systematic fluorescence
resonance energy transfer (FRET) study (Mekler et al. 2002). The structure organization
of core subunits is essentially identical in RNAP core and in RNAP holoenzyme, except
that the B’ pincer rotates, as a unit, ~ 16° into the active-center cleft in RNAP holoenzyme
(Vassylyev et al., 2002; Murakami et al., 2002; Mekler et al. 2002). The structure of ¢ is
comprised of three independently folded domains corresponding to the conserved regions
2, 3, and 4 of 6 connected by flexible linkers (Figure 1.3). The interface between the core
subunits and ¢ in RNAP holoenzyme is extensive (Sharp et al., 1999; Vassylyev et al.,
2002; Murakami et al., 2002; Mekler et al. 2002). oR2 interacts with the B pincer and is
positioned within and above the RNAP active-center formed by the § and 3’ pincers. cR3
interacts with the base of the B flap and cR4 interacts with the tip of the B flap. Each of
the two unstructured highly negatively charged o regions--cR1.1 and the cR3/6R4 linker-
-also interacts with core subunits. cR1.1 and the cR3/cR4 linker serve as “molecular
mimics” for DNA and RNA. i.e., oR1.1 is located in the RNAP active-center cleft and
must be displaced to permit access of promoter DNA to the active-center cleft; and the

oR3/06R4 linker is located in the RNA-exit channel and must be displaced to permit
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access of nascent RNA to the RNA exit channel (when nascent RNA reaches a length of

~11-13nt).
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oR1.1 secondary channel
(in active-center cleft) 2
B’ pincer ~g
(clamp)
aR3/5R4 linker

(in RNA-exit channel) active-center Mg2+

j pincer

p flap

Figure 1.3. Structure of RNAP holoenzyme. Subunits o, o B, B’, ® and ¢ are shown in
light blue, dark blue, orange, green, gray and yellow. Active-center Mg ** is in magenta.
(A) Front view. (B) Top view.
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1.4.3. Structure of the RNAP —promoter open complex

Site-specific protein-DNA photocrosslinking and a crystal structure of T. aquaticus RNA
polymerase holoenzyme (a'o'Bp’wc”) in complex with a fork-junction promoter DNA
fragment have defined protein-DNA interactions in bacterial RNAP-promoter open
complex (RP,) (Naryshkin et al. 2000; Murakami et al., 2002). The structure explains the
mechanism of specific promoter recognition and promoter melting. In the structural
model of RP, (Figure 1.4), the position and orientation of the downstream promoter DNA
duplex, the positions of the template and non-template strands in the transcription bubble,
and the position and orientation of the upstream promoter DNA duplex were defined. In
RP,, the downstream DNA duplex binds deep within the active-center cleft. The down-
stream end of the transcription bubble also binds deep within the active-center cleft, with
position +1 of the template strand being located on the floor of the active-center cleft.
The template strand of the transcription bubble rises up from the floor of the active-center
cleft, along an axis nearly perpendicular to the downstream duplex. The nontemplate
strand of the transcription bubble does not go toward the active site. It turns away from
the active site immediately after the DNA strand separation occurs around position +2,
continues its path along the jaws of RNAP formed by the B subunit and meets the
template strand at the up edge of the active-center cleft. The structure also defines
locations of segments of ¢ relative to promoter DNA. o region 4 interacts with the -35
element, ¢ region 3 interacts with the “extended -10 element”, and o region 2 interacts

with the -10 element.



17

In addition, modeled structure of the RNA polymerase-DNA open complex based on
FRET information (Mekler et al., 2002) has provided information for the position of the
oR1.1. This region of ¢ is displaced from the DNA binding channel of the enzyme to

form alternative contacts with B subunit 51A away from its position in holoenzyme.

Overall structure of the core enzyme is mostly unchanged in the RNA polymerase-DNA
open complex. The comparison of holoenzyme within the holoenzyme/ fork-junction
DNA complex to holoenzyme alone reveals a conformational change of the RNAP clamp
domain, which is rotated in toward the active center by 3< closing the RNAP active-

center cleft by about 3 A relative to the holoenzyme alone (Murakami et al., 2002).
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35/
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element strand
B extended
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Figure 1.4. The RP, model. (A) model of RP,; (B) Magnified view of RP,, showing the
details of the core promoter interactions, transcription bubble, and downstream DNA.
The RNAP holoenzyme is shown as a molecular surface, color coded as follows: o', o"

gray; B, cyan; B’, pink; and o, orange.

90‘)3
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1.4.4. Structure of the RNAP transcription elongation complex

The positions of the downstream duplex and the RNA/ DNA hybrid within RNAP in the
transcription elongation complex have been defined by RNA- and DNA-protein cross-
linking (Korzheva et al., 2000). Crystal structures of Thermus thermophilus RNAP
elongation complex without bound NTP (Figure 1.5, Vassylyev et al., 2007), with bound
NTP (Vassylyev et al., 2007), and yeast Pol Il elongation complex (Gnatt et al., 2001)
have been reported. These structures reveal detailed network of interactions between
nucleic acid chains and RNAP side chains, thereby providing information for explaining
the determinants of the high stability and processivity of the elongation complex. The
clamp is the central feature in this interaction network. It contacts the downstream DNA,
the hybrid, the exiting RNA, and the bridge helix. The core enzyme conformations in the
elongation complex and the holoenzyme are not identical. In comparison with the
holoenzyme, the elongation complex structure undergoes closure of the RNAP claws to
reduce the size of the main channel substantially. Based on these crystal structures, it
has been proposed that each nucleotide-addition cycle is coupled to an RNAP active-
center conformational cycle, involving closing of the RNAP active center upon binding
of the incoming nucleotide, followed by opening of the RNAP active center upon
formation of the phosphodiester bond. First, the NTP binds to the open active center to
form an inactive, preinsertion intermediate, working as a ‘ratchet’ that stabilizes the post-
translocated elongation complex. Second, on folding of the active-center structural
element termed the “trigger loop™ into two a-helices (trigger helices), the NTP is

repositioned to form the catalytically competent insertion complex, in which the active
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site is closed. Upon formation of the phosphodiester bond, the loss of phosphate moieties
then triggers the opening of the RNAP active center mediated by the unfolding of the

“trigger loop”.
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Figure 1.5. Overall structure of the ttEC. The RNAP core enzyme structure in the ttEC is
coloured from grey (less than 2 A) to green (more than 6 A) according to the deviation in
the positions of the C, atoms of the corresponding core and holoenzyme (PDB 1D 2A6H)
residues. (grey, RNAP; red, DNA template; blue, DNA non-template; yellow, RNA.)
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1.5. RNAP clamp and switch region

The comparison of the different crystallographic structures of RNAP and RNAP
complexes has revealed the presence of mobile domains and conformational changes that
are important for function. The most prominent mobile domain, termed the clamp
(Cramer 2001), ranges in position from relatively closed in yRNAPII and bacterial
elongation complex to open in an E. coli RNAP EM structure (Gnatt et al., 2001; Cramer
et al., 2001; Campbell et al., 2001; Darst, 2001). The clamp forms one side of the
enzyme’s active-center cleft, comprising the N-terminal segment of B’, the C-terminal
domain of B and ® in bacterial RNAP. At the base, clamp is connected to the stationary
part of RNAP through five polypeptide segments, termed switches 1, 2, 3, 4, and 5 that
are flexible and enable clamp movement. The clamp and switches are structurally

conserved in bacterial RNAP (except the clamp head) (Cramer 2001).

The RNAP clamp can exit in a range of distinct conformational states—from an open
clamp conformation that permits entry and exit of DNA, to a closed conformation that
prevents entry and exit of DNA (Gnatt et al., 2001; Cramer et al., 2001; Campbell et al.,
2001; Darst, 2001) (Figure 1.6). The transition between the open and closed clamp
conformations involves a swinging motion of the clamp by the switch region at the base
of the clamp, and conformational changes and folding transitions in the switch region.
Interestingly, the switches are disordered when the clamp is open, but folded
cooperatively upon interacting with nucleic acids and the bridge helix when the clamp

closes in the transcription elongation complex (Landick, 2001).
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It has been proposed that the clamp opens to permit DNA to enter the active center in
initiation, closes after DNA enters the active-center cleft in initiation, and further closes,
or acquires further stability in the closed state, upon transition to elongation. Clamp
closure is proposed to mediate the high stability of the transcription initiation complexes
and exceptionally high stability and high processivity of the transcription elongation

complexes.
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open clamp
partly closed clamp
fully closed clamp

switch region

Figure 1.6. RNAP clamp and RNAP switch region. Structure of RNAP core showing
open (red), intermediate (yellow), and closed (green) clamp conformations, as observed
in crystal structures (PDB 113Q, PDB 1HQM, PDB 116H).
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1.6. Switch-region-target inhibitors

Bacterial RNAP is the main target for many antibiotics. These compounds: myxopyronin
(Myx), corallopyronin (Cor), ripostatin (Rip), lipiarmycin (Lpm) (Figurel.7), have been
identified inhibiting bacterial RNAP through interactions with the RNAP switch region
and appearing to function by preventing clamp opening required for DNA binding and /or

clamp closure required for DNA retention.

Myxopyronin, produced by the myxobacterium Myxococcus fulvus strain Mxf50, is a
polyketide-derived a-pyrone antibiotic (Irschik et al., 1983; Kohl et al., 1983; Kohl et al.,
1984). Myx exhibits antibacterial activity against Gram-positive and Gram-negative
bacteria. Myx inhibits bacterial RNAP (Ki = 1 pM) but does not inhibit eukaryotic RNAP
I1. Myx exhibits no cross-resistance with rifampicin, the inhibitor of bacterial RNAP

wildly used to treat tuberculosis (Hu et al., 1998).

Corallopyronin, produced by the myxobacterium Corallococcus coralloides strain Cc
€127, is a polyketide-derived a-pyrone antibiotic structurally related to Myx, differing
only by possession of a seven-carbon side-chain extension (Irschik et al, 1985). Cor
exhibits antibacterial activity against Gram-positive and Gram-negative bacteria. Cor
inhibits bacterial RNAP (Ki = 4 um) but does not inhibit eukaryotic RNAP II. Cor
exhibits no cross-resistance with rifampicin, the inhibitor of bacterial RNAP wildly used

to treat tuberculosis (O’Neill et al 2000).
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Ripostatin, produced by the myxobacterium Sorangium cellulosum strain So ce377, is a
polyketide-derived macrocyclic-lactone carbonic acid (Irschik et al, 1995; Augustiniak et
al 1996). Rip exhibits antibacterial activity against Gram-positive and Gram-negative
bacteria. Rip is an inhibitor of bacterial RNAP but not eukaryotic RNAP II. It interferes
with the initiation of RNA synthesis. Rip exhibits no cross-resistance with rifampicin, the

inhibitor of bacterial RNAP wildly used to treat tuberculosis (O’Neill et al 2000).

Lipiamycin, also known as tiacumicin, is a complex of an unsaturated 18-membered
macrolide ring with a seven-carbon sugar at carbon 11 and a 6-carbon sugar at carbon 20
(Sergio et al 1975; Hochlowski et al 1987). Lip is produced by Actinoplanes deccanensis.
It is active against Gram-positive bacteria but ineffective against Gram-negative bacteria.

Lpm interferes with RNA synthesis specifically at initiation.

The target, mechanism, and structural basis of inhibition of bacterial RNAP by Myx, Cor,
Rip, and Lpm have been defined by a combination of genetic, biochemical, and
crystallographic approaches (Ebright, 2007). The results indicate that myxopyronin,
corallopyronin, ripostatin and lipiarmycin interact with the RNAP "switch region"--i.e.,
with the hinge that mediates rotation of the RNAP clamp relative to the remainder of
RNAP and, correspondingly, that mediates opening and closing of the RNAP active-
center cleft. Crystal structure of T. thermophilus RNAP holoenzyme in complex with
Myx shows that Myx binds within the RNAP switch region. Myx makes direct
interactions with switch 1 and, especially, switch 2, and also makes direct interactions

with adjacent segments of the B’ and B subunits (Ebright, 2007).



27

It has been proposed that Myx, Cor, Rip, and Lpm inhibit transcription by locking the
RNAP switch region and clamp in one conformational state, thereby preventing switch-
region conformational cycling. In the absence of switch-region conformational cycling,
the RNAP clamp is unable to open to permit entry of DNA into the RNAP active-center-
cleft, unable to close to permit retention of DNA within the RNAP-active-center cleft, or

both.
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Figurel.7. Structures of switch-region-target inhibitors.
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2. Objectives

The clamp movements discussed in the introduction are so far based on static crystal
structures describing essentially two different conformational states of the clamp. These
movements are yet to be observed in solution or in real time; moreover, there may exist
so far unobserved transient states that have escaped detection by X-ray crystallography.
As discussed, clamp closure plays a significant role in transcription initiation and
elongation. However, no information currently is available—for any stage of
transcription—regarding the mean clamp conformation in solution, the distribution of
clamp conformations in solution, or the Kkinetics of transitions among clamp
conformations in solution. Part of the slow progress towards answering questions about
clamp closure is due to the absence of assays that can accurately measure clamp closure

in solution.

The overall objective of this work was to develop a fluorescence energy transfer assay to
access clamp conformational states in solution. Such an assay would allow the
measurement of the mean clamp conformation in RNAP holoenzyme, in transcription
initiation, in transcription elongation and termination. The specific objectives of this

work were:

(1) To develop labeling procedures for incorporation of fluorescent probes into RNAP

clamp (B’ pincer) and B pincer.
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(2) To define RNAP clamp conformation at each stage of transcription by measuring the
energy transfer efficiency between fluorescent donor and fluorescent acceptor groups that

are incorporated at specific sites in RNAP clamp (B’ pincer) and P pincer.

(3) To define effects on RNAP clamp conformation of small-molecule inhibitors that

interact with the RNAP switch region.
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3. Rationale

3.1. Incorporation of fluorescent probes into RNAP

Structural and mechanistic characterization of proteins by fluorescence resonance energy
transfer (FRET) requires the ability to incorporate fluorescent probes at specific defined
sites. Several strategies for site-specific modification of proteins have been reported: (1)
cysteine-mediated labeling, (2) oxidation-mediated labeling (Geoghegan and Stroh, 1992),
(3) intein-mediated labeling (“expressed protein ligation™) (Muir et al. 1998; Ayers et al.
2000; Tolbert and Wong, 2000; Mukhopadhyay et al. 2001), (4) trivalent-arsenic-
mediated labeling (Griffin et al. 1998; 2000), (5) hexahistidine-tag-mediated labeling
(Kapanidis et al. 2001), (6) nonsense-suppression-mediated introduction of unnatural
amino acids (Wang and Schultz, 2005) followed by ketone-specific labeling or Huisgen
[3+2] cycloaddition reaction, (7) Labeling of azide-containing proteins through

Staudinger -Bertozzi ligation.

Cysteine-mediated labeling involves site-directed mutagenesis to introduce a cysteine
residue at the site of interest, followed by cysteine-specific chemical modification to
incorporate the fluorescent probe. Selective modification, however, requires a single
reactive cysteine which is often not the case with large proteins (proteins with MW > 50
kDa). Oxidation-mediated labeling involves the oxidation of an N-terminal serine or
threonine (Geoghegan and Stroh, 1992). This method is limited since it can only be used
to modify the N-terminal position of a protein and the protein must be stable to oxidation.

Intein-mediated labeling has been used to site-specifically incorporate fluorescent probes
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into proteins (Muir et al. 1998; Ayers et al. 2000; Tolbert and Wong, 2000) including E.
coli RNAP (Mukhopadhyay et al. 2001). Unfortunately, the modification is limited to the
C-terminus of a protein. Trivalent-arsenic-mediated labeling and hexahistidine-tag-
mediated labeling have not been successfully used to incorporate probes into two largest

subunits of E. coli RNAP.

Nonsense suppression

The nonsense suppression method allows site-specific incorporation of unnatural amino
acids into proteins with high fidelity and efficiency (Wang and Schultz, 2005). In this
method, an engineered tRNA-synthetase pair can site-specifically insert the unnatural
amino acid of interest into proteins in response to the amber codon (Figure 3.1). To date,
more than 30 unnatural amino acids have been genetically incorporated into proteins in
response to nonsense and frameshift codons in both prokaryotes and eukaryotes,
including photoreactive and redox active amino acids, glycosylated amino acids, and
amino acids containing keto, azido, alkynyl, and iodo groups (Wang et al. 2001, 2003,
2005; Deiters et al. 2003). Introduction of these reactive groups allows site-specific
modification of proteins. It has been demonstrated that the unnatural amino acid, p-azido-
L-phenylalanine (pAzPhe), can be selectively incorporated into proteins in E. coli by
using a suppressor tRNA-aminoacyl tRNA synthetase pair (Wang et al. 2001, 2003). The
azide- containing protein have been modified by Huisgen [3+2] cycloaddition reaction
(Wang et al. 2001, 2003) and Staudinger -Bertozzi ligation (Tsao et al. 2005; Saxon and

Bertozzi, 2000).
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Figure 3.1. Nonsense suppression method. L. Wang and P.G. Schultz Angew. Chem. Int.

Ed. 2005 44, 34-66.
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Staudinger- Bertozzi ligation

The classic Staudinger reaction (Staudinger and Meyer, 1919) (Figure 3.2) between a
phosphine and an azide produces an unstable intermediate, aza-ylide, which hydrolyzes
spontaneously to yield a primary amine and the corresponding phosphine oxide. To
produce a stable amide-linked product, Bertozzi et al (Saxon and Bertozzi, 2000)
designed a specifically engineered triaryphosphine that allows rearrangement of the
unstable aza-ylid to a stable covalent adduct by intramolecular cyclization (Figure 3.3).
This chemical reaction proceeds with excellent yields at room temperature under
physiological conditions and is highly selective for azides. The Staudinger-Bertozzi
ligation reaction has been employed in a wide range of applications, including
modification of cell surfaces, protein engineering, specific labeling of nucleic acids, and

as a general tool for bioconjugation (Kiick et al. 2002; Wang et al. 2003).



- N, H,O

1 + -
RsP + N3~R RsP—N-R' R3;P=0 + HoN-R'

Phosphine  Azide Aza-ylide Phosphine oxide  Amine

Figure 3.2. Staudinger reaction between a phosphine and azide to form an aza-ylide.
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Figure 3.3. Staudinger-Bertozzi ligation.
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In the development of procedures for labeling of RNAP, first, we have incorporated the
azide-containing unnatural amino acid p-azido-L-phenylalanine at the site of interest into
RNAP B’ and B subunits by the nonsense suppression method. We explored the labeling
of the azide-containing proteins with alkyne-fluorescein (Figure3.4B) through Cu(l)-
catalyzed Huisgen [3+2] cycloaddition (“click chemistry”) (Figure3.4A, Deiters et al
2003; Rostovtsev et al 2002) under conditions: (1) Cu wire, CuSO4; (2) Cu wire, CuSO4,
ligand (tris(1-benzyl-1H-[1,2,3]triazol-4-ylmethyl)amine, TBTA); (3) CuSO4, sodium
ascorbate. Under condition (1), with the absence of ligand, the proteins were labeled by
alkyne-fluorescein with low efficiency. Under condition (2), upon the addition of TBTA
to the reaction mixture the proteins were precipitated. Under condition (3), the proteins
were completely degregated when sodium ascorbate was used in the reaction. We also
explored the labeling of the azide-containing B’ and B derivatives with cyclooctyne-
fluorescein and difluorinated cyclooctyne-Alexa488 (DIFO-488) (Figure 3.4D) through a
strain-promoted [3+2] azide-alkyne cycloaddition (Figure 3.4C, Agard et al 2004; Baskin
et al 2007). When wild-type B’ and B subunits were subjected to the same reaction as a
control, significant labeling of wild-type proteins were observed. Thus, this reaction
yielded very low selectivity between the azide-containing proteins and the wild-type

protein.

We also explored the labeling of the azide-containing B’ and B derivatives with
phosphine-derived dyes through Straudinger-Bertozzi ligation. This reaction proceeded
with high selectivity and efficiency. Therefore we used Staudinger-Bertozzi reaction as a

modification method.
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Figure 3.4. A. Cu(l)-catalyzed Huisgen cycloaddition (“click chemistry”). B. Tris(1-
benzyl-1H-[1,2,3]triazol-4-ylmethyl)amine (TBTA) and Alkyne-fluorescein. C. Strain-
promoted [3+2] cycloaddition of azides and cyclooctynes. D. Cyclooctyne-fluorescein

and DIFO-488.
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In this work, we have extended these two approaches of nonsense suspension and
Staudinger-Bertozzi ligation to the incorporation of fluorescent probes into RNAP. To
attach fluorescent donor into RNAP B’ pincer and fluorescent acceptor into RNAP f
pincer, we have employed the strategy summarized in Figure 3.5. First, we have
incorporated the azide-containing unnatural amino acid p-azido-L-phenylalanine at the
site of interest into RNAP B’ and B subunits by the nonsense suppression method. Then,
we labeled the azide-containing subunits through Staudinger-Bertozzi ligation using
phosphine-derived fluorescent probes. The finally reconstitution of labeled B’ and B
subunits and other recombinant subunits provided RNAP with fluorescent donor

incorporated at B’ pincer and fluorescent acceptor incorporated at 3 pincer.
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Figure 3.5. Incorporation of Alexa488 at the tip of the clamp and cy3B at the tip of the

pincer, through a combination of unnatural amino acid mutagenesis, Staudinger-Bertozzi

ligation, and RNAP reconstitution.
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3.2. Choice of donor/acceptor pair

The energy transfer donor-acceptor pair of Alexa 488 and Cy3B was used (Panchuk-
Voloshina et al. 1999; Cooper et al. 2004). Alexa488 has similar absorbance and
emission spectra as fluorescein, but it is more fluorescent in its conjugates and
significantly more photostable than fluorescein. The Alexa Fluor 488 dye is by far the
best fluorescein substitute available for most applications. Alexa488 carries several
advantages as a donor:

o long life time (fluorescence lifetime of ~4.1 nanoseconds)

« Strong absorption, with an extinction coefficient greater than 65,000 cm™M™

e Much greater photostability than fluorescein, allowing more time for observation

e pH-insensitive fluorescence between pH 4 and 10

« Water solubility, with no organic co-solvents required in labeling reactions,

o Superior fluorescence output per protein conjugate, surpassing that of any other

spectrally similar fluorophore-labeled protein

e good quantum yields

The energy acceptor Cy3B is characterized by an excellent spectral overlap with
Alexa488 and high extinction coefficients (130,000 M™cm™) leading to high R, values of
~ 60 A for the Alexa488/Cy3B pair. Cy3B has the same common chromophore as Cy3.
But open chain trimethine cyanine dyes e.g. Cy3 can exist in many conformations and are
capable of undergoing numerous rotational and translational modes of vibration which

result in the loss of energy by non-radiative processes. In Cy3B, a rigid backbone has
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therefore been introduced to provide a trimethine dye with a fixed conformation in both
the relaxed and excited states. This increases the efficiency of the fluorescent output and

quantum yield upon excitation.
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3.3. Rationale of labeling positions

The fluorescent donor Alexa 488 was attached to E. coli RNAP B’ residue 150 and 284
located at the distal tip of the clamp (B’ pincer). The fluorescent acceptor Cy3B was
attached to E. coli RNAP j residue 106 located at the tip of the B pincer and B residue
222 located at the tip of the B lobe (Figure 3.6). The B pincer is immobile in the crystal
structures of RNAP therefore it serves as a reference to measure the clamp conformation.
The distance between probes on B’ residue 284 and P residue 106 provides information
for clamp conformation. The P lobe is a mobile module in the crystal structures of RNAP.
The distance between probes on B’ residue 284 and P residue 222 includes contributions
from the clamp conformation and superimpose of the  lobe. The labeling positions in
RNAP have to satisfy the two conditions: (1) should not affect RNAP function; (2)
should be within the distance range where FRET is very sensitive to any changes in
distance (~40-80 A). The RNAP derivatives with fluorescent groups attached to position
B’ residue 284 and B residue 106 and 222 were verified to be functional in transcription
but RNAP derivatives with the fluorescent donor was attached to B’ residue 150 are not

functional in transcription.

As observed in crystal structures (PDB 113Q, PDB 1HQM, PDB 1L9Z), the donor-
acceptor distances for probes at p' residue 284 and P residue 106 are ~ 80A in an open
clamp conformational state, ~ 65A in partly closed clamp conformational state, and ~
50A in a fully closed clamp conformational state. The donor-acceptor distances for

probes at B' residue 284 and P residue 222 are ~ 95A in an open clamp conformational
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state, ~ 85A in partly closed clamp conformational state, and ~ 70A in a fully closed
clamp conformational state. The donor-acceptor distances are within the distance range
where FRET is very sensitive to any changes in distance and are sensitive reporters of

clamp conformation (Figure 3.6).
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A

open clamp

fulkly closed clamp

B

open clamp

fully closed clamp

Figure 3.6. FRET analysis of clamp opening/closing. Structure of RNAP showing open
(red), partly closed (yellow), and fully closed (green) clamp conformations, as observed
in crystal structures (PDB 113Q, PDB 1HQM, PDB 11L.9Z) (c70 omitted for clarity). Red,
yellow, and green circles, positions of probe sites at the tip of the clamp (B' residue 284);
orange circle, position of reference probe site at the tip of the § pincer (P residue 106 or
residue 222); violet sphere, active-center Mg2+. (A) Probes at B' residue 284 and 3
residue 106 (distances = ~80, ~65, and ~50 A in open, partly closed, and fully closed
states).

(B) Probes at B' residue 284 and B residue 222 (distances = ~95, ~85, and ~70 A in open,

partly closed, and fully closed states).
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3.4. Determination of mean clamp conformational states

To define mean clamp conformational states during transcription, we have used FRET to
monitor the distance between a first fluorescent probe, serving as donor, incorporated at
the tip of the B' pincer (residue 284) and a second fluorescent probe, serving as acceptor,
incorporated at the tip of the B pincer (residue 106 and 222). We have measured the
distances in RNAP holoenzyme, in promoter open complex, in initial transcribing

complexes, and in elongation complexes.

The DNA fragments carrying the lac CONS (Figure 3.7) promoters that are derivatives of
lac promoter were used for the formation of RNAP-promoter open complex (RP,), initial
transcribing complexes carrying out iterative abortive initiation and containing RNA
products up to 2, up to 4, up to 7 (RPig, <o, RPic, <1, and RPj. <7) and elongation
complexes (RDe11 and RDe15). The sequence of lac CONS promoters differs from the
sequence of wild type lac promoter by a consensus “-35” element, a consensus “-10”
element, and a consensus spacer of 17 base pairs between the two core elements. Lac
CONS promoter is expected to be one of the strongest promoters in terms of stability of
the open complex (Mukhopadhyay et al. 2001). Using promoters lac CONS-11 and lac
CONS-15, with limited set of nucleotide triphosphates (NTPs), initiating dinucleotide
ApA and a terminating nucleotide (3’-OMe CTP), we were able to form promoter open
complex, complexes engaged in abortive synthesis and containing RNA products up to 2,

up to 4, and up to 7 in length (RPi¢, <, RPix, <1, and RPj. <7), and defined elongation
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complexes containing RNA product of 11nt or 15nt in length (RDe 11 and RDg15; Table

3.1).
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lac CONS-11 (161bp)

TCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATAAATGTGATCTAGATCACATTTTAGGCACCCCAGGC-C

AGGGCTGACCTTTCGCCCGTCACTCGCGTTGCGTTATTTACACTAGATCTAGTGTAAAATCCGTGGGGTCCG G
-35

TTTATGCTTCGGCTCG] GTGTGGAATTGTGAGABGGATAACAATTTCACACAGGAAACAGCTATGACCATGATT

AAATACGAAGCCGAGC CACACCETAACACTCTECCTATTGTTAAAGTGTGTCCTTTGTCGATACTGGTACTAA

17 bp spacer -10 +1

ACG

TGC

lacUV5 CONS-15 (164bp)

TCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATAAATGTGATCTAGATCACATTTTAGGCACCCCAGGC-C

AGGGCTGACCTTTCGCCCGTCACTCGCGTTGCGTTATTTACACTAGATCTAGTGTAAAATCCGTGGGGTCCG G
-35

TTTATGCTTCGGCTCG] GTGTGGAATTGTGAGGAGGABGGATAACAATTTCACACAGGAAACAGCTATGACCAT

AAATACGAAGCCGAGC CACACCHTAACACTCCTCCTECCTATTGTTAAAGTGTGTCCTTTGTCGATACTGGTA

17 bp spacer -10 +1

GATTACG

CTAATGC

Figure 3.7. Sequences of DNA fragments used for the formation of promoter-open
complex and elongation complexes 11, 15 nt in length. Positions of promoter -10 and -35
elements are highlighted in grey. Transcription start site is indicated with an arrow.

Terminating nucleotide is shown in red.



Table 3.1. NTP subsets and the corresponding RNA products and complexes

promoter NTP subset RNA product complex

lac CONS-11 none none RP,
ApA AA RPitc, <2
ApA+UTP AAUU RPitc, <4
ApA+UTP+GTP AAUUGUG RPic, <7
ApA+UTP+GTP+ATP  AAUUGUGAGAC RDe1
+3’-OMe CTP

lac CONS-15 none none RP,
ApA AA RPit, <
ApA+UTP AAUU RPic, <4
ApA+UTP+GTP AAUUGUG RPitc, <7
ApA+UTP+GTP+ATP AAUUGUGAGGA RDgss
+3’-OMe CTP GGAC

49
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Initially, the fluorescent labeled RNAP derivatives prepared contain large fraction of
aggregates, therefore the ensemble FRET experiment were performed in the gel matrix
(“in-gel” FRET, Mukhopadhyay et al 2001) to minimize complications due to
fluorescence arising from RNAP aggregates. The RNAP holoenzyme and RP, were
isolated by nondenaturing PAGE and analyzed in situ in gel slices. To obtain data for
RPii. and RDe, ApA, ATP, GTP, UTP and 3’OMe-CTP were added directly to the cuvette
containing the gel slice of RP,. To obtain data for the effects of switch-region-target
inhibitors (Myx, Cor, Rip, and Lpm), the inhibitors were added directly to the cuvette
containing the gel slice of holoenzyme. An increase in FRET efficiency upon formation
of RP, from holoenzyme and upon the binding of Myx, Cor, Rip to RNAP was observed
in the in-gel measurements (Table 3.2-3.5). However, the experimental error in in-gel
FRET was high due to the gel scattering and low signal to noise ratio. Later, the in vitro
reconstitution conditions were optimized to yield fluorescent RNAP derivatives with low
aggregates and high activity and are suitable for measurements in solution. The ensemble
FRET in solution which provided higher signal to noise ratio and low experimental error
were performed to define the clamp conformational changes and the effects of small

molecule effectors.
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Table 3.2. In-gel FRET results for holoenzyme, RP,, RPix, <2, RPitc, <4, RPitc, <7 RDe 11,
and RDe 15 formed by [Alexa488-Phe284]B°; [Cy3B-Phe106]B-RNAP with lac CONS-11

and lac CONS-15.

complex E (%)
holoenzyme 3040.5
RP, 35+.4
RPi < 35+1.6
RPic. <4 35:4.7
RPi. <7 33+.4
RDe 11 3043.6

RDe1s 3542.0
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Table 3.3. In-gel FRET results for holoenzyme, RP,, RPix, <2, RPitc, <4, RPitc, <7 RDe 11,
and RDe 15 formed by [Alexa488-Phe284]B’°; [Cy3B-Phe222]B-RNAP with lac CONS-11

and lac CONS-15.

complex E (%)
holoenzyme 334.6
RP, 35+.7
RPi, < 34415
RPicc. <4 35+.4
RPic. <7 34+1.6
RDe 11 3347

RDe 15 3243.8
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Table 3.4. Effects of Myx, Cor, Rip and Lpm on RNAP holoenzyme [Alexa488-

Phe284]B’ [Cy3B-Phel106]B-RNAP clamp conformation.

complex E AE
holo 0.3040.005

holo + Myx 0.3440.01 0.04
holo + Rip 0.35#0.008 0.05
holo + Cor 0.3940.008 0.09
holo + Lpm 0.3040.01 0




Table 3.5. Effects of Myx, Cor, Rip and Lpm on RNAP holoenzyme [Alexa488-

Phe284]B3’ [Cy3B-Phe222]3-RNAP clamp conformation.

complex E AE
holo 0.33#40.006

holo + Myx  0.4020.009 0.07
holo + Rip 0.3840.01 0.05
holo + Cor 0.4040.01 0.07
holo + Lpm 0.3040.01 -0.03
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4. Incorporation of fluorescent probes

InNto RNAP

4.1. Materials and Methods

4.1.1. Plasmids

A list of plasmids used in this chapter is presented in Table 4.1. Plasmid pRL663 encodes
C-terminal hexahistidine-tagged E. coli RNAP B’ subunit under control of the tac
promoter (Wang et al., 1995). Plasmid pRL706 encodes C-terminal hexahitidine-tagged
E. coli RNAP B subunit under control of the trc promoter (Severinov et al., 1997).
Plasmids pMKSe2, pT7p’ and pT7w coding for the subunits 3’, B, and ® were previously

described (Naryshkin et al., 2001; Mekler et al., 2002;)

Plasmid pET21a rpoC-H6 encoding C-terminal hexahistidine-tagged B’ subunit were
constructed by replacement of Bsml — Hindlll segment of pET2la rpoC with the
correspondent Bsml — Hindl1l rpoC DNA fragment of pRL663. Amber stop codon (TAG)

substitutions at residues 150 and 284 were introduced by site-directed mutagenesis.

Plasmid pET21d rpoB-H6 encoding C-terminal hexahistidine-tagged [ subunit were
constructed by inserting the Ncol — Hindlll fragment of plasmid pRL706 into pET21d

vector (Novagen) and deletion of 44bp between Ncol site and rpoB start codon. Amber
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stop codon (TAG) substitutions at residues 106 and 222 were introduced by site-directed

mutagenesis.

Plasmid pAmberAzide encoding a Methanococcus jannaschii mutant amber suppressor
tRNA™ cua (MUtRNA™cya) and a mutant Methanococcus jannaschii tyrosyl-tRNA
synthetase (MjTyrRS) which specifically charges tRNA™cua with pAzPhe was

requested from Peter Schultz.

Plasmid pET21aNFa encoding N-terminal FLAG tagged o subunit were constructed by
inserting the Xbal-BamHI fragment of plasmid pWNNFa into pET21a vector (Novagen).
Plasmid pET21d NF o'NTD-a""NTD encodes N-terminal FLAG tagged fusion protein of
two aNTDs. This plasmid was constructed using pET21aNFa by add-on PCR to generate
DNA fragment coding for FLAG-aNTD (residues 1-235) with Ncol and BamHI
digestion sites at the ends using 5°- GGGAATTCCATGGACTACAAGGACG
ACGATGACAAGG-3’ and 5’- TCGCGGATCCACGTAAGTCAACGAAAGCTTCCA
GTTGTTCAGC-3’ primers. The PCR product was digested with Ncol and BamHI. Add-
on PCR was performed using pREIINHa to generate DNA fragment coding for the short
linker GSGGSG and aNTD (residues 1-235) with BamHI and Notl digestion sites at the
ends using 5’- TCGCGGATCCGGTGGCAGCGGGATGCAGGGTTCTGTGACAGAG
TTTCTA AAACCG-3’ and 5’-TGCGGCGGCCGCTTAACGTAAGTCAACGAAAGC
TTCCAGTTG TTCAGC-3’ primers. The PCR product was digested with BamHI and
Notl. The two PCR products were inserted into pET28a (Novagen) vector between Ncol

and Notl sites by three way ligation.



Table 4.1. Plasmids

S7

Plasmids Characteristics Source

pRL663 ApF; ori-pBR322; Pyyy-Pacuvs- Wang et al., 1996
rpoC (CH6)

pET21a rpoC ApF; ori-pBR322; Py;o-rpoC Novagen

pET21a rpoC-H6 ApF; ori-pBR322; Pyyo- This work
rpoC(CH®6)

PET21a rpoC-H6 150TAG  Ap"; ori-pBR322; Pyo- This work
rpoC150amber (CH6)

PET21a rpoC-H6 284TAG  Ap®; ori-pBR322; Po10- This work

PRL706

pET21d rpoB-H6

pET21d rpoB-H6 106 TAG

pET21d rpoB-H6 222TAG

pWNNFo

pET21a NFa

pET21d NF oINTD-

alINTD

pREINHo

pMKSe2
pT7p’

pT7w®

rpoC284amber (CH6)

ApF; ori-pBR322; Pyyp-Piacuvs-
rpoB (CH6)

ApF; ori-pBR322; Pyy-rpoB
(CH®)

ApF; ori-pBR322; Pyyo-
rpoB106amber (CH6)

ApF; ori-pBR322; Pyyo-
rpoB106amber (CH6)

KmR; ori-pSC101; Pypp-Pracuvs-
rpoA(NFLAG)

ApF; ori-pBR322; Pyyo-
rpoA(NFLAG)

ApF; ori-pBR322; Pyyo-rpoA(L-
235)-rpoA(1-235)(NFLAG)

ApF; ori-pBR322; Pyop-Pracuvs-
rpoA(NH)

Ap®: ori-pBR322; Pj.cuvs-rpoB
ApF; ori-pBR322; Py-rpoC

ApF; ori-pBR322; Pyy-rpoZ

Severinov et al., 1997

This work

This work

This work

Niu et al., 1996

This work

This work

Niu et al., 1996

Lee etal, 1991
Naryshkin et al., 2001

Naryshkin et al., 2001
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4.1.2. Synthesis of Alexa488 and Cy3B phosphine derivatives

Reaction progress was monitored by thin-layer chromatography and visualized by
illuminating with UV light. Preparative HPLC was performed with a SUPELCO
Discovery BIO C-18 reversed-phase column (25cm x 10mm, 10um) using a linear
gradient of H,O and CH3;CN. Mass spectra were obtained using electrospray ionization

(ESI) or matrix-assisted laser desorption ionization (MALDI) techniques.

Synthesis of 1-Methyl-2-Diphenylphosphinoterephthalate

1-Methyl-2-Diphenylphosphinoterephthalate (Figure 4.9, compound 2) was synthesized
according to published procedures.

Methyl-2-lodoterephthalate  (1). 1-Methyl-2-aminoterephthalate  (Aldrich) (1g,
5.12mmol) was added to 10ml of ice-cold concentrated HCI (Fisher) in a round-bottom
flask. A solution of NaNO2 (Fisher) (360mg, 5.18mmol) in 2ml of H,O was added
dropwise, resulting in evolution of a small amount of orange gas. The mixture was stirred
for 30min at room temperature and then centrifuged to remove insoluble solid. The
supernatant was added into a solution of KI (Fisher) (8.6g, 50mmol) in 14ml of H,O. The
dark red solution was stirred for 1h at room temperature and then diluted with CH,Cl,
(200ml) and washed with saturated Na,SO3 (2 x 20ml). The organic layer was washed
with water (2x40ml) and saturated NaCl (2 x 20ml) and dried over Na,SO, and
concentrated. The crude product was dissolved in a minimal amount of MeOH (5ml), and

H20 was added until the solution appeared cloudy. Cooling to 4<C and filtration afforded
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380mg (24% vyield) a bright yellow solid. *H NMR (500MHz, CDCls): & 3.98 (s, 3H),

7.84 (d, 1H, J=7.5), 8.12 (d, 1H, J = 8.0), 8.69 (s, 1H).

1-Methyl-2-Diphenylphosphinoterephthalate (2). Anhydrous MeOH (Aldrich) (3ml),
triethylamine (Aldrich) (0.3ml, 2mmol), compound 1 (306mg, 1.0mmol), and palladium
acetate (Aldrich) (2.2 mg, 0.010mmol) were added to a flame-dried flask. The mixture
was degassed in vacuo. While stirring under an atmosphere of Ar, diphenylphosphine
(Aldrich) (0.17ml, 1.0 mmol) was added. The resulting solution was heated at reflux
overnight, and then allowed to cool to room temperature and concentrated. The residue
was dissolved in 250 ml of a 1:1 mixture of CH,Cl,/H,O and layers were separated. The
organic layer was washed with 1M HCI (1x10ml) and concentrated. The crude product
was recrystalized in CH,Cl,/Hexane. The resulting yellow solid 216mg (60% yield) was

collected and dried. MS (ESI) m/z 364.9 (MH+).

Synthesis of Alexa 488 phosphine derivative

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide,  hydrochloride  (EDAC, 9.8mg,
51.2umol) (Invritrogen) and N-hydroxysulfosuccinimide, sodium salt (NHSS, 8.2mg,
37.8umol) (Invirogen) were dissolved in 0.1ml H,O and added to compound 2 (11.4mg,
31.2pumol) in 0.25ml DMF. The mixture was added to Alexa Fluor 488 cadaverine,
sodium salt (2.0mg, 3.1pumol) (Invitrogen) dissolved in 0.1ml H,O and N,N-
diisopropylethylamide (DIPEA, 11.2ul 62.4pmol) (Aldrich) was added. After 3h at room

temperature, the product was purified by reversed-phase HPLC (30% to 100% B from 0-
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30min. Solvent A: water + 0.1% trifluoroacetic acid; solvent B: 90% acetonitrile, 10%

water + 0.1% trifluoroacetic acid.) and lyophilized. MS (ESI) m/z 964.9 (MH+)

Synthesis of Cy3B phosphine derivative

Cy3B Mono NHS ester (Smg, 6.5umol) (Amersham Biosciences) was dissolved in 50ul
of anhydrous DMF (Aldrich). Triethyl amine (TEA, 60ul, 430pumol) and (tritylamino)
methanaminium acetate (23.5mg, 65umol) (Novabiochem) were added. After 2h at roon
temperature, the reaction was checked by thin-layer chromatography (CHCI3/CH3;0H =
1:1). The product compound 3 was purified by reversed-phase HPLC (30% to 100% B
from 0-30min. Solvent A: water; solvent B: 90% acetonitrile, 10% water.) and

lyophilized. MS (MALDI) m/z 845.6 (MH+).

Cy3B NH; (4). Compound 3 was dissolved in 100ul of CHCI3 and 20ul TFA was added.
After 30min at room temperature, the reaction was checked by thin-layer chromatography
(CHCI3/CH30H = 1:1). The product Cy3B NH, was purified by reversed-phase HPLC
(30% to 80% B from 0-30min. Solvent A: water + 0.1% trifluoroacetic acid; solvent B:
90% acetonitrile, 10% water + 0.1% trifluoroacetic acid.) and lyophilized. MS (MALDI)

m/z 603.3 (MH+).

Cy3B phosphine. 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride
(EDAC, 2.3mg, 12umol) (Invritrogen), N-hydroxy benzotriazole (HOBt, 1.6mg, 12umol)

(Aldrich) and compound 2 (4.4mg, 12umol) were dissolved in 50ul DMF. The mixture
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was added to Cy3B NH; (1.0mg, 1.2umol) dissolved in 50ul DMF and N,N-
diisopropylethylamide (DIPEA, 4.3ul 24umol) (Aldrich) was added. After 2h at room
temperature, the reaction was checked by thin-layer chromatography (CHCI3/CH3;0H =
2:1) and the product was purified by reversed-phase HPLC (20% to 100% B from O-
30min. Solvent A: water + 0.1% trifluoroacetic acid; solvent B: 90% acetonitrile, 10%

water + 0.1% trifluoroacetic acid.) and lyophilized. MS (MALDI) m/z 948.5 (MH+)

4.1.3. Preparation of RNAP subunits and derivatives

Expression of C-terminal Hexahistidine-tagged RNA polymerase B’ and B and derivatives

with p-azidophenylalanine

Escherichia coli BL21(DE3) cells (Stratagene) were transformed with plasmid pAmber-
Azide, plated onto LB plates containing 20ug/ml tetracycline and grown overnight at
37<C. A single colony was inoculated into 5ml of LB with 20ug/ml tetracycline and
grown overnight at 37 <C. 0.5ml of the overnight culture was inoculated into 50ml of LB
medium with 20ug/ml tetracycline and grown to ODggo = 0.37. The cells were recovered
by centrifugation to make competent cells (BL21(DE3) pAzide) using 0.1 M CaCl,.
Competent BL21(DE3) pAzide cells were transformed with plasmid pET21a rpoC-H6
and amber derivatives or pET21d rpoB-H6 and amber derivatives, plated onto LB plates

containing 100ug/mL ampicillin and 25ug/ml tetracycline and grown overnight at 37 <C.
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A single colony was inoculated into 5ml of LB medium containing 100ug/mL ampicillin
and 25ug/ml tetracycline and grown at 37<C for 10h. The cells were collected by
centrifugation at 4000rpm for 10 min and the LB medium was discarded. The cell pellet
was suspended in Iml of minimal medium and inoculated into 50mL of M9 minimal
medium containing 100ug/mL ampicillin and 25ug/ml tetracycline and incubated
overnight at 37<C. 25ml of the overnight culture was inoculated into 500ml of M9
minimal medium supplemented with 100ug/mL of ampicillin, 25ug/ml tetracycline and
1mM p-azido-L-phenylalanine (Chem-Impex International, 103mg) and incubated at
37 T until ODgpo = 0.8 (5 hours). Protein expression was induced with ImM IPTG
(isopropyl-beta-D-thiogalactopyranoside) and cells were harvested after four hours by

centrifugation.

Preparation of C-terminal Hexahistidine-tagged RNA polymerase B’ and [ subunits and

derivatives containing p-azido-L-phenylalanine

Cell pellet from 500ml culture was suspended in 25ml of lysis buffer (40mM Tris HCI
pH 7.9, 300mM KCI, 10mM EDTA, 1mM phenyl methyl sulfonyl fluoride) plus 0.2%
(w/v) sodium desoxycholate. Cells were lysed using an Avestin EmulsiFlex-C5 (Avestin
Inc.). Sample was centrifuged at 15,000g for 30 min and the pellet containing the
inclusion bodies was collected. The pellet was suspended in 10ml lysis buffer plus 0.2%
n-octyl-p-D-glucopyranoside and sonicated with three 45-s sonication pulses at 40%
maximum sonication output and centrifuged for 20 min at 15,000g at 4 <C. The pellet

was washed again with the lysis buffer plus 0.2% n-octyl-p-D-glucopyranoside. The
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pellet was suspended in 5ml lysis buffer containing 10% glycerol and divided into 1-ml

aliquots and stored at — 80 <C. Yield: ~ 50mg (10mg/aliquot).

The inclusion body of ~ 15mg protein was dissolved in buffer A (6M GuHCI, 100mM
sodium phosphate, 10 mM Tris HCI, pH 7.5) and centrifuge for 2min at 13,000 rpm.

The supernatant was loaded onto a 1.5-ml Ni Sepharose high performance (GE
Healthcare) column pre-equilibrated with 10ml buffer A. The flowthrough was reloaded
onto column. The column was washed with 10ml buffer A containing 10mM imidazole,
10ml buffer A containing 20mM imidazole and eluted with 5ml buffer A containing

300mM imidazole. The fractions containing full-length protein were stored at — 80 <C.

Labeling of B’ and p derivatives through Staudinger ligation

To 100 pl of B’ or B derivatives eluted from Ni-column (1.5 mg/ml, 10uM) in buffer A
(6M GuHCI, 100mM sodium phosphate, 10 mM Tris HCI, pH 7.5) plus 300mM
imidazole was added 12.5 pl of Alexa 488 phosphine or Cy3B phosphine in DMF
(1.6mM). The reaction was carried out at 37 <C with shaking for 16h. The reaction
mixture was then loaded onto 1 ml column packed with Bio-Gel P30 Gel (Bio-rad) and
preequilibrated in 50mM Tris HCI, pH 7.9, 6M GuHCI. The labeled protein was eluted in

50mM Tris HCI, pH 7.9, 6M GuHCI and stored at -80<C.
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Purification of NFLAG a'NTD-a""NTD

BL21 (DE3) cells transformed with plasmid pET28aNF a'NTD-o''NTD were incubated
at 37<C in lliter of LB medium containing 40ug/ml kanamycin to an OD600 of 0.6.
Expression of NFLAG o'NTD-a'"NTD was then induced by addition of 1 mM isopropyl-
thio-B-D-galactosidase (IPTG). After an additional 2 hr induction at 37<C, cultures were
harvested, and cells were lysed in 25ml of lysis buffer (20mM Tris HCI pH 7.9, 500mM
NaCl, 10mM EDTA,) plus protease inhibitor (Sigma P8849). Cells were lysed using an
Avestin EmulsiFlex-C5 (Avestin Inc.). Lysate was cleared by centrifugation at 13,000
rpm for 20min. NFLAG o'NTD-o''NTD was precipitated with ammonium sulfate (35g
per 100ml supernatant) and recovered by centrifugation 10min at 8,000 rpm. The pellet
was dissolved in 10ml of TBS buffer buffer (50mM Tris HCI pH 7.4, 150mM NacCl, 5%
glycerol) and loaded onto the two 5ml columns packed with ANTI-FLAG M2 affinity gel
(Sigma) pre-equilibrated in TBS buffer. The column was washed with 50ml TBS buffer
and protein was eluted in TBS + 0.1mg/ml FLAG peptide. Fractions containing NFLAG
o'NTD-a'"NTD fusion protein were pooled and concentrated (yield: 13mg) and stored in
a storage buffer (50 mM Tris-HCI pH 7.9, 200 mM KCI, 10mM MgCl,, 1 mM EDTA, 5
mM B-me, 50% glycerol) at -80°C. The NFLAG o'NTD-o"'NTD in the supernatant was

precipitated with ammonium sulfate and stored at -80<C.
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Purification of recombinant no His-tag RNA polymerase ’ and ff subunits

The RNA polymerase B’ subunit without His-tag was purified from BL21(DE3) cells
transformed with plasmid pET21a rpoC and 3 subunits without His-tag was purified from
XL1-Blue cells transformed with plasmid pMKSe2 (Naryshkin et al.).

Purification of @ subunit

BL21(DE3) cells transformed with plasmid pT7® were incubated at 37<C in LB medium
containing 200 pg/ml ampicillin to an ODgy Of 0.6. Expression of @ was then induced
by addition of 1 mM isopropyl-thio-p-D-galactosidase (IPTG). After an additional 3 hr
induction at 37<C, cultures were harvested, and cells were lysed in lysis buffer (50mM
Tris HCI pH 7.9, 100mM NaCl, 2mM EDTA, 1mM phenyl methyl sulfonyl fluoride)
(Gentry & Burgess, 1990). Q was purified by ammonium sulfate precipitation (409
ammonium sulfate per 100ml solution). The typical yield was 30 mg/liter of culture, and

the purity was >85%. The ® subunit was stored at -80C.

Purification of o

BL21 (DE3) cells transformed with plasmid pGEMDo70 were plated on ampicillin
containing LB plates and grown overnight at 37 <C. A single colony was inoculated into
5ml of LB with ampicillin and grown overnight at 37<C. The overnight culture was
inoculated into 1L of LB media supplemented with ampicillin and grown to OD600=0.6.
Protein  expression was induced with 1mM IPTG (isopropyl-beta-D-

thiogalactopyranoside) and cells were harvested after three hours by centrifugation. Cell



66

pellet was suspended in 150ml of lysis buffer (40mM Tris HCI pH 7.9, 300mM KCl,
10mM EDTA, 1mM phenyl methyl sulfonyl fluoride) plus 0.2% (w/v) sodium
desoxycholate. Cells were lysed using an Avestin EmulsiFlex-C5 (Avestin Inc.). Sample
was centrifuged at 9,000 rpm for 30 min and the pellet containing the inclusion bodies of
sigma 70 was collected. The pellet was washed twice with the lysis buffer plus 0.5% of
Triton X-100 (Sigma) for the first wash and the lysis buffer plus 0.5% Triton X-100 plus
10mM DTT (dithiothreitol, Sigma) for the second wash. The pellet was dissolved in 50ml
of denaturation buffer (50mM Tris HCI pH 7.9, 6M Guanidine HCI, 10mM MgCl,, 10uM
ZnCl,, 1ImM EDTA, 10mM DTT, 10% glycerol) and dialyzed against 2 L of the TGEB
buffer (20mM Tris HCI pH7.9, 0.1mM EDTA, 10mM 2-mercaptoethanol, 5% glycerol)
plus 0.2M NaCl for 36 hours with three changes of the refolding buffer. Dialyzed sample
was centrifuged at 15,000g for 30min and the supernatant was loaded onto MonoQ HR
10/10 (GE Healthcare) anion exchange column equilibrated in TGEB buffer plus 0.3
MNacCl. Protein was eluted with a linear gradient of NaCl (from 0.3M to 0.5M). Fraction
containing sigma 70 were pooled, concentrated and stored in storage buffer (25mM Tris
HCI1 pH 7.9, 50% glycerol, 0.1M NaCl, 0.1mM EDTA, 1mM B-mercaptoethanol) at -

80<C. The yield was ~ 30mg per liter culture.

In vitro reconstitution of RNAP labeled with Alexa488 and Cy3B

Alexa488, Cy3B-RNAP was reconstituted from NFLAGo'NTD-o'NTD, Cy3B labeled p
subunit, Alexa488 labeled 3’ subunit, and o'® subunit using a modified procedure based

on Tang et al (1996). The reconstitution mixture (61ml) contained 4.16 mg (80 nmol)N-
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terminally FLAG-tagged o'NTD-o'NTD, 3.0 mg (20nmol) Cy3B labeled B, 7.75 mg
(50nmol) Alexa488 labeled B’, and 2.0 mg (200nmol) ® in denaturation buffer (6 M
guanidine-HCI, 50 mM Tris-HCI pH 7.9, 10 mM MgCl,, 10 uM ZnCl,, 1 mM EDTA, 10
mM DTT, 10% glycerol). The reconstitution mixture was dialyzed without stirring
overnight at 4<C against 2 liters of reconstitution buffer (50 mM Tris-HCI pH 7.9, 200
mM KCI, 10 mM MgCl;, 10 uM ZnCl,, ImM EDTA, 5 mM B-ME, 20% glycerol). Then
the mixture was dialyzed against 2 liters of reconstitution buffer for 8hr and another 2
liters of reconstitution buffer without B-ME overnight. After dialysis, insoluble residue
was removed by centrifugation. The reconstitution mixture was supplemented with 0.7
mg (10nmol) of 670 and incubated for 45 min at 30<C, and cleared by centrifugation at
15,000rpm for 20 min at 4<C. The sample was adsorbed onto 3ml of ANTI-FLAG M2
affinity gel (Sigma) column pre-equilibrated in TBS buffer (50mM Tris HCI pH 7.4,
150mM NacCl, 5% glycerol). The column was washed with 30ml of TBS buffer and
eluted with TBS + 0.1mg/ml FLAG peptide. Then the reconstituted labeled RNAP
holoenzyme was further purified by anion-exchange chromatography on Mono-Q column.
Under this condition, the typical yield was ~200 ug RNAP holoenzyme, and the purity
was >90%. The reconstituted RNAP holoenzymes were stored in RNAP storage buffer
(25mM Tris HCl pH 7.9, 50% glycerol, 0.1IM NaCl, 0.ImM EDTA, 1mM f-

mercaptoethanol) at -20<C.
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4.1.4. Analysis of labeled RNAP activity

Fluorescence-detected abortive initiation assay

Fluorescence-detected abortive initiation assay was performed as described in
Mukhopadhyay et al (2004). Reaction mixtures contained (46.5 pl) 100 nM RNAP
holoenzyme, 20 nM DNA fragment lac cons UV5 in TB (50mM Tris-HCI [pH 8.0],
100mM KCl, 10mM MgCl12, ImM dithiothreitol, 10 pg/ml bovine serum albumin, and
5% glycerol). Following 15 min at 37°C, 1 ul 0.5 mg/ml heparin was added, following a
further 2min at 37°C, 1 pl of 5 mM (y-AmNS)UTP (Molecular Probes) was added, and
reaction mixtures were transferred to submicro fluorometer cuvettes (Starna Cells).
Following 5 min at 37°C, RNA synthesis was initiated by addition of 2.5 pul of 10 mM
ApA, and fluorescence emission intensity was monitored for 10 min at 37<C (excitation
wavelength, 360 nm, and emission wavelength; excitation and emission slit widths, 5 nm;
QuantaMaster QM1 spectrofluorometer [PTI]). The quantity of UMP incorporated into
RNA was determined from the quantity of (y-AMNS)UTP consumed, which, in turn, was

calculated as follows (Schlageck et al. 1979):

(y-AMNS)UTPonsumed = [(Y-AMNS)UTPo](F — Fo)/(12.4 X Fo)

Where (y-AMNS)UTPy is the quantity of (y-AMNS)UTP at time 0O, Fy is the fluorescence

emission intensity at time 0, and F; is the fluorescence emission intensity at time t.

Immediately after the mixing, the accumulation of the abortive transcription initiation
products (ApApU and ApApUpU for lac promoter and derivatives) were detected by

monitoring the increase of the intensity of fluorescence emission with the excitation



69

wavelength at 360 nm and the emission wavelength at 500 nm. The intensity of
fluorescence emission was measured continuously for 30-60 min in 37<C until the

transcription reaction well reached the steady state.

DNA templates

The sequences of DNA template used in this study are shown in Figure 3.6. The DNA
templates were prepared by PCR amplification from PAGE purified oligonucleotides lac
CONS (-107/-13) (5' - TCC CGA CTG GAA AGC GGG CAG TGA GCG CAA CGC
AAT AAA TGT GAT CTA GAT CAC ATT TTA GGC ACC CCA GGC TTG ACA
CTT TAT GCT TCG GCT CG - 3, lac CONS (-46/+54-11C) (5' - CGT AAT CAT
GGT CAT AGC TGTTTC CTG TGT GAAATT GTT ATC CGT CTC ACA ATT CCA
CAC ATT ATA CGA GCC GAA GCA TAA AGT GTC AAG CCT GGG GTG C - 3,

lac CONS (-42/+60-15C) (5' - CGT AAT CAT GGT CAT AGC TGT TTC CTG TGT
GAA ATT GTT ATC CGT CCT CCT CAC AAT TCC ACA CAT TAT ACG AGC
CGA AGC ATA AAG TGT CAA GCC TGG G - 3, lac CONS (-107/-83) (5' - TCC
CGA CTG GAA AGC GGG CAG TGA G - 3'), lac CONS (+19/+53) (5' - CGT AAT

CAT GGT CAT AGC TGT TTC C - 3)).
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Electrophoretic mobility shift assays

Rection mixtures contained (20 pul) 100 nM RNAP holoenzyme, 20 nM DNA fragment
laccons UV5 in TB (50mM Tris-HCI [pH 8.0], 100mM KCI, 10mM MgCI2, 1mM
dithiothreitol, 10 pg/ml bovine serum albumin, and 5% glycerol). Following 15 min at
37°C, 1 ul of 0.5 mg/ml heparin was added (to disrupt nonspecific complexes), and,
following a further 2min at 37<C, reaction mixtures were applied to 5% polyacrylamide
slab gels (30:1 acrylamide/bisacrylamide; 6 x 9 x 0.1 cm), electrophoresed in 90 mM
Tris-borate (pH8.0) and 0.2 mM EDTA (20v/cm; 1.5h at 37<C), and analyzed using a

fluorescence scanner (Typhoon).
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4.2. Results and discussion

4.2.1. Preparation of E. coli RNAP B’ and B derivatives with azido-

phenylalanine residue at desired positions

E.coli RNAP [’ subunit is encoded by the rpoC gene and is 1407 amino acids in length
(Matzura et al., 1971; Ovchinnikov et al., 1982). E. coli RNAP B subunit is encoded by
the rpoB gene and is 1342 amino acids in length (Ovchinnikov, 1981). Plasmids encoding
B’ or B subunit with a C-terminal hexahistidine tag under control of the bacteriophage T7
gene 10 promoter were constructed. Site-directed mutagenesis experiments were
performed on the plasmids containing rpoC or rpoB genes to introduce an amber stop
codon substituting residues 150 and 284 of B’subunit and residues 106 and 222 of
subunit. Using these amber derivatives, B’ and [ subunits containing p-azido-
phenylalanine at desired positions ( [AzPhel50]p’, [AzPhe284]B°, [AzPhel06]B, and
[AzPhe222]B) were overproduced in E. coli strain BL21(DE3)(pAzide) cells in the
presence of 1mM p-azido-L-phenylalanine (pAzPhe) (Figure 4.1). BL21DE3(pAzide)
contain cells contain a plasmid (pAmberAzide, Figure 4.2) that constitutively expresses a
Methanococcus jannaschii mutant amber suppressor tRNA™ cua (MUtRNA™ cua) and a
mutant M. jannaschii tyrosyl-tRNA synthetase (MjTyrRS) which specifically charges
tRNA™cua with pAzPhe. The full length AzPhe containing B’ and B derivatives and
truncated B’ and B fragments were produced at a high level and were found in the
insoluble fraction after cell lysis and centrifugation. The isolated and washed inclusion

body pellets were dissolved in 6 M guanidine hydrochloride and the full length
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derivatives were purified from the truncated fragments via the C-terminal His6 tag using

metal-ion-affinity chromatography.



J@/\KCOOH
NS NH,

Figure 4.1. The chemical structure of p-azido-L-phenylalanine
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Figure 4.2. Plasmid pAmberAzide
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Selectivity and efficiency of the incorporation of pAzPhe into proteins

To determine the incorporation selectivity, protein expressions in BL21(DE3) cells
transformed with plasmids listed in Table 4.2 were carried out in the presence and
absence of 1mM pAzPhe. As a negative control, wild-type B’ and  were expressed and
purified using the same procedure. The isolated inclusion body pellets and Ni-affinity
column fractions were analyzed by SDS-PAGE (Figure 4.3-4.9). In the absence of
pAzPhe, no produce of full-length B’ and B subunits were detected from plasmids with
amber mutations even after enrichment by Ni-affinity chromatography, indicating that
MjTyrRS does not utilize tyrosine or other endogenous amino acids to any significant
degree (Figure 4.4-4.9). The band intensities of full-length B’ and B derivatives and
truncated fragments were analyzed. The incorporation efficiency was ~30% for f’

derivatives and was ~60% for [ derivatives (Table 4.2 and Figure 4.3).



Table 4.2. Parallel expression series for each protein studied
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Expression
trial

Expression vector

pAmberAzide

vector

p-azido-L-
phenylalanine

10.

11.

12.

pET21a rpoC-H6

pET21a rpoC-H6

pET21a rpoC-H6 150 TAG
pET21a rpoC-H6 150 TAG
pET21a rpoC-H6 284 TAG
pET21a rpoC-H6 284 TAG
pET21d rpoB-H6 106 TAG
pET21d rpoB-H6 106 TAG
pET21d rpoB-H6 222 TAG
pET21d rpoB-H6 222 TAG
pET21d rpoB-H6

pET21d rpoB-H6

pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide
pAmberAzide

pAmberAzide

none

1mM

none

1mM

none

1 mM

none

1 mM

none

1mM

none

1mM
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Figure 4.3. SDS-PAGE (4-20% gradient) of purified inclusion bodies produced from
expression trials indicated in Table 2. The gel was stained with Coomassie Blue. Lane M

shows the molecular weight standards. Lane 1-12: expression trials 1-12 in table 2.
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Figure 4.4. SDS-PAGE (4-20% gradient) of fractions from Ni-affinity chromatography
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Figure 4.5. SDS-PAGE (4-20% gradient) of fractions from Ni-affinity chromatography
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Figure 4.6. SDS-PAGE (4-20% gradient) of fractions from Ni-affinity chromatography
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Figure 4.7. SDS-PAGE (4-20% gradient) of fractions from Ni-affinity chromatography
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Figure 4.8.SDS-PAGE (4-20% gradient) of fractions from Ni-affinity chromatography
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Figure 4.9. SDS-PAGE (4-20% gradient) of fractions from Ni-affinity chromatography
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4.2.2. Labeling of RNA polymerase § and B’ derivatives through Staudinger ligation

Synthesis of Alexa488 and Cy3B phosphine derivatives

The synthesis of the Alexa 488 and Cy3B triphenylphosphine derivative began with the
Sandmeyer reaction of commercially available 1-methyl-2-aminoterephthalate to form
the aryl-iodide 1. This compound was reacted with diphenylphosphine by means of a
palladium-mediated cross-coupling reaction to provide 1-Methyl-2-Diphenyl-
phosphinoterephthalate (compound 2) (Figure 4.10). The Alexa 488 phosphine derivative
was produced by the coupling reaction of compound 2 with commercially available
Alexa Fluor 488 cadaverine in the presence of dicyclohexylcarbodiimide (DCC) at
ambient temperature for 3h and purified by reversed-phase HPLC (Figure 4.11). The
Cy3B phosphine derivative was produced by the coupling reaction of compound 2 with
N-(2-Amino-ethyl)-Cy3B which was prepared from commercial available Cy3B NHS
ester in the presence of dicyclohexylcarbodiimide for 3h and purified by reversed-phase
HPLC (Figure 4.13). The Alexa 488 and Cy3B phosphine derivatives were characterized

by mass spectroscopy (Figure 4.12).
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Figure 4.10. Synthesis of 1-Methyl-2-Diphenylphosphinoterephthalate (compound 2)
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Figure 4.11. Synthesis Alexa Fluor 488 phosphine derivative
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Figure 4.12. Mass spectra (ESI) of Alexa 488 phosphine
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Figure 4.13. Synthesis of Cy3B phosphine derivatives. EDC 1-(3-dimethylaminopropyl)-

3-ethyl carbodiimide hydrochloride, HOBt N-hydroxy benzotriazole, TFA trifluoroacetic

acid, DIPEA N,N-diisopropylethylamide



89

Labeling of p’ and B derivatives through Staudinger ligation

The Ni-affinity column purified [AzPhel50] B’ and [AzPhe284] B’ derivatives were
reacted with Alexa488 phosphine and [AzPhel06] B and [AzPhe222] B derivatives were
reacted with Cy3B phosphine. The Alexa488 and Cy3B phosphine derivatives reacted
with B’ and B azido-containing derivatives to form an aza-ylide intermediate, followed by
intramolecular cyclization to yield a fluorescent labeled product. As a control, wild-type
RNA polymerase B’ and B subunits were subjected to the same reaction conditions. The
ligation reactions were carried out at 37<C in 6M Gu HCI at pH 7.5 for 16 hours, and the
mixture were then purified through size exclusion column and subjected to SDS-PAGE
analysis. The fluorescent signals from the gel were detected using a Typhoon imaging
system. The gel was then stained with Coomassie blue. The results showed a high degree
of selectivity (>95%, Figure 4.14) between phosphine and the azide-containing p’ and P
subunits. The efficiency of labeling was determined from UV/Vis absorption spectra as
follows: effalexa 488 = (OD496/Alex488, 496)/[B’]; eftcyss = (OD562/eCy3B, 562)/[B];
where gAlex488 is the molar extinction coefficient for Alexa 488 at 496 nm (71,000 M
cm™), where £Cy3B is the molar extinction coefficient for Cy3B at 563 nm (130,000 M™
Cm'l) and where [B’] and [B] are the concentrations of B’ and B determined by Bradford

assay. Efficiencies of labeling typically were ~ 90%.
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Figure 4.14. Fluorescence scan and Coomassie-stained SDS-PAGE of proteins labeled

with Alexa 488 and Cy3B phosphine derivatives



91

4.2.3. In vitro reconstitution of RNAP with the fluorescent donor Alexa 488
at the distal tip of the B’ pincer and the fluorescent acceptor Cy3B at the

distal tip of the B pincer

Escherichia coli RNA polymerase can be reconstituted in fully functional form starting
from individually overexpressed and purified subunits (Tang et al., 1995; Borukhov et al.,
1993; Fujita et al., 1996). Reconstitution of RNA polymerase from its individual subunits
proceeds according to the following pathway (Ishihama, 1981):

a+ta—ot+p— af +p — ofp’ (premature core) — o P’ (active enzyme)

Following conventional RNAP reconstitution procedures (Tang et al., 1995; Borukhov et
al., 1993), the donor-only, acceptor-only and donor-acceptor fluorescent labeled RNAP
derivatives were prepared using the Alex488 labeled B’ derivatives and Cy3B labeled B
derivatives and RNAP recombinant subunits. After thermoactivation the reconstitution
mixtures were purified through ANTI-FLAG M2 affinity column to remove free B, B, ®
and ¢ subunits. Then, subassembly intermediates oy, a3 were separated from the core
a2BB’@w or holoenzyme oBB’wc by anion exchange chromatography on a Mono Q
column. During reconstitution, a large amount of RNAP subunits would precipitate. The
recovery of purified RNAP after Mono Q column was very low (~ 1%) and the recovered
RNAP displayed significant heterogeneity. When analyzed by nondenaturing PAGE, a
large portion of the RNAP was seen on the top of the gel and only a small portion of
RNAP could enter into the gel, indicating the presence of aggregated forms in the

purified RNAP from Mono Q column (Figure 4.15). When the activities of the
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reconstituted RNAPs were measured by fluorescence detected abortive initiation assay,
they displayed low or no activities compared to wild-type RNAP. Nondenaturing PAGE
analysis of RNAP was shown to be powerful and convenient in resolving properly folded
form of RNAP from aggregates and in estimation of the fraction of aggregated RNAP. It
was therefore used throughout this study to estimate the fraction of aggregated RNAP in

the total recovered protein.

1 2 3
”quu'L
Sy

<4 holo

| J N Ry =1 L
B
!
<4 holo

Figure 4.15. Nondenaturing PAGE analysis of reconstituted RNAP holoenzyme
derivatives. Lane 1, holo [’284Alexa488; Lane 2, holo B106Cy3B; Lane 3, holo
B’284A488B106 Cy3B. Fluorescence scanning for Alexa488 (A: excitation 488 nm;

emission 526 nm) and for Cy3B (B: excitation 532 nm; emission 580 %15 nm)
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The reconstitution of fluorescent labeled RNAP suffers from two limitations: the low
yield of reconstitution and the high fraction of aggregated RANP in the total recovered
RNAP. The labeled RNAP containing high fraction of aggregates is suitable for in-gel
FRET experiments but not useful for in solution ensemble and single-molecule FRET. To
reduce the amount of aggregated RNAP and increase the activity of reconstituted RNAP,

we therefore focused on the optimization of reconstitution conditions.

Optimization of RNAP reconstitution

In the attempt to prepare highly active reconstituted RNAP, the following optimized
conditions for the reconstitution of fluorescent labeled RNAP were developed: (1) using
excess amount of o subunit; (2) using a'NTD-o"'NTD fusion protein instead of full-length

a; (3) addition of o subunit during the thermoactivation step

(1) using excess amount of o subunit

The molar a:B:B’:®:0 ratio was optimized to 4:1:2:8:1. Excess amount of a subunit was
used in the reconstitution reaction due to the difficulty of preparing fluorescent labeled B’
and B derivatives. Excess amount of a could largely prevent the appearance of free  and

B’ subunits.

(2) using a'NTD-o"NTD fusion protein instead of full-length
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Dimerization of a subunit is the first step in the assembly pathway and thus a plays a key
role in RNA polymerase formation. It has been shown that a C-terminal deleted o mutant
consisting of the amino-terminal 235 amino acid residues (the wild-type o subunit
contains 329 residues) is competent for dimerization, RNAP assembly, and basal
transcription (lgarashi et al., 1991; Igarashi & Ishihama, 1991; Tang et al., 1995). The
crystal structures of RNAP core and aNTD dimer (Zhang et al., 1998) demonstrate that
the C-terminal of o'-NTD can be connected to the N-terminal of a''NTD by a short linker.
Connecting of the two oNTD would not affect the two oNTD interaction and their

interactions with B’ and B subunits but stabilize the assembled core complex.

The results (Table 4.3) showed that using a o'NTD-o/'NTD fusion protein in
reconstitution yielded RNAP with higher activity than using full-length o subunit. The
activity of recombinant RNAP was determined in the fluorescent-detected abortive
initiation assay by measuring the consumption of y-AmNS-UTP using DNA lacCONS as

template. 100% of activity corresponds to the activity of native RNAP.



Table 4.3. Increase of activity using a'NTD-0o/'"NTD instead of a

RNAP Activity (%)
Native RNAP holoenzyme 100
RNAP(a'NTD-o''NTD p’284 48
Alex488Bwo)

RNAP(aB’284Alex488Bwc) 12
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(3) addition of ¢ subunit at the thermoactivation step:

The core RNAP reconstituted at low temperature (4<C) is known to exist as an inactive
premature form (Ishihama et al., 1973). It can be activated by heating at 30<C for 30-60
min. Activation to the mature form involves the correct rearrangement of the subunits,
primarily the B’ subunit, for the RNA polymerase activity to be revealed. The addition of
o subunit is known to facilitate the maturation process of the inactive complex (Ishihama

etal., 1973; Fukuda et al., 1974).

Our results demonstrated that the addition of ¢ subunit during the thermoactivation step
highly increase the fraction of active RNAP (the RNAP that can enter into the native gel
and form promoter open complex) to the aggregated RNAP (the RNAP that cannot enter
into the native gel and cannot form promoter open complex) (Table 4.5 and Figure 4.16).
The activities of formation of promoter open complex (RP,) and elongation complex
(RDe) by reconstituted RNAPs were assessed by electrophoretic mobility shift
experiments using a 165-bp DNA template containing lacUV5 consensus promoter.
Figure 4.15 shows that ~ 85% core enzyme purified from MonoQ column is aggregated
and not active and ~ 65% of holoenzyme reconstituted by adding a fourfold molar excess
of 670 subunit to the purified core enzyme is aggregated. However, while addition of 670

during thermoactivation less that 15% of purified holoenzyme form aggregation.



Table 4.4. The effect of ¢ on reconstitution of active RNAP

Thermoactivation Addition Activity (%) Fraction of
(30T, 45 min) before assay active RNAP
+0o no 100 80%

-G yes 33 35%
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Figure 4.16. Nondenaturing PAGE of Alexa488-Cy3B labeled core, holo, RPo and
RDe,15 (Alexa488 at B°284, Cy3B at $222, DNA template was labeled with Cy5). Lane
1, 2 pmol of core; lane 2, 2 pmol of core + 10 pmol o; lane 3, 2 pmol of core + 10 pmol ¢
+ 10 pmol DNA template; lane 4, 2 pmol of core + 10 pmol ¢ + 10 pmol DNA template +
ApA, UTP, GTP, ATP and 3’-OMe CTP; lane 5, 2 pmol of holo; lane 6, 2 pmol of holo +
10 pmol DNA template; lane 7, 2 pmol of holo + 10 pmol DNA template + ApA, UTP,
GTP, ATP and 3’-OMe CTP. Fluorescence scanning for Cy3B (A: excitation 532 nm;

emission 580 £15 nm) and for Cy5 (B: excitation 633 nm; emission 670 £15 nm)
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Preparation of fluorescent labeled RNAP derivatives

Using optimized conditions, fluorescent labeled RNAP holoenzyme derivatives suitable
for ensemble in solution FRET experiments were prepared. To prepare the donor-only
singly labeled RNA polymerase, the FLAG-tagged aNTD fusion protein (40 nmol),
wild-type B subunit (10 nmol), Alexa488 labeled B’ derivative (26nmol) and ® subunit
(104 nmol) dissolved separately in 6M GuHCI were mixed together. The mixture was
diluted with 6M GuHCI denaturation buffer to final protein concentration of 0.45 mg/ml

for the reconstitution.

To prepare the acceptor-only singly labeled RNA polymerase, the FLAG-tagged aNTD
fusion protein (40 nmol), Cy3B labeled B derivative (10 nmol), wild-type B’ subunit (20
nmol), and ® subunit (80 nmol) dissolved separately in 6M GuHCI were mixed together.
The mixture was diluted with 6M GuHCI denaturation buffer to final protein

concentration of 0.45 mg/ml for the reconstitution.

To prepare donor-acceptor doubly labeled RNAP, the FLAF-tagged aNTD fusion protein
(80 nmol), Cy3B labeled B derivative (20 nmol), Alexa488 labeled B’ derivative (50 nmol)
and o subunit (200 nmol) dissolved in 6M GuHCI were mixed. The mixture was diluted
with 6M GuHCI denaturation buffer to final protein concentration of 0.45 mg/ml for the

reconstitution.
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After dialysis 20 nmol 670 was added during thermoactivation at 30°C. Then the
reconstitution mixtures were purified through ANTI-FLAG M2 affinity column and
Mono Q column. The recovery for singly-labeled RNAP is ~10 fold higher than doubly-

labeled RNAP.

The reconstituted labeled RNAP derivatives were subjected to abortive initiation assay
and promoter open complex and elongation complex formed from the labeled RNAP
were subjected to nondenaturing PAGE analysis. The results (Figure 4.17) showed that
these labeled RNAP derivatives are highly active. The fractions of aggregated RNAP in

recovered total RNAP were very low.
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Figure 4.17. Nondenaturing PAGE of Alexa488-Cy3B labeled RNAP derivatives, and
RPo and RDe,15. Lane 1, 2 pmol of holo ’284Alexa488; lane 2, 2 pmol of holo
B’284Alexa488 + 10 pmol DNA template; lane 3, 2 pmol of holo p’284Alexa488 + 10
pmol DNA template + ApA, UTP, GTP, ATP and 3°-OMe CTP; Lane 4, 2 pmol of holo
B222Cy3B; lane 5, 2 pmol of holo 222Cy3B + 10 pmol DNA template; lane 6, 2 pmol
of holo f222Cy3B + 10 pmol DNA template + ApA, UTP, GTP, ATP and 3°-OMe CTP;
lane 7, 2 pmol of holo B’284Alexa488B106Cy3B; lane 8, 2 pmol of holo
B’284Alexa488B106Cy3B + 10 pmol DNA template; lane 9, 2 pmol of holo
B’284Alexa488B106Cy3B + 10 pmol DNA template + ApA, UTP, GTP, ATP and 3’-
OMe CTP. Fluorescence scanning for Alexa488 (A: excitation 488 nm; emission 526 nm)

and for Cy3B (B: excitation 532 nm; emission 580+15 nm)
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5. RNAP clamp conformational states

5.1. Objectives

In chapter 4, we have described procedures that allow the preparation of fluorescent
labeled RNAP derivatives with the fluorescent donor (Alexa 488) at the distal tip of the

RNAP clamp and the acceptor (Cy3B) at the distal tip of the RNAP f pincer.

The objective of this chapter was to define the mean clamp conformations in the context
of RNAP holoenzyme (composition B’/p/o'/a'/w/c™), in the context of the RNAP-
promoter open complex (RPo; composition p'/B/a'/a'/w/c’*/DNA), in the context of
initial transcribing complex (RPic; composition B/p/o'/a/w/c’/DNAINTP), and in
transcription elongation complex (RDe; composition B/p/o'/a/w/c’/DNAI/NTP) and to
define the effect of switch-region-target inhibitors (Myx, Cor, Rip, and Lpm) and
ppGpp/DksA on opening and closing of the RNAP active-center cleft using fluorescence

energy transfer assay.
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5.2. Materials and methods

5.2.1. Fluorescent labeled RNAP derivatives

The fluorescent labeled RNAP holoenzyme derivatives: [Alexa488-Phe284]3° —RNAP
labeled with donor only, [Cy3B-Phel06]3-RNAP and [Cy3B-Phe222]B-RNAP labeled
with acceptor only, [Alexa488-Phe284]p’; [Cy3B-Phel06]B-RNAP and [Alexa488-
Phe284]p’; [Cy3B-Phe222]B-RNAP labeled with donor and acceptor were prepared as

described in chapter 4.

5.2.2. Fluorescence Resonance Energy Transfer (FRET)

The theory of FRET has been developed in the late 1940s (F&ster, 1948; Lilley and
Wilson, 2000; Selvin 2000). FRET occurs in a system having a fluorescent probe serving
as a donor (D) and a second fluorescent probe serving as an acceptor (A), where the
emission wavelength of the donor overlaps the excitation wavelength of the acceptor. In
such a system, upon excitation of the donor with light of its excitation wavelength,
energy can be transferred from the donor to the acceptor, resulting in excitation of the
acceptor and emission at the acceptor's emission wavelength. The efficiency of energy
transfer, E, is a function of the F&ster parameter, R,, and of the distance between the
donor and the acceptor, R:

E=[1+(R/R,)%]* (Eq. 1)


http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4C5HB06-5&_user=526750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000023759&_version=1&_urlVersion=0&_userid=526750&md5=0dce8f51739cb35a9c20563b173ce58d#bib26
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4C5HB06-5&_user=526750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000023759&_version=1&_urlVersion=0&_userid=526750&md5=0dce8f51739cb35a9c20563b173ce58d#bib41
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4C5HB06-5&_user=526750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000023759&_version=1&_urlVersion=0&_userid=526750&md5=0dce8f51739cb35a9c20563b173ce58d#bib41
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4C5HB06-5&_user=526750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000023759&_version=1&_urlVersion=0&_userid=526750&md5=0dce8f51739cb35a9c20563b173ce58d#bib41
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6WSN-4C5HB06-5&_user=526750&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000023759&_version=1&_urlVersion=0&_userid=526750&md5=0dce8f51739cb35a9c20563b173ce58d#bib58
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Thus, the average distances R between D and A can be calculated directly from the
efficiency of energy transfer from D to A and R, using equation 1. With commonly used
fluorescent probes, FRET permits accurate determination of distances in the range of ~20
to ~100 A.

R, is the distance between donor and acceptor at which 50% energy transfer occurs. R, is
determined by experiments independent of energy transfer and its value depends on the
spectral properties of the donor and acceptor, the relative orientation of their transition
dipoles and the physical properties of the solution:

R, = 8.79 x 102(n"*Qpx%)"° (Eq. 2)

Where n is the refractive index of the medium through which the transfer process occurs.
Qp is the fluorescent quantum yield of the donor in the absence of acceptor, k° is the
orientation factor between the donor emission and acceptor excitation dipoles and J is the
integral of the spectral overlap between donor emission and acceptor absorbance spectra.
J is defined by the following equation:

[ Eo(d) 240 2% da
[ Fo) dn

J= (Eq. 3)

Where A is the wavelength in cm, Fp()) is the peak-normalized fluorescence of the donor
at wavelength A, and ea(A) is the molar extinction coefficient of the acceptor at

wavelength A.
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5.2.3. Fluorescence anisotropy

Fluorescence anisotropy is a measure of rotational freedom of a fluorophore in the
solution. In general, a small fluorophore is depolarized in solution due to random
Brownian motion and gives rise to a low fluorescence anisotropy value. When it is bound
to a macromolecule, its rotational motion is restricted and it becomes more polarized,
resulting in higher fluorescence anisotropy value. The extent of the polarization or the
orientation of the dipole moment associated with the fluorophore depends on the local

environment of the binding site of the macromolecule.

Steady-state fluorescence anisotropies were measured for [Alexa488-Phe284]3” —RNAP,
[Cy3B-Phel06]3-RNAP, and [Cy3B-Phe222]3-RNAP holoenzyme  derivatives.
Anisotropies were measured using a QuantaMaster QM1 spectrofluorometer equipped T-
format Glan-Thompson polarizers (PTI, Inc.). Excitation and emission wavelengths were
490 nm and 518 nm for the donor, and 535 nm and 575 nm for the acceptor. All
measurements were performed in transcription buffer (TB: 50mM Tris-HCI [pH 8.0], 100
mM KCI, 10 mM MgCl,, 1 mM DTT, 10 ug/ml bovine serum albumin, and 5% glycerol)

at 37 <C. Anisotropy (A) was calculated as (Chen and Bowman, 1965):

A = (IVV'GIVH)/(IVV + ZGIVH)

where I\ and lyy are fluorescence intensities with the excitation polarizer at the vertical

position and the emission polarizer at, respectively, the vertical position and the
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horizontal position; G is the grating correction factor that accounts for bias in the
detection of polarized light. The G factor was measured as the ratio Iyy/lpn, Where Iy
and lyy are fluorescence intensities with the excitation polarizer at a horizontal position

and the emission polarizer at vertical and horizontal positions respectively.

5.2.4. Fluorescence Spectroscopy

Steady-state fluorescence emission spectra were collected with a QuantaMaster QM1
fluorescence spectrophotometer (Photon Technology International). Experimental
samples were excited by a 75-W Xenon arc-lamp through a single-grating
monochromator at 490 nm (Alexa 488) or 535 nm (Cy3B). The emitted fluorescence was
collected using a single-grating monochromator interfaced to a photomultiplier tube. Slit-

widths were set at 5 nm.

Steady-state measurements of mean clamp conformations

Fluorescence measurements were taken for donor-acceptor labeled RNAP (DA), for
donor-only labeled RNAP (D), and for acceptor-only labeled RNAP (A) at 37<C.
Reaction mixtures contained 2 pmol of labeled holoenzyme derivative in 50 pl of
transcription buffer (TB: 50mM Tris-HCI [pH 8.0], 100 mM KCI, 10 mM MgCl,, 1 mM
DTT, 10 ug/ml bovine serum albumin, and 5% glycerol) were transferred to submicro
fluorometer cuvettes (Starna Inc.). After incubation for 5 min at 37<C, fluorescence

emission intensities were measured (data for holoenzyme). 1 ul of 10 uM (10 pmol)
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DNA template (lac CONS-11 or lac CONS-15) was added to the reaction mixture, and
fluorescence emission intensities were measured after incubation for 15 min at 37<C
(data for RP,). 1 ul of 10 mM ApA was added to the reaction mixture, and fluorescence
emission intensities were measured after incubation for 5 min at 37<C (data for RP . <2).
1 ul of 5 mM UTP was added to the reaction mixture, and fluorescence emission
intensities were measured after incubation for 5 min at 37<C (data for RP i <4). 1 pl of 5
mM GTP was added to the reaction mixture, and fluorescence emission intensities were
measured after incubation for 5 min at 37<C (data for RP j<7). 1 ul of 5 mM ATP and 1
ul of 5 mM 3°-OMe CTP were added to the reaction mixture, and fluorescence emission
intensities were measured after incubation for 5 min at 37 <C (data for RD¢ 11 0or RDg 15).
Two emission spectra were taken for each measurement by exciting at 490 nm (emission
505-600 nm) and 535 nm (emission 555-600 nm). The slit widths for both excitation and
emission monochromators were set to 5 nm. All experiments were done at least three

times.

The efficiency (E) of FRET between the donor and acceptor probes was calculated from
the enhanced fluorescence of acceptor (Clegg, 1992). Fluorescence intensities (F) were
corrected for background by subtraction of fluorescence intensities for transcription

buffer. The fluorescence intensity attributable to FRET (FZrs 155), the efficiency of FRET

(E), were calculated as follows (Clegg, 1992; Mukhopadhyay at al., 2001):

DA D DA A
pFRET _ pDA F51s.¢_sn} X Fs?s.esu} Fs?s.ssa X Fs?s.esn}
575,450 — T575.4%0 -

D A
FEIS.-':EI} FE?E.EEE
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FRET
FE?E&ED X E?éi

~ Cpa D
Fi X Eggp X d

575,535

where d is the fraction of the RNAP holoenzyme derivatives that contain a donor label
(0.31, determined by use of alternating-laser excitation (ALEX)-confocal single molecule
measurement (Kapanidis et al 2004, 2005) to directly assess quantities of acceptor-only

and donor+acceptor species (Figure 5.1)), =55, is the extinction coefficient of the donor

at 490 nm (59,000 M cm™) calculated from the excitation spectrum of the donor using

£35¢ (71,000 M-1 cm-1), =55 is the extinction coefficient of the acceptor at 535 nm

(71,000 M™* cm™) calculated from the excitation spectrum of the acceptor using =2

(130,000 M-1 cm-1).

The Faster distance (R,) was calculated from Eq. 2

R, = 8.79 x 102(n*Qpx%)"° (Eq. 2)

A value of 1.4 was used for n, the refractive index of the medium (Clegg, 1992). Qp is
the quantum yield of Alexa488 in RNAP complexes in the absence of the acceptor,
measured as 0.60 using fluorescein in 0.1 M NaOH as a standard (Qfiuorescein = 0.92)
(Lakowicz, 1999). «? is the orientation factor relating the donor emission dipole and the
acceptor excitation dipole (approximated as 2/3-justified by fluorescence anisotropy

measurements indicating donor and acceptor reorient on the time scale of the donor
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excited-state life time). J is the spectral overlap integral of the donor emission spectrum

and the acceptor excitation spectrum. It was calculated by Eq. 3 (5.2 10 cm® M™:;

determined using corrected spectra for donor-only and acceptor-only controls). Using the
calculated efficiency of transfer (E) and the F&ster distance (R,), the average proximal
distance (R) between donor and acceptor was calculated by the equation.

R =R, [(1-E)/E]Y® (Eq. 4)
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Figure 5.1. Determination of donor labeling efficiency (d) in reconstituted donor-
acceptor labeled RNAP derivative by use of alternating-laser excitation (ALEX)-

confocal single molecule measurement
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5.3. Results and discussions

5.3.1. Anisotropy results

Steady-state anisotropy measurements were used to reduce the uncertainty associated
with the orientation factor k* (Dale et al., 1979). The most significant uncertainty
introduced in distance measurements by energy transfer arises from the orientation factor
«k°. Depending upon the relative orientation of the emission dipole of the donor and the
absorption dipole of the acceptor, k° can range from 0 to 4. For collinear and parallel
transition dipoles, k* = 4, and for parallel dipoles, ¥*> = 1. Since the sixth root of «* is
taken in calculating the distance, variation of k from 1 to 4 results no more than 30% no
more than a 30% error in the calculated value of the distance between donor and acceptor
(Stryer, 1978). In most cases, the isotropic assumption (k* = 2/3) due to dynamic
averaging of the dipole orientations during the life time of the excited state is used.
However, if the dipoles are oriented perpendicular to one another, k> = 0, which would
result in serious errors in the calculated distance (Wu and Brand, 1994). By
measurements of the fluorescence anisotropy of the donor and the acceptor, one can
obtain the limits of the orientation factor and thereby minimize uncertainties in the

calculated distance.

Measured anisotropy for Alexa488 in [Alexad488-Phe284]3° —RNAP was 0.26 in
holoenzyme and 0.28 in RP,. Measured anisotropy for Cy3B in [Cy3B-Phel06]3-RNAP
was 0.22 in holoenzyme and 0.27 in RP,. Measured anisotropy for Cy3B [Cy3B-

Phe222]B-RNAP was 0.22 in holoenzyme and 0.23 in RP,. The measured fluorescence
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anisotropies for both donor and acceptor were low compared to fundamental anisotropy
(0.4). This indicates considerable depolarization due to the local rotational motion during
the fluorescence lifetimes of both the dyes, resulting in dynamic averaging of dipole

orientations, and validates use of x? = 2/3 in R, calculation.

5.3.2. R, calculation

The spectral properties of Alexa488 and Cy3B were measured to calculate the R, of the
pair. Normalized donor emission and acceptor absorbance spectra are presented in Figure
5.1. The major assumption made in calculating R, is that the orientation factor k* = 2/3,
meaning that the donor and acceptor probes are isotropically distributed within the
fluorescence lifetime of the donor probe (i.e., ~4.1 nanoseconds). Using the spectral
overlap of the pair (calculated using EQq.3), the spectral properties of the dyes in context
of complex and the «? value for dynamic averaging (k* = 2/3), the R, for the Alexa488-
Cy3B pair was calculated to be 60.2 A for Alexa488 at B' residue 284 and Cy3B at B

residue 106 and [ residue 222.
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Figure 5.2. Spectral overlap between Alexa488 and Cy3B. A normalized fluorescence
emission spectrum of Alexa488-labeled RNAP and an absorption spectrum of Cy3B-
labeled RNAP are plotted together to show the overlap region. The fluorescence emission

spectrum of Alexa488-labeled RNAP was recorded with excitation at 470 nm.
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5.3.3. Ensemble FRET measurements of mean clamp conformational states

To determine RNAP clamp conformations in RNAP holoenzyme, RNAP-promoter open
complexes, RNAP-promoter initial transcribing complexes, and transcription elongation
complexes, we performed ensemble FRET experiments in solution using [Alexa488-
Phe284]8’; [Cy3B-Phel06]B-RNAP which has a fluorescent donor incorporated at the tip
of the B’ pincer (the “clamp”; residue 284 of B’) and a fluorescent acceptor incorporated
at the tip of the p pincer (residue 106 of ) and [Alexa488-Phe284]pB’; [Cy3B-Phe222]p-
RNAP which has a fluorescent donor incorporated at the tip of the B’ pincer (the “clamp”;
residue 284 of ) and a fluorescent acceptor incorporated at the tip of the 3 lobe (residue

222 of B).

Upon addition of the DNA fragment that permits formation of RP, to RNAP holoenzyme
in transcription buffer and incubation for 15min, there is a increase in FRET from 0.46 to
0.52 for [Alexa488-Phe284]B’; [Cy3B-Phel06]3-RNAP and a increase in FRET from
0.35 to 0.44 for [Alexa488-Phe284]B’; [Cy3B-Phe222]B-RNAP. There is no further
change in FRET upon addition of limited sets NTPs that permit formation of initial

transcribing complexes and elongation complexes (Figure 5.3).
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Figure 5.3. FRET results for holoenzyme, RP,, RPiw, <, RPig. <4, RPic, <7, RDe11 and
RDe 15 formed by (A) [Alexa488-Phe284]p’; [Cy3B-Phel106]3-RNAP with lac CONS-11
and lac CONS-15; (B) [Alexa488-Phe284]B’; [Cy3B-Phe222]B-RNAP with lac CONS-

11 and lac CONS-15.
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The donor-acceptor distances were calculated from the measured FRET efficiencies
through the use of the F&sster equation. For probes at ' residue 284 and B residue 106,
the donor-acceptor distance is 61.9 £0.1 A in RNAP holoenzyme, 59.3 +0.2 A in open
complex, 59.7 0.4 A in initial transcribing complex and 59.1 0.1 A in elongation
complex (Table 5.1). For probes at ' residue 284 and [ residue 222, the donor-acceptor
distance is 66.6 0.1 A in RNAP holoenzyme, 62.9 0.1 A in open complex, 63.0 0.1
A in initial transcribing complex and 62.8 +0.1 A in open complex (Table 5.2). The
results indicate that the RNAP clamp closes (~2-3 A) upon formation of the RNAP-
promoter open complex and remains closed exhibiting no further change in mean clamp
conformation upon formation RNAP-promoter initial transcribing complexes and

transcription elongation complexes.

The distance changes (~2-3 A) are smaller than the distance changes observed in crystal
structures (PDB 113Q, PDB 1HQM, PDB 1L9Z) that the donor-acceptor distances for
donor at B' residue 284 and acceptor at B residue 106 are ~ 80A in an open clamp
conformational state, ~ 65A in partly closed clamp conformational state, and ~ 50A in a
fully closed clamp conformational state; and the donor-acceptor distances for probes at '
residue 284 and B residue 222 are ~ 95A in an open clamp conformational state, ~ 85A in
partly closed clamp conformational state, and ~ 70A in a fully closed clamp
conformational state. Our FRET measurements are likely to give an underestimate of the
magnitude of the clamp movement, due to the fact that our measurements are done under
equilibrium conditions in solution, where signals from different conformational states are

averaged.
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The results indicate that: (1) RNAP holoenzyme in solution exists predominantly in a
partly closed clamp conformational state[a state similar or identical to that in crystal
structures of RNAP holoenzyme (Vassylyev et al., 2002; Murakami et al., 2002); (2) the
RNAP clamp closes upon formation of the RNAP-promoter open complex, yielding a
fully closed clamp conformational state [a state similar or identical to that in crystal
structures of transcription elongation complexes] (Vassylyev et al., 2007); (3) the RNAP
clamp remains closed—and exhibits no further change in mean clamp conformation—
upon formation of RNAP-promoter initial transcribing complexes and transcription
elongation complexes. The results support proposals that clamp closure occurs upon
formation of open complex (Ebright 2000) and argue against proposals that clamp closure
occurs only upon formation of initial transcribing complexes or transcription elongation

complexes (Cramer et al., 2001; Gnatt et al., 2001; Vassylyev et al., 2007).
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Table 5.1. In-solution FRET results for holoenzyme, RP,, RPit, <2, RPitc, <4, RPitc, <7
RDe 11, and RD. 15 formed by [Alexa488-Phe284]B’; [Cy3B-Phel106]B-RNAP with lac

CONS-11 and lac CONS-15

complex E (%) R (A)
holoenzyme 4640.2 61.940.1
RP, 5240.3 59.3#0.1
RPitc, <2 5140.9 59.740.4
RPitc, <4 5240.6 59.540.2
RPic. <7 5140.8 60.040.3
RDe¢ 11 532.7 59.1#+1.1

RDe 15 5340.3 59.140.1
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Table 5.2. In-solution FRET results for holoenzyme, RP,, RPit, <2, RPitc, <4, RPitc, <7
RDe 11, and RD¢ 15 formed by [Alexa488-Phe284]B’; [Cy3B-Phe222]B-RNAP with lac

CONS-11 and lac CONS-15

complex E (%) R (A)
holoenzyme 3540.2 66.640.1
RP, 44402 62.920.1
RPitc, <2 4340.2 63.240.1
RPitc, <4 4440.3 62.610.1
RPic < 4340.2 63.020.1
RDe.1t 4440 3 62.840.1

RDe 15 4439.0 62.740.0
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5.3.4. Detection of effects on RNAP clamp conformation of switch-region-

target inhibitors

It has been hypothesized that the transition between the open clamp conformational state
and the closed clamp conformational state is accompanied by and possibly requires the
conformational changes in switch-region and switch-region-target inhibitors, Myx, Cor,
Rip, and Lpm, inhibit transcription by interfering the RNAP clamp conformational

changes.

To determine the effects on RNAP clamp conformation of switch-region-target inhibitors.
Our hypothesis is that switch-region-target inhibitors interfere with switch-region-
conformational cycling, thereby preventing opening of the RNAP clamp required to
permit entry of DNA into the RNAP active-center cleft, preventing closing of the RNAP
clamp required to permit retention of DNA within the RNAP-active-center cleft, or both.
The fundamental testable prediction of this working hypothesis is that switch-region-
target inhibitors affect clamp conformation in solution and/or affect clamp dynamics in
solution. We tested this prediction by determining directly the effects of switch-region-

target inhibitors on clamp conformation in solution.

The effects of switch-region-target inhibitors on clamp conformation were determined by
comparing the FRET in holoenzyme and in RNAP-inhibitor complexes. An increase in
FRET efficiency upon addition of Myx, Rip or Cor to holoenzyme was observed and a

decrease in FRET upon addition of Lpm to holoenzyme (Figure 5.4 and Figure 5.5) was
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observed. Binding of Myx, Rip, Cor and Lpm to [Alexa488-Phe284]p’; [Cy3B-
Phel106]B-RNAP caused an increase in FRET from 0.46 to 0.54, an increase in FRET
from 0.46 to 0.51, an increase in FRET from 0.46 to 0.53, and a decrease in FRET from
0.46 to 0.39, respectively. Binding of Myx, Rip, Cor and Lpm to [Alexa488-Phe284]p’;
[Cy3B-Phe222]B-RNAP, caused an increase in FRET from 0.35 to 0.39, an increase in
FRET from 0.35 to 0.39, an increase in FRET from 0.35 to 0.40, and a decrease in FRET
from 0.35 to 0.32, respectively. The corresponding distance changes showed that the
binding of Myx, Rip and Cor to RNAP closes the active-center-cleft ~ 2A while the

binding of Lpm to RNAP opens the active-center-cleft ~ 2A (Table 5.3 and Table 5.4).
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Figure 5.4. Effects of Myx, cor, Rip and Lpm on RNAP holoenzyme clamp
conformation (A) [Alexa488-Phe284]p’; [Cy3B-Phel06]B-RNAP; (B) [Alexa488-

Phe284]p’; [Cy3B-Phe222]B-RNAP
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Figure 5.5. Changes in FRET efficiency induced by Myx, Cor, Rip and Lpm binding to
RNAP holoenzyme. Increases or decreases in FRET efficiency are shown relative to that
of RNAP holoenzyme (Gray) [Alexa488-Phe284]B’; [Cy3B-Phel06]B-RNAP; (Red)
[Alexa488-Phe284]p’; [Cy3B-Phe222]B-RNAP. Error bars show standard errors for

changes in FRET efficiency calculated from triplicate measurements.
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Table 5.3. Effects of Myx, Cor, Rip and Lpm on RNAP holoenzyme [Alexa488-

Phe284]B’ [Cy3B-Phe106]B-RNAP clamp conformation

complex E AE R (A) AR (A)
holo 0.4620.003 61.920.1

holo + Myx ~ 0.54#0.006  0.0840.007 58.6#0.2  -3.1#0.3
holo+Rip  0.51#0.006  0.0520.01  59.840.2  -2.0#0.6
holo+ Cor ~ 0.53#0.007  0.06#0.009  59.1#0.3  -2.330.4
holo + Lpm  0.39#0.007  -0.07#0.01  65.0#0.3 32407
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Table 5.4. Effects of Myx, Cor, Rip and Lpm on RNAP holoenzyme [Alexa488-

Phe284]p’ [Cy3B-Phe222]3-RNAP clamp conformation

complex E AE R (A) AR (A)
holo 0.3520.002 66.620.1

holo + Myx ~ 0.39#0.003  0.05#0.003  64.7#0.1  -2.240.2
holo+Rip  0.39#0.003  0.04#0.007 647402  -1.740.3
holo+ Cor ~ 0.40#0.006  0.0520.01  64.4#0.3  -2.3305
holo + Lpm  0.3240.003  -0.0420.009 68.4#0.2 19404
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The antibiotics CBR703, FPET (Artsimovitch et al 2003), CTC-ME, CTC-EE (Arhin et
al 2006; Ebright unpublished results) (Figure 5.6) have been identified inhibiting
bacterial RNAP through interactions with RNAP 3 lobe. The effects of these compounds
on RNAP clamp conformation were also assessed. No change in clamp conformation was

observed upon addition of these compounds to the holoenzyme (Table 5.5, 5.6).
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Figure 5.6. RNAP inhibitors: CTC-ME, CTC-EE, CBR703, and FPET
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Table 5.5. Effects of CBR703, FPET, CTC-ME and CTC-EE on RNAP holoenzyme

[Alexa488-Phe284]B’ [Cy3B-Phe106]B-RNAP clamp conformation

complex E R (A)
holo 0.4640.003 61.940.1
holo + CBR703 0.4640.003 61.740.1
holo + FPET 0.4340.01 63.240.5
holo + CTC-ME 0.4440.01 62.540.4
holo + CTC-EE 0.4640.01 61.840.6
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Table 5.6. Effects of CBR703, FPET, CTC-ME and CTC-EE on RNAP holoenzyme

[Alexa488-Phe284]B’ [Cy3B-Phe222]3-RNAP clamp conformation

complex E R (A)

holo 0.3640.003 66.310.1
holo + CBR703 0.3640.003 66.140.2
holo + FPET 0.3740.003 65.640.2
holo + CTC-ME 0.3740.003 65.9140.2
holo + CTC-EE 0.3640.003 66.4140.2
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The observations indicate that the binding of Myx, Cor, Rip and Lpm to RNAP results in
changing in RNAP clamp conformational state. The results support the proposal that Myx,
Cor, Rip and Lpm bind to an RNAP- switch-region conformational state and Myx. Cor,
Rip and Lpm inhibit RNAP function by trapping the RNAP switch region in this
conformational state, thereby interfering with conformational cycling of RNAP clamp
important for RNAP function. Myx, Cor, and Rip interact with an RNAP conformational
state in which the RNAP clamp is in a partly closed to fully closed conformational state;
Lpm interacts with an RNAP conformational state in which the RNAP clamp is in an
open to partly closed conformational state. The results suggest that Myx, Cor, and Rip
function by preventing RNAP clamp opening required for the entry of DNA into the
RNAP active-center cleft, and Lpm functions by preventing clamp closure required for

DNA retention.
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6. Conclusions and perspectives

We have extended the two approaches of nonsense suspension and Staudinger-Bertozzi
ligation for protein labeling to the incorporation of fluorescent probes into RNAP. We
have developed a procedure that permits incorporation of a fluorescent probe at any
position of interest within a protein. We have used this procedure to incorporate one
fluorescent probe, serving as a donor, at the tip of the ' pincer and another fluorescent
probe, serving as an acceptor, at the tip of the B pincer. Using fluorescence resonance
energy transfer, we have shown that RNAP clamp closes from partly closed state to fully
closed state upon transition from holoenzyme to RNAP-promoter open complex and
remains in the fully closed state in initial transcribing complexes and elongation
complexes. The results argue against the presumption that there is a closure of RNAP
clamp upon transition from initiation to elongation. The results support the proposal that
Myx, Cor, Rip and Lpm interact with RNAP- switch-region interfering with

conformational cycling of RNAP clamp important for RNAP function.

In this thesis, FRET measurements were performed in ensemble conditions. However, the
samples containing RNAP and transcription complexes are not homogeneous. In the
ensemble measurements of RP,, a heterogeneous mixture of complexes containing
holoenzyme, open complex were formed; in the ensemble measurements of RPj., a
heterogeneous mixture of complexes containing holoenzyme, open complex, initial

transcribing complexes were formed; and in the ensemble measurements of RD,, a
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heterogeneous mixture of complexes containing holoenzyme, open complex, initial
transcribing complexes and elongation complexes were formed. Ensemble FRET
measurement provides only population-averaged results. The resulting mean FRET
efficiencies are averages of all these complexes. Using this method we obtained only the
mean donor-acceptor distance and defined only the mean clamp conformation in each

stage of transcription.

Further experiments will be performed within single molecules of RNAP and
transcription complexes in solution using confocal optical microscopy with two-color or
three-color alternating-laser excitation (ALEX) to monitor fluorescence. FRET detected
at single molecule level can provide accurate descriptions of heterogeneous and
asynchronous populations. FRET values can be determined from individual biomolecules
and their histogram can directly give information on FRET value distribution. Single-
molecule FRET also provides the opportunity to study the dynamics of transitions

between different conformational states.
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