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ABSTRACT

mRNA synthesis by RNA polymerase II (Pol II) is an essential process in
eukaryotes. In my dissertation, I have undertaken two parallel approaches to expand our
understanding of mechanism of Pol II, a large twelve-subunit protein complex in
budding yeast Saccharomyces cerevisiae. First, we develop a high-throughput genetic
platform to dissect functions of every residue in a critical Pol II active site domain: the
trigger loop (TL). The TL multitasks in catalysis and translocation through its distinct
conformational states, alteration of which causes wide-ranging transcription defects in
vitro and in vivo. By establishing the correlation between a set of in vivo conditional
growth phenotypes and in vitro biochemical defects, our genetic data allows us to predict
biochemical defects and alteration of TL states in nearly all TL single substitution
variants. For example, we provide evidence supporting critical contribution of an intra-
TL hydrophobic pocket in stabilizing the off-catalytic TL state, as evidenced by
mutations disrupting the pocket confer phenotypes consistent with increased catalysis
and infidelity. These data are also consistent with a critical role of this intra-TL pocket in
promoting Pol II fidelity. In addition, we show diverse allele-specific genetic
interactions among TL and TL surrounding domains, supporting possible contribution of
the TL surrounding funnel and bridge helices to TL dynamics and function. Second, we
characterize the mode of action of thiolutin, a well-known transcription inhibitor with
unclear mechanism of transcription inhibition. Recent studies demonstrated that thiolutin

inhibited multiple metalloproteins through Zn>* chelation, but failed to observe direct

i



thiolutin inhibition of purified RNA polymerases, suggesting additional factors are
needed for thiolutin-mediated transcription inhibition or that the inhibition is indirect.
We have taken chemical genetics and biochemical approaches to investigate the thiolutin
mode of action. While characterizing multiple thiolutin effects in vivo, we demonstrate
that thiolutin, when activated by DTT and Mn*", directly inhibits Pol II in vitro. We
further investigate the nature of the inhibitory species and the property of the inhibited
Pol II. We suggest that thiolutin inhibits Pol II through a novel mechanism distinct from
most other known RNA polymerase inhibitors. Taken together, we develop a high-
throughput phenotypic system to dissect functions of Pol II TL residues and characterize

a novel mode of action of thiolutin.
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CHAPTER I

INTRODUCTION AND LITERATURE REVIEW

Transcription is a conserved and essential process that converts genetic information from
DNA into RNA. In prokaryotes, a single RNA polymerase synthesizes all cellular RNAs,
whereas in eukaryotes distinct RNA polymerases synthesize classes of RNA: RNA
polymerase I (Pol I) synthesizes most rRNAs, RNA polymerase II (Pol IT) synthesizes

nuclear mRNAs and RNA polymerase III (Pol III) synthesizes 5S rRNAs, tRNAs.

All RNA polymerases (RNAPs) transcribe RNAs in a conserved three-step process:
initiation, elongation and termination. Each step has many common and distinct factors
that control the RNA polymerase specificity and functional states. My main thesis work
is divided into two parts: The first involves detailed functional dissection of the
conserved Pol II active site and its communication with adjacent Pol II domains in
Saccharomyces cerevisiae (Sce) (Chapter II). The second investigates the mode of action
of thiolutin, a small molecule transcription inhibitor (Chapter III). Here, I will first
review the highly conserved RNA polymerase substrate selection mechanisms, followed
by discussion of evolutionary conservation and divergence within and surrounding the
Pol II active site. Finally, I will review the modes of actions for diverse classes of
transcription inhibitors, with the particular focus on the direct RNA polymerase

inhibitors and their inhibitory hotspots.



Conserved mechanism of transcription elongation
Pol II elongation is a fast and accurate process
Given the essentiality of gene expression, there are minimally two stringent
requirements for Pol II elongation. First, Pol II elongation has to be fast enough to
satisfy the demands of cell growth and activity. Depending on different types of
measurement in different species, the average elongation rate is in the range of 1-5
kb/min', with some early measurements on Drosophila Pol I on the lower end (1.1-1.5
kb/min)*” and some recent measurements on human Pol II slightly faster (3.8-4.3
kb/min)*"". Pol II transcription rate can also vary over the template, at least in
metazoans® . Second, Pol II transcription elongation has to be accurate enough to
faithfully convey the genetic information. In fact, transcription misincorporation rate in

vivo used to be too low to quantify by RNA-seq'*'°

. Recent advances in the barcoding
strategy for mRNAs and cDNAs dramatically expanded the error detection limit,
allowing transcription errors to be distinguishable in yeast and C. elegans'>'®. The C->U
error is consistently higher than other error types and appears to be in the range of 10 to
10 in E.coli, yeast and C. elegans'*'°, while other types of errors appear to vary

1516 1n addition to the

depending on species but mostly in the range of 10 or lower
minimal requirements to be fast and accurate, accumulating evidence has supported
control of Pol II elongation in the regulation of gene expression'>'>'7. Pol II
transcription elongation is extensively regulated by various factors to coordinate with
multiple co-transcriptional processes, as evidenced by the fact that altered Pol II catalytic

. . . . 12,13,
rate could have wide-ranging consequences on various cellular processes in vivo'>'>!".



Together, the efficient Pol II elongation balances the speed and fidelity, and coordinates

1819 The fine balance and coordination are

with multiple other cellular processes
contributed, at least in part, by a highly conserved and efficient substrate selection

mechanism, mediated by two mobile and multifunctional active site domains: the Bridge

Helix (BH) and the Trigger Loop (TL).

Multi-subunit RNA polymerases (msRNAPs) shared a conserved “crab-claw” like
architecture, with active site BH and TL lying in the center and connecting various
structural motifs (clamp, cleft, NTP channel, RNA exit channel etc.) together to define
the basic functions for efficient transcription (Figurel-1, reviewed in *” and references
therein). The structure and function for the different motifs have been reviewed

20-23
elsewhere

, and some of them that are targeted by various inhibitors will be further
reviewed in a later section. BH and TL are dynamic domains in the center of the
msRNAPs (Figurel-1D), facilitating multiple critical steps during transcription
elongation while retaining the ability to communicate with other domains and external

factors. Below I will introduce basic mechanism of transcription elongation, along with

the multiple conserved functions of the TL and BH.



A Front view B Side view

Figure 1-1. RNA polymerase II architecture and active site.

The overall crab-claw like architecture of RNA polymerase II elongation complex (PDB: 2E2H) with a
matched substrate GTP bound in the active site. (A-C) Views from different angles to show the overall
architecture, with the DNA (blue), RNA (red), GTP (orange) with mobile domains clamp (green), bridge
helix (BH, cyan) and two different trigger loop states (TL, magenta for closed state and yellow for open
state) colored. Red arrow indicates the direction for the growth of the RNA chain, blue arrow indicates the
downstream to upstream direction of the template strand within the double stranded DNA. The open TL
(PDB: 5C4J) is modeled to the structure by alignment of the Rpb2 domain.



The conserved trigger loop multitasks in nucleotide addition cycles

RNAPs, including Pol II, transcribe through iterative nucleotide addition cycles, with the
TL playing multiple roles through its dynamic nature (Figurel-2). Within each cycle,
Pol II selects the matched substrate nucleoside triphosphate (NTP) using a set of well-
defined interactions among the TL, NTP, the nascent RNA, and template DNA (details
below)**?. Binding of the matched substrate appears to shift the TL conformational

24-26,34,35

equilibrium from an open state to a closed state . TL closing allows a substrate

NTP to be captured in the active site. When fully closed, TL is hypothesized to promote
catalysis of the phosphodiester bond between the NTP and 3’ end of the RNA***"*° The
reaction of phosphodiester bond formation releases the by-product pyrophosphate, which

has been proposed to promote TL opening®**®*’. An open TL is required for Pol II

18,29,34,38-41

translocation to the next position on the template , allowing the next round of

nucleotide addition cycle. Changes of extensive TL interactions with itself or

surrounding domains are involved and presumably promote the conformational shifts

24,25,41,42

between the closed and open states . Different TL conformations in between may

also support off-catalytic pathway states such as pausing®~**, backtracking**** and

intrinsic cleavage*®".
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Figure 1-2. Multiple TL functions in NAC are supported by its mobile nature.

Three steps (substrate selection, catalysis, and translocation) in each nucleotide addition cycle (NAC) are
labeled with different states of the TL indicated. Two purple circles in the active site represent the two
Mg ions involved in catalysis.



The TL’s primary function in NAC is kinetic selection of the correct substrates. The TL
mainly comprises three regions: an N-terminal nucleotide interacting region (NIR, Sce
Rpb1 1078-1085), a loop (Sce Rpb1 1086-1090) and a C-terminal helical region (Sce
Rpbl 1091-1106). Several residues in the TL NIR are critical in recognizing different
components of NTPs such that only correct substrates are selected (Figurel-3). First,
L1081 (Sce Rpbl residue number is used unless otherwise specified) forms hydrophobic
contacts with bases of matched substrates™, suggesting a function in indirect recognition
of substrates positioned by correct base-pairing. Second, a group of residues, including
the TL residues Q1078, N1082 and the non-TL residue N479, appear to form an
interconnected network of interactions, allowing recognition of 2', 3' OH and favoring
incorporation of NTPs vs 2'dNTPs (or 3'dNTPs). This network is observed in structures
and supported by genetic studies®*’>"*. Third, H1085 interacts with B-phosphate, and
has been proposed to act as a general acid to protonate the B-phosphate and to facilitate
Sx2 attack on the 3’ hydroxyl group of the RNA**”!, While this proposed mechanism
was supported by molecular dynamics modeling studies’’, several lines of experimental
data are inconsistent with this mechanism and suggested additional complexity*®*>>,
In addition, the viability of non-ionizable substitution H1085Q suggests that the H1085
mediated acid-base catalysis is not essential’'. To reconcile the experimental data, a very
recent report proposes that H1085 may act as a positional catalyst instead of an acid-base
catalyst™. In Chapter II, I will discuss the comprehensive evaluation of the mutational
sensitivity of HI085 and discovery of an unexpectedly viable H1085L mutant, providing

additional evidence to argue against the acid-base model of H1085 function. In short, the



TL binds the substrates through a set of well-defined interactions and appears to

specifically promote the catalysis for correct substrates.
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Figure 1-3. Pol II TL-NTP interactions
The details for closed TL (magenta) interaction with a bound GTP (orange) are shown in the cartoon view,
with the critical residues and NTP shown in sticks. PDB: 2E2H.



Mutations that are proposed to alter TL dynamics cause specific defects in catalysis,

fidelity and translocation®®***"#1->

, and can be roughly divided into two classes. First,
mutations in the TL NIR broadly confer lethality in yeast, and the viable ones widely
confer reduced elongation rates in vitro>'. The second class of mutants confers increased

28,29,31

elongation rate in vitro , and a prototype of this class, E1103G, also has

18.28.29.54.55 Different TL states are critical for

compromised fidelity and translocation
distinct activities: the closed state is catalytically active and the open state allows
translocation. E1103G appears to bias the TL dynamic balance towards the closed

28,29

state™", consistent with the fast elongation, compromised translocation and infidelity.

Finally, the two mutant classes confer specific phenotypes that correlate well with

. C e . 1931
decreased and increased activities in vivo

(will be reviewed in Chapter II), and we
termed them as loss-of-function (LOF) or gain-of-function (GOF) mutants, respectively.
The distinct phenotypes between classes allow us to develop a genetic assay to
distinguish mutant classes at a high-throughput scale. In Chapter II, I will discuss the
phenotypic profiles of nearly all TL single substituted mutants, and many more TL
mutants that we propose alter TL function by shifting or altering TL dynamics. Together,

the TL balances transcription speed and fidelity through its dynamics, disruption of

which leads to highly distinct classes of mutants with specific in vitro and in vivo defects.

Context dependence and evolutionary divergence of the trigger loop
Despite the extremely high TL conservation, a number of observations suggest that the

conserved TL among RNA polymerases can have distinct functions™, likely due to



distinct environments surrounding the TL among different RNAPs. First, highly
conserved TLs are not entirely interchangeable between yeast Pol I and Pol II°°.
Replacing the Pol II TL (Rpb1 1076-1106) with analogous sequences from Pol I causes
lethality in yeast™®, although the nucleotide interacting residues between them are
absolutely conserved. The mutant with a truncated Pol I TL swapped into Pol II (Rpbl
1076-1103) is viable but confers phenotypes consistent with LOF®. In contrast to Pol I,
Pol III TL is more closely related to Pol II (6 mutations from Pol II) than is Pol I (11
mutations from Pol II), and appears to be compatible in the Pol II context™. In chapter II,
I will describe a model, based on the different conformations of the TL surrounding
funnel helices among Pol I, II and III, to reconcile this unique TL incompatibility

between Pol I and Pol I1.

Surprisingly, substitution of the hyper conserved E1103 residue with a glycine (E1103G)
confers distinct and opposite effects in Pol I or in Pol II°°. As discussed above, Pol I
rpbl E1103G was extensively characterized by various assays and confers increased
elongation rate with compromised translocation in vitro'®***>"_ In sharp contrast, the
analogous mutation to E1103G in Pol I (E1224G) confers reduced elongation rate both
in vitro and in vivo™®. E1103G was proposed to bias the TL dynamics towards the active,

closed state in Pol I12%°¢

, presumably by disrupting the conserved interactions in the TL
C-terminus required to stabilize the open TL state. Given the conservation of both the

E1103 position and surrounding residues in Pol I and Pol II, it would be expected that

E1224G also destabilizes the open TL in Pol I, though this has not been directly tested.

10



The E1103G induced fast elongation in Pol II is the sum of increased catalysis and
apparent decreased translocation, suggesting that catalysis is the rate limiting step in Pol
II elongation. If E1224G similarly alters catalysis and translocation in Pol I, a distinct
outcome in the overall elongation rate would suggest a different rate-limiting step on
translocation in Pol I°°. Further experiments are in need to test this model. Together,
distinct behavior of the same TL swapped into different RNAPs suggests critical roles of

the TL surrounding environment in impacting TL function.

Sensitive control of TL dynamics and function by extensive residue-residue
interactions within and surrounding the TL

Extensive observed residue-residue interactions within or surrounding the TL are critical
for the proper TL function, as suggested by multiple observations. First, RNAP
structures with different TL states reveal common and distinct residue-residue
interactions, and simulation of the TL closing dynamic process further suggests changes
of critical contacts in the intermediate states>**>**. Second, some mutations in non-NIR
TL residues alter TL function, and are hypothesized to bias the TL conformational cycle,
likely through gain or loss of critical interactions®****'. Consistent with this hypothesis,
several mutants in the TL surrounding domains confer similar in vitro increased
elongation rates and in vivo phenotypes with the TL GOF mutants, suggesting that
residues in the TL surrounding domain are also critical for maintaining a balanced
TL">%%_ Third, the TL function is dependent on context (discussed above), suggesting

critical roles of environment for proper TL function. Together, this evidence collectively

11



suggests critical contributions from the residues within and without the TL for proper TL

function, likely through extensive residue-residue interactions.

Contributions of residues outside of the TL suggest possible pathways of allosteric
control of Pol II active site functions. Evidence from different species has shown that
many RNAP domains (BH, F-Loop, RNA exit channel, funnel helix, clamp etc.) could

49,59-63

either directly or allosterically impact the TL function . For example, deletion of

Rpb9, a small Pol II subunit distant from the active, confers in vitro and in vivo defects

consistent with GOF®*%

, suggesting an Rpb1 helix, the funnel helix that interacts with
both open TL and Rpb9, likely stabilizes the TL in open state®. This allosteric pathway
from a distant subunit Rpb9 to the active site TL appears to play critical roles in

64-66

maintaining the Pol II transcription fidelity” . In addition, Pol II interacting factors

such as the elongation factor TFIIS, can directly insert into the Pol II active site, with the
open TL state being required for this insertion and TFIIS dependent cleavage™ "7,
Together, given the sensitivity of TL to small changes and given the large number of
interactions TL makes in different states, it is therefore critical to comprehensively
evaluate many single-substituted TL mutants and the functional relationship among them.
In Chapter II, I will describe a high-throughput phenotypic system to dissect almost all

possible single-substituted TL mutants, and allele-specific genetic interactions among

TL and several TL surrounding domains.
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Diverse modes of actions for transcription inhibitors
Different classes of transcription inhibitors
Highly diverse transcription inhibitors exist in nature, as microbes compete against each
other with natural products to target essential processes, such as transcription.
Transcription inhibitors can be roughly classified into three major classes. The first class
consists of direct RNA polymerase inhibitors. These inhibitors target small but essential
pockets in RNA polymerases to inhibit its function, and may also be used to probe
transcription mechanisms, as they may act on distinct conformations or steps in
transcription. In RNA polymerases, there are four major pockets that have been shown to
be targeted by direct inhibitors: the active site, RNA exit channel, switch regions and the
NTP uptake channel. Inhibitors targeting these regions (here I term them inhibitory
hotspots) will be separately discussed in a later section, with the particular focus on their

modes of actions and the evidence supporting them.

The second class of inhibitors intercalates into DNA and blocks transcription®”°. This
class of inhibitors often has multiple effects besides transcription inhibition, because
they generally induce DNA damage and multiple stress response pathways. For example,
actinomycin D arrests DNA replication, transcription, causes DNA damage, and induces

68-73

apoptosis” . Therefore, transcription inhibition is generally only one of the multiple

effects for this class of inhibitors and will not be further discussed in this review.
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The third class inhibits transcription indirectly but specifically by targeting a
transcriptional regulatory or accessory protein, which can include kinases that function
in eukaryotic transcription, Pol II general transcription factors, or nucleotide biosynthetic

7478 Tnhibition of

enzymes that produce the NTP substrates for transcription
transcription-associated kinases leads to alteration of Pol II functional states”. Inhibition
of the general transcription factor TFIIH leads to transcription initiation defects’.
Depletion of substrate NTPs by inhibiting related biosynthetic enzymes could in theory
affect transcription elongation, but can also induce expression of specific genes to
counteract with its elongation effect. For example, MPA was thought to induce global
elongation defects, but recent work has shown that alteration in transcription elongation

in yeast is not the major determinant of MPA sensitivity’"*

. In yeast, MPA specifically
induced expression of /MD?2 gene, which encodes for an enzyme substituting for the
MPA inhibited /MD3 and IMD4"""**. The ability to induce the IMD2 expression through
change of transcription start sites plays an essential role in conferring MPA resistance in
yeastgz’83 .

Together, all three classes of inhibitors perturb transcription in ways that can be of great

value for the researchers and clinicians, and the common and distinct values for each

class are discussed below (Figurel-4).
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Values of studying transcription inhibitors

First, many transcription inhibitors have great potency as antibacterial antibiotics. The
rationale of antibacterial treatment is straightforward. Despite the high conservation in
the overall enzymatic architecture, bacterial RNA polymerase has regions that are highly
conserved among bacteria but are distinct from eukaryotes, making them an ideal drug
target for antibacterial treatment™* ™. Given the essentiality of gene expression,
inhibition of bacterial RNA polymerases can be extremely potent. In fact, bacterial RNA
polymerase is a FDA proven drug target for various antimicrobial treatments (reviewed
in ® and references therein). For example, bacterial RNA polymerase inhibitor
Rifampicin is the first-line drug for treating various bacterial infections, including but

not limited to tuberculosis (reviewed in *° and references therein).

Second, transcription inhibitors are emerging therapeutics for anti-cancer treatments.
Cancer is a collection of diseases driven by uncontrolled cell proliferation, requiring
high levels of ribosome and protein synthesis, which together are supported by all three
cellular RNA polymerases. Many transcription inhibitors are found to specifically induce
programmed cell death (PCD) in cancer cells, though further characterization reveals
multiple distinct mechanisms are involved (Figure 1-5) (reviewed in *’). Two examples

are briefly reviewed below.
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Figure 1-5. Multiple distinct mechanisms of cancer inhibition by transcription inhibitors.
Transcription inhibitor inhibits cancer cell growth through a cascade of inhibition (blunt-end arrows with)
and activation (arrows) signals. The increased or decreased activities after transcription inhibitor treatment
are indicated with red and blue arrows, respectively.

Transcription
inhibitors
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Several Pol II global transcription inhibitors (DRB, roscovitine and a-amanitin) induce
PCD in cancer cells through multiple p53 dependent and independent mechanisms
(Figure 1-5) (reviewed in *’ and references therein). One example is through Mdm?2-p53
pathway. Global transcription inhibition specifically down-regulates the short-life
transcripts and proteins, including the E3 ligase Mdm2 that targets p53 for degradation®®
! Mdm?2 down-regulation by Pol II inhibitors appears to be the cause for the subsequent

293 though one report contradicts this hypothesis’®. p53 generally

p53 accumulation
functions as a transcription factor, and how p53 accumulation leads to PCD in the
presence of transcription inhibition remains unclear (reviewed in *’). It has been
increasingly appreciated that p53 confers transcription independent functions in
apoptosis (reviewed in *’ and references therein). For example, it was proposed that a-
amanitin induces p53 accumulation and translocation into the mitochondria to induce
apoptosis’’. Finally, it has been also suggested that transcription inhibitors may induce

PCD in p53 independent pathways, but the exact mechanism remains unclear (reviewed

in *” and references therein).

Selective Pol I inhibition preferentially induces PCD in many cancer cell types

: - 87,98,99
(reviewed in ¥"*%

). Increased Pol I transcription and ribosomal biogenesis have been
well known as hallmarks of cancer for some time, but it was not clear until recently that
specific Pol I inhibition can be explored as a potential therapeutic for treating cancer’®.

Pol I transcription inhibition, either by genetic inactivation or small molecule inhibition

of necessary and specific Pol I initiation factors, was effective to inhibit the growth of

18



several cancer types’® %, Although the exact mechanism remains elusive, it appears that
yp g pp

selective Pol I inhibition causes cancer inhibition through multiple pathways such as

98-101

nucleolar disruption, cell cycle arrest and p53-dependent PCD . In addition, several

FDA approved anti-cancer drugs have been also found to function at least partially

98,102-107

through inhibiting Pol I transcription , and many more selective Pol I

transcription inhibitors are promising new drugs currently under development for cancer
treatment (reviewed in ***).

Third, many transcription inhibitors have been widely used as molecular tools to
understand other biological processes in eukaryotes, including budding yeast
Saccharomyces cerevisiae, pathogenic fungi Candida albicans and dinoflagellates'® """
For example, experiments monitoring downstream biological processes after perturbing
transcription often reveal functional insights. A prominent example is the use of
transcription inhibitors in mRNA stability studies. The stability of gene-specific RNA
transcripts has been monitored after shutting down mRNA synthesis using various

108-111
1

transcription inhibitors or the temperature sensitive Pol II allele 7pb1- . In addition,

genetic screens for mutants sensitive or resistant to transcription inhibitors often lead to
discovery of functionally relevant processes. As an example, MPA and 6-AU, inhibitors
that deplete cellular NTP levels, were utilized to screen for their sensitive mutants''*"''°,
Many mutants involved in transcription, chromatin remodeling and other biological

114,116

processes have been discovered from these types of screens . These studies are not

the main focus of my thesis and will not be discussed further.
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Fourth, studies of transcription inhibitors have greatly contributed to the understanding
of the basic mechanism of transcription. A paradigm for this is the use of rifampicin, an
E.coli RNA polymerase inhibitor, to study transcription mechanism. Early on, rifampicin
resistance was used as a phenotypic marker to genetically map the genes encoding RNA
polymerase in E.coli''"'*°. Later, with the development of DNA sequencing,
identification and characterization of the rifampicin resistant alleles contributed to our
understanding of RNA polymerase structure and function prior to the full determination
of RNA polymerase structure by X-ray crystallographic methods. For example, the mode
of action for rifampicin, which inhibits the RNA extension after synthesis of the first
phosphodiester bond through steric clashes, was proposed in 1978'*', almost 25 years
prior to structural observation'*. Subsequently, tens of rifampicin resistant mutants were

'3 The evidence, together, revealed the intimate

sequenced and mapped to a tight pocket
connection between the resistance pocket and the enzymatic active site even though

crystal structures were unavailable, and also provide extensive quality validations for the

later development of the structural studies.

With significant advances in crystallography, the binding sites of many transcription
inhibitors have been explicitly mapped to small and essential pockets on various RNAPs.
These structural observations, when coupled with biochemical studies of the inhibited
RNAPs and genetic studies on the relevant regions, provide valuable connections
between structure and function. For example, the observed rifampicin binding channel is

121,122

functionally connected to RNA exiting . In the following section, I will only focus
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on the direct inhibitors that target RNA polymerases, and the structure-function

relationship revealed from studying the modes of action for these inhibitors.

Hotspots for direct RNA polymerase inhibitors

The multi-step function and the partially conserved architecture of RNAPs make it a
unique target for natural products. First, many RNAP functional steps can be
hypothetically targeted by inhibitors. In fact, many steps, including promoter binding,
open complex formation, early extension of first a few bases and elongation, are known
targets of distinct inhibitors (discussed below). Second, while RNAPs have a conserved
structural framework and active sites, there is structural diversity in the fine details,
allowing for specificity/selectivity of natural product antibiotics (as discussed above).
For example, the rifampicin binding pocket is highly conserved among bacterial RNAPs
but not into the eukaryotic RNA polymerases, so rifampicin confers high potency against
bacteria but low toxicity to humans. Due to clinical interest, many of the identified
transcription inhibitors specifically target bacterial RNA polymerases, though inhibitors
targeting eukaryotic polymerases (e.g. a-amanitin selectively inhibits eukaryotic Pol II)

are also available.

There are a few inhibitory hotspots for the known RNAP inhibitors. They are the RNA
exit channel, active site TL/BH, switch regions, and NTP uptake channels. The
distribution for the inhibitors with available inhibitor/RNAP complex structures is

shown on an 7th RNAP elongation complex structure (Figure 1-6, Table 1-1). The
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tagetitoxin binding site is still under debate and falls into a unique category by itself'**

1?7 (Figure 1-6).

The inhibitor binding pockets are in general well correlated with their alteration of
RNAP biochemical properties and highly informative on the function of the inhibited
region. Here I will briefly discuss the structure, function and evolutionary conservation
for each inhibitory hot-spot, followed by particular focuses on the known relevant
inhibitors in the region. For each inhibitor, I will start with the current understanding of
the mode of action. I will then discuss the structural and functional alterations induced
by different inhibitors, and the mutations that confer resistance to inhibitors. There are
two major rationales for discussing the resistant mutants in the context of the structural
and functional alterations: (1) In the absence of co-crystal structures, resistance and
cross-resistance with other inhibitors can be highly informative on the binding pocket of
the inhibitors; (2) When co-crystal structures are present, the resistance not only tests the
structural observation, but also reveals important insights into the functional relationship
(allostery etc.) among the residues, because not all resistant mutants affect residues that
directly interact with relevant inhibitors. Finally, I will discuss two inhibitors with
unresolved modes of action, tagetitoxin and thiolutin. I will discuss the existing

biochemical and genetic characterizations, along with complexities in studying them.
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Figure 1-6. Distribution of the RNAP inhibitors’ binding sites

Overall architecture of the transcription elongation complex for 7th RNAP (PDB: 205J) is shown in half
transparent cartoon view (RNAP in grey, DNA in blue and RNA in red). Binding sites of different
inhibitors are mapped to the elongation complex through simple homology alignment using B subunit. a-
amanitin comes from a Sce Pol II structure (PDB: 3CQZ) aligned to 7th RNAP using the Rpb2 subunit
alignment to . Depending on both structural distribution and functional alteration, inhibitors can be
classified into active site inhibitors (orange), RNA exit channel inhibitors (green), switch region inhibitors
(purple) and unresolved tagetitoxin (cyan). Whether Tagetitoxin binds to the NTP uptake channel (shown,
PDB: 2BES) or the active site trigger loop (model unavailable, not shown) remains controversial and will

be discussed further.
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Table 1-1. PDB files used in this chapter
PDB Summary Reference

116V Taq RNAP with rifampicin Campbell et al, Cell, 2001
Tth RNAP elongation complex. This structure has
205) RNA that can be compared to the rifampin binding Vassylyev et al, Nature, 2007
site.
4KN4 E.coli RNAP with benzoxazinorifamycins Molodtsov et;:}li ; Med Chem,
2A68 Tth RNAP with rifabutin Artsimovitch Cell 2005
2A69 Tth RNAP with rifapentin Artsimovitch Cell 2005
4KMU E.coli RNAP with rifampin Violodtsovet al, J Med Chem,
1YNN Taq RNAP with sorangicin Campbell, EMBO J, 2005
1ZYR Tth RNAP with Streptolydigin Tuske et al, Cell, 2005
Tth RNAP with Streptolydigin published on the
2A6H same day with 1ZYR. The binding pocket is Temiakov Mol Cell 2005
consistent with 1ZYR.
4MEX E.coli RNAP with Salinamide A Degen et al, Elife, 2014
4XSX E.coli RNAP with CBR 703 Bae et al, PNAS, 2015
4XSY E.coli RNAP with CBR 9379 Bae et al, PNAS, 2015
4XSZ E.coli RNAP with CBR 9393 Bae et al, PNAS, 2015
47ZH2 E.coli RNAP with CBR 703 Feng et al, Structure, 2015
47ZH3 E.coli RNAP with CBRH16-Br Feng et al, Structure, 2015
47ZH4 E.coli RNAP with CBRP18 Feng et al, Structure, 2015
SUHE Mtb RNAP with D-AAP1 Lin et al, Mol Cell, 2017
Sce Pol 1 bound with a-amanitin, refined from an
3CQZ carly dataset 1K83 Kaplan et al, Mol Cell, 2008
Sce Pol II elongation complex with a closed trigger
2E2H loop. This structure is used to show the conservation Wang et al, Cell, 2006
of different inhibitor binding sites.
4MQ9 Tth RNAP with GE23077 Zhang et al, Elife, 2014
40IN Tth transcription initiation complex with GE23077 Zhang et al, Elife, 2014
3DXJ Tth RNAP with Myxopyronin Mukhopadhyay et al, Cell, 2008
3EQL Tth RNAP with Myxopyronin Belogurov et al, Nature, 2009
4YFK E.coli RNA with Squaramide compound 8 Molodtsov et;:)li ; Med Chem,
4YFN E.coli RNA with Squaramide compound 14 Molodtsov et;:)li ; Med Chem,
4YFX E.coli RNA with Myxopyronin B Molodtsov et;:}li ; Med Chem,
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a) Active site inhibitors

Multi-subunit RNA polymerases (msRNAPs) have a highly conserved active site. As
reviewed above, the TL/BH conformation cycling is critical for catalysis and
translocation in nucleotide addition cycles. Therefore, interfering with the TL/BH
motion is an extremely effective approach to inhibit catalysis and translocation. In
addition, despite the high sequence conservation within TL and BH, evolutionary
divergence in the TL/BH surrounding domains allows targeting of individual or a subset
of RNAPs. The high essentiality and distinct evolutionary divergence makes the

msRNAP active site a unique target for various natural products, as discussed below.

Streptolydigin

Streptolydigin (Stl) binds to a tight pocket near the RNAP active site, and locks the
mobile BH and TL into inactive conformations'>*'*’. Two Stl bound 7th RNAP crystal
structures, published contemporaneously, showed an almost identical binding pocket and
Stl orientation'*®'**. Stl binds to residues from BH, TL and two additional loops (named
as “Stl pocket” by Tuske et al) from the 8 subunit (Figure 1-7)"**'?’. Stl inhibits
multiple bacterial RNAPs but not eukaryotic Pol I, IT and III, likely due to the

conservation of the two f loops within bacteria but not in eukaryotes'**'**.
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Tth RNAP with Streptolydigin
(PDB:1ZYR)

Figure 1-7. Streptolydigin binding site on the 7th RNAP.
DNA (blue), RNA (red), NTP (yellow) and the Stl surrounding domains (green) are shown in the cartoon
view. Stl (orange) and the potential Stl interacting residues are shown in sticks (cyan).
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As discussed above, biasing BH/TL to different states may have distinct effects, leading
to either GOF or LOF in various RNAP activities'**%***1*">*% The Stl-locked TL
conformation is the catalytically inactive “open” state, and the Stl-locked BH is in a
straight conformation. The Stl-bound BH was the first straight BH observed in bacterial
RNAPs'**'*° which had previously been observed to be kinked in apo-RNAP structures

lacking nucleic acids'*

. These differences suggested that Stl may stabilize the straight
BH state in 7th RNAP. Together, the Stl locks RNAP active site in a particular state

(straight BH, open TL), where TL is trapped in a state that does not favor catalysis.

Genetics and biochemical studies are consistent with the structural observations. First,
most Stl resistant mutants universally overlap with the observed Stl binding pocket. In
addition, two mutants (3 A791G and S793P) do not appear to directly interact with Stl
but confer high Stl resistance'*’, and were proposed to bias the BH to the alternative
kinked state that is not accessible to StI'*. Interestingly, the analogue to S793P in
archaeal Methanocaldococcus jannaschii (Mja) RNAP (S824P) appears to confer
increased catalytic or elongating activity®. In Chapter II, I will further discuss the
analogous mutant in Sce Pol II (T834P), which indeed confers fast elongation in vitro

and phenotypes consistent with GOF in vivo to yeast RNA polymerase.

Second, the biochemical defects of Stl inhibited RNAP are consistent with loss of TL
function. First, Stl alters nucleotide addition, pyro-phosphorolysis, translocation,
intrinsic and factor-dependent cleavage'**'** but does not alter substrate NTP binding

128

affinity ~°. In addition, Stl does not inhibit but induces the residual elongation activity of
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TL deleted (TLA) RNAP'?*. Whether and how Stl stimulated the activity remains unclear,
but these data also suggest the TL-dependence for Stl inhibition. Overall, the distribution
of the Stl resistant mutants and the Stl induced inhibitory effects are consistent with the
structural observation that Stl inhibits RNAP by locking BH/TL in a specific state that

causes partial loss of TL function.

Interestingly, Stl appears to bias translocation dynamics by specifically stabilizing the

3128129 o onsistent with critical contribution of different BH/TL

post-translocation state
states in translocation. As reviewed above, different TL conformations appear to
correlate with distinct translocation states. The observed Stl stabilization of post-
translocation state is consistent with the Stl trapped open TL and straight BH
conformations stabilizing post-translocation state. This observation is also consistent
with multiple subsequent observations that biasing TL towards the catalytically active
closed state inhibits translocation, likely by stabilizing pre-translocation states (reviewed

18,28,29,35,41
above) “77

. In short, the Stl inhibitory effect is consistent with the model that open
TL and straight BH may stabilize the post-translocation state, but further experiments are

in need to test this model.

a-amanitin
a-amanitin is an eukaryotic-Pol II selective inhibitor and traps the active site BH and
TL**"3*1* Similar to Stl, a-amanitin traps the TL in the inactive open state, and the BH

appears to be locked in the straight state. However, in contrast to the Stl binding pocket,
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a-amanitin binds to residues from TL, BH, the funnel helix and the Rpb2 link domain

(Figure 1-8). Consistent with the structural data, most of the Pol II a-amanitin resistant
mutants are mapped to residues near the observed a-amanitin binding site®>'?*'?>1%7.
The a-amanitin binding pocket is universally conserved among eukaryotic Pol II but

distinct from eukaryotic Pol I, Pol III and bacterial RNAPs, consistent with the selective

inhibitory activity on Pol II at lower concentration.

Sce Pol Il with a-amanitin
(PDB:3CQ2)

Figure 1-8. a-amanitin binding sites on the Sce Pol I1.
DNA (blue), RNA (red), NTP (yellow) and the a-amanitin surrounding domains (green) are shown in the
cartoon view. a-amanitin (orange) and the potential a-amanitin interacting residues are shown in sticks

(cyan).
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The inhibitory activities conferred by a-amanitin are consistent with a partial loss of TL
function. First, a-amanitin inhibits multiple Pol II activities, including nucleotide
addition, pyro-phosphorolysis, translocation, pause-release and TFIIS-mediated
cleavage* ', but does not alter the substrate binding affinity'”’. Second, the o-amanitin
inhibition is much stronger for the matched nucleotides than the unmatched ones*®,
suggesting that a-amanitin targets the TL substrate selection mechanism™®. Third, a-
amanitin inhibits human Pol II translocation'*', but it has not been explicitly tested
whether a-amanitin inhibits translocation through stabilization of pre- or post-
translocated states, although one report suggested that the apparent post-translocated Pol

141

IT elongation complex might be resistant to a-amanitin . Together, a-amanitin appears

to trap Pol II BH/TL in a way similar to the Stl effects on bacterial RNAPs, but whether
they trap BH/TL in the exact same state and whether they alter translocation similarly

are still open questions.

Salinamides

Salinamides (Salinamide A and Salinamide B) are structurally similar bacterial RNAP

143

14218 Their modes of action were not well characterized until very recently'*’,

inhibitors
possibly due to poor membrane permeability and low clinical interests. The prototype

Salinamide A (Sal) binds to a tight pocket formed by the BH N-terminus, link domain

143

and fork loop (Figure 1-9) ™, and inhibits transcription elongation through modulating

143

the BH conformation ™. The high conservation of the Sal binding pocket among bacteria
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but not eukaryotes is in agreement with lack of Sal inhibitory activity on eukaryotic Pol I,

II and II1.

E.coli RNAP with Salinamide A
(PDB:4MEX)

DNA (blue), RNA (red), NTP (yellow) and the Sal surrounding domains (green) are shown in the cartoon
view. Sal (orange) and the potential Sal interacting residues are shown in sticks (cyan).
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The mode of inhibition of Sal has both similarities and differences with inhibition by Stl
and o-amanitin. Similar to Stl and a-amanitin, Sal inhibits both transcription initiation
and elongation, specifically through altering catalysis but not substrate NTP binding'*.
In addition, Sal inhibits pyrophosphorolysis. These Sal inhibitory activities are
consistent with interference with BH/TL conformation. However, in contrast to Stl and
a-amanitin, Sal does not directly bind to the TL and does not require TL for its
inhibition'*, as evidenced by similar Sal inhibition on both WT and TLA RNAP. It
should be noted that Sal may still indirectly impact TL conformation through altering

BH conformation, although TL is not essential for Sal inhibition.

Isolation of Sal resistant mutants from a drug efflux pump deficient strain leads to

143, First, the isolated resistant mutants are

important insights into the Sal mode of action
tightly clustered in the Sal binding pocket, and all the mutants with high level resistance
are involved in direct interaction with Sal. It is worth noting that none of the Sal resistant
mutants were from the trigger loop, consistent with the TL independence of mode of Sal
action, although we cannot rule out the possibility that the mutagenesis could be
unsaturated. Second, Sal resistant mutants do not confer cross-resistance with many
other known RNAP inhibitors, including the BH/TL trapping inhibitors Stl reviewed

143
above

. In fact, some Sal resistant mutants not only do not confer resistance, but also
confer hyper-sensitivity to Stl and another active site inhibitor CBR703 (reviewed

below). A mutant conferring hyper-resistance to one inhibitor but hyper-sensitivity to

another inhibitor generally indicates that the two inhibitors target two distinct but
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functionally related steps or conformational states. This suggests that Sal binds to a
distinct BH state from those bound by Stl and CBR703, although the difference is not
entirely clear from the structures'*'**'*"'*> The connections between Sal and CBR703

will be further discussed below.

CBR compounds

CBR compounds are a series of synthetic bacterial RNAP inhibitors originally derived

from a large synthetic compound library'*

. In 2015, two groups independently reported
a series of E.coli RNAP structures bound with several CBR compounds, and
unambiguously revealed an identical site for various CBR derivatives (Figure 1-
10)'**'*. The CBR compounds bind to a pocket that consists of residues from the
region D, B regions D/E spacer and the ” BH N-terminus and the nearby F loop'**'*,
and were proposed to allosterically inhibit the active site TL folding (Figure 1-
10)'**1**1* The conservation of CBR binding pocket, especially the F loop and B

subunit residues are consistent with the selective activity of CBR compounds on a subset

of RNAP144,145
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E.coli RNAP with CBR703 E.coli RNAP with CBR9379 E.coli RNAP with CBR9393
(PDB:4XS2) (PDB:4XSY) (PDB:4XSZ2)

E.coli RNAP with CBR703 E.coli RNAP with CBRH16Br E.coli RNAP with CBRP18
(PDB:4ZH2) (PDB:4ZH3) (PDB:4ZH4)

DNA (blue), RNA (red), NTP (yellow) and the CBR compound surrounding domains (green) are shown in
the cartoon view. CBR compounds (orange) and the potential CBR compound-interacting residues (cyan)
are shown in sticks. CBR compounds bind to the same site with slightly different interactions and
orientations.
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Genetic and biochemical studies not only validate the observed CBR binding sites, but
also reveal important functional insights into the region. All isolated CBR resistant

145,146

mutants map to residues that either directly interact with CBR compounds or are

near to residues that do'**!%

. The spontaneous resistance rate in E.coli for CBR703 is
substantially lower than other known RNAP inhibitors, consistent with the CBR703
target region being highly essential'*. Interestingly, two mutants ('P750L and B'F773V)
have severe growth defects that are suppressed by CBR703'*, which could be partially

7 However, the exact

explained by CBR703 suppressing their translocation defects
reasons for their growth defect and dependence on CBR703 remain unresolved and
fascinating. Finally, extensive functional studies of residues in this pocket suggest their
conformational changes are allosterically coupled with the active site TL*>0>14514%,
and CBR indeed inhibits TL closing'** while promoting forward translocation'*’, a
behavior reminiscent of Stl effect to maintain TL in open conformation. Together, these

data are consistent with the hypothesis that CBR compounds allosterically inhibit the

active site function from a distant site.

Interestingly, CBR inhibited multiple RNAP activities in two distinct modes: one is TL
dependent, the other is TL independent'**. Structural, genetic and biochemical data
altogether suggest that CBR binding triggers a series of conformational changes
propagating from the binding pocket to inhibit the active site TL folding, likely through
the BH'**'*". The inhibition of TL folding or alteration of other domains could lead to

defects for specific functions. The nonessential nature of TL for E.coli RNAP allows
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explicit tests of the TL dependence for any CBR inhibitory activities'**'*. First, CBR
inhibition of the nucleotide addition and pyrophosphorolysis are not fully TL
dependent'**'*| as CBR compounds can still inhibit the TLA RNAPs. However, CBR
inhibition of RNAP intrinsic cleavage is completely TL dependent'**, as TLA RNAP is
fully resistant to CBR inhibition on the intrinsic cleavage activity. The close proximity
of CBR and Sal binding sites and their TL-independent inhibition of specific RNAP
activities suggests similar modes of actions between them, but further experiments are

needed to rigorously test this hypothesis.

Na-aroy!l-N-aryl-phenylalaninamides (AAPs)

AAPs are a series of synthetic compounds recently discovered from a large-scale screen
for specific Mycobacterium tuberculosis (Mtb) RNAP inhibitors that do not inhibit other
bacterial RNAPs and human Pol I, IT and III'*°. The prototype D-AAP1 binds to a pocket
near the BH N-terminus of Mtbh RNAP (Figure 1-11). The D-AAP1 binding pocket is
highly similar to the CBR pocket in E.coli RNAP, suggesting similar modes of action

between them!*+!4>:130

. The sequence divergence in the pocket residues are consistent
with lineage-specific inhibitory effects of both D-AAP1 (for M¢b) and CBR compounds
(for Gram-negative bacteria). Mtb RNAP can be co-treated with both rifampin and D-

AAPI, suggesting potential clinical values. However, further biochemical

characterization is in need to validate the proposed mode of action of D-AAP1.
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Mtb RNAP with D-AAP1
(PDB:5UHE)

D/E spacer

Figure 1-11. D-AAP1 binds to Mtb RNAP in a pocket similar to the CBR binding pocket in E.coli
RNAP.

DNA (blue), RNA (red), NTP (yellow) and the D-AAP1 surrounding domains (green) are shown in the
cartoon view. D-AAP1 (orange) and the potential D-AAP1 interacting residues (cyan) are shown in sticks.
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b) RNA exit channel inhibitors

RNA has to properly exit the RNAP active site once it is synthesized. Structural studies
reveal a primary and conserved RNA exit channel adjacent to the active site, releasing
synthesized RNAs from a site opposite to the DNA entry groove. The RNA exit channel
undergoes conformational changes and coordinates with various domains to maintain the
upstream end of the transcription bubble while separating the DNA:RNA hybrid®. This
dynamic process is critical for RNAP activity and is an inhibitory hotspot for natural
products. The first-line anti-tuberculosis drug rifamycin family inhibits the RNA
extension through causing steric clash with RNAs in the exit channel'>"'**'*°. The

modes of actions of RNA exit channel inhibitors (rifamycin and sorangicin) are

discussed below.

Rifamycin (Rif)

Rifamycin is a family of compounds that are proven anti-bacterial drugs. Due to high
clinical interests, rifamycin family has been extensively studied (reviewed in * and
references therein). Many Rif compounds have been co-crystallized with various
bacterial RNAPs, and showed an unambiguous binding site deep in the RNA exit
channel just proximal to the active site (Figure 1-12). As discussed above, Rif
compounds cause steric clashes with RNAs extending from the i-2 position, and thus
specifically inhibiting extension of RNAs that are over 2-3 nts (Figure 1-12)'**"*'. The
detailed interactions differ in various rifamycin derivatives, and the extent of the binding

appears to correlate well with the potency (reviewed in *>'°%). Finally, it is worth noting
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that a very recent report directly crystallized the Rif bound M¢bh RNAP on a series of
nucleic acids scaffolds, and directly demonstrated the steric clashes from a clinically

- 150
relevant species ~.

E.coli RNAP E.coli RNAP Tag RNAP
with Rifampin with Benzoxazinorifamycin with Sorangicin
(PDB: 4KMU) (PDB: 4KN4) (PDB: 1YNN)

Taqg RNAP Tth RNAP Tth RNAP
with Rifampicin with Rifabutin with Rifapentin
(PDB: 116V) (PDB: 2A68) (PDB: 2A69)

Figure 1-12. Rifamycin family compounds bind to various RNAP in the similar pocket in the RNA
exit channel, causing steric clashes with the extending RNAs.
DNA (blue), RNA (red) are shown in the cartoon view. Rifamycin compounds (orange) and the potential
rifamycin interacting RNAP residues (cyan) are shown in sticks.
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Extensive evolutionary and genetic data support the structural observation and also
reveal important insights. First, high conservation of the binding pocket among bacteria
but not eukaryotes are consistent with the high Rif antibacterial potency with low
cytotoxicity'**. Second, most of the isolated Rif resistant mutants are tightly clustered
near the Rif binding pocket (reviewed in '> and reference therein). Many Mtb Rif
resistant mutations confer fitness defects and were proposed to require a secondary
suppressor mutation to outcompete the wild-type strain'>*. In fact, a study sequenced the
whole genomes for a set of clinical or laboratory evolved Rif resistant strains, and
identified many compensatory mutations from different RNAP subunits that do not

directly interact with Rif'*’

. Although the exact mechanism remains unclear, the
distribution of these suppressors could reveal important structural and functional

connections in RNAP, in addition to the clinical values discussed therein'>”.

Rif compounds cause highly specific biochemical defects that are in agreement with the
structural observations. Rif does not inhibit RNAP-promoter interaction, substrate

interaction and formation of the first phosphodiester bond'*"'*®

, and the elongating
RNAP with already sufficiently long (>3 nts) RNA product is also resistant to Rif'>". In
contrast, Rif specifically inhibits formation of second or third phosphodiester bond in
RNAs'?!. The Rif inhibitory effect is highly specific and distinct from the active site
inhibitors, and is in complete agreement with the structural observation that Rif causes

steric clashes with the RNAs that are more than 2 nucleotides long. An alternative model

was proposed that Rif may allosterically impact the active site and cause decreased Mg
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affinity in the active site'>*, but other experiments contradict these conclusions'*®. In

short, the current model remains that Rif causes steric clashes with the extension of RNA
at a specific length (2-3 nts), and the available biochemical data are consistent with the

model.

Sorangicin (Sor)

159

Sorangicin binds to the same site (Figurel-12) " and causes similar biochemical defects

with Rif'>'%', Therefore, it is as expected that there is extensive cross-resistance

159,161-164

between Sor and Rif compounds . The resistance spectrum for Sor is

significantly narrower than that for Rif (reviewed in "°* and references therein). In other
words, all Sor resistant mutants are also resistant to Rif, whereas not all the Rif resistant

mutants are resistant to Sor. The narrower spectrum for Sor was reconciled by the more

152
f

flexible nature of the Sor molecule compared to Rif °*, thus providing the structural

basis to adapt to the altered binding pocket in the resistant mutants. Ho et al also pointed

. . 165
out that similar cases have been observed in other compounds .

¢) Clamp and switch region inhibitors

msRNAPs have a conserved and flexible clamp domain that can swing open or closed'*®

170 The clamp motion is intimately connected to various RNAP functions, such as

SRR - : - 126,171-173 -
initiation'®*'"°, elongation®>® and regulation by other factors'**'”""'” In a single-

molecule FRET assay looking at different RNAP clamp states, most E.coli RNAP

clamps are open in the free solution, closed in an early step during initiation and are
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proposed to remain closed most of the time during elongation'”’. In E.coli RNAP,
transient clamp closure is critical for the initial promoter melting'®, but the melting
extension into the downstream DNA to form a complete transcription bubble does not

169

appear to require a particular clamp conformation . In addition, the clamp has been

hypothesized to remain closed during elongation to maintain high processivity'°'*%!7,
However, several lines of evidence suggest that the clamp may retain some extent of
flexibility in response to special circumstances, such as pausing’® or allosteric
communications between the RNA exit channel and the active site®. Clamp motion was

also proposed to be linked to the active site BH/TL dynamics in E.coli RNAP?, but this

hypothesis remains to be further tested.

Five switch regions control the clamp motion. These switch regions (named switch 1-
switch 5) are located at the base of the clamp and serve as hinges to control the clamp
motion'®*'%17° " Although the five switch regions are universally conserved from
bacteria to humans, the specific residues and surrounding environment can differ'>. The
critical function, high conservation in bacteria and the distinctions from the eukaryotes
together make the RNAP switch regions another inhibitory hotspot. Several inhibitors
have been discovered to target the switch regions so far (reviewed in ). Here I will
review the binding sites, biochemical defects and the proposed mechanism linking the

binding site to the specific functional defects.
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Myxopyronin (Myx), Corallopyronin (Cor) and Ripostatin (Rip)

Myxopyronin (Myx), Corallopyronin (Cor) and Ripostatin (Rip) are all highly potent

antibacterial transcription inhibitors sharing the same mode of action'”

, through
inhibition of RNAP clamp motion. Myx and Cor are structurally highly similar, but they
are distinct from Rip (Figure 1-13A). Here I will first review the studies on Myx, the

most extensively characterized among the three, while discussing their similarities.

Myx binds to a pocket near the switch regions 1 and 2 and appears to inhibit the clamp
motion (Figure 1-13B,C,D)' """, First, two Tth and one E. coli RNAP/Myx complex
structures showed almost identical binding pockets though slightly different

174-176

orientations . Despite the overall high conservation in switch regions 1 and 2, three

non-switch residues in the Myx binding pocket are not conserved in eukaryotic RNAPs,

consistent with the lack of Myx activity on them'’*17

. In agreement with the observed
Myx pocket, all the mutants with strong Myx resistance are from residues in close
proximity to the Myx binding site'"*'”. Second, the Myx binding appears to lock the
clamp in the partially or fully closed state. A single-molecule FRET system was

developed to monitor different clamp states, and Myx appears to shift the majority of

RNAPs to the partially or fully closed states from open states' .
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A Myxopyronin B Tth RNAP
with Myxopyronin
(PDB: 3EQL)

R’1431-1470

<

C E.coli RNAP D Tth RNAP
with Myxopyronin with Myxopyronin
(PDB: 4YFX) (PDB: 3DXJ)

R’ 1431-1470

R 1031-1052

Figure 1-13. Myxopyronin binds to the similar sites in the 7¢h and E.coli RNAPs.

(A) Structures of Myx, Cor and Rip.

(B-D) The Myx surrounding domains (green) are shown in the cartoon view. Myx (orange) and the
potential Myx interacting residues (cyan) are shown in sticks.
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Myx inhibited E.coli RNAP shows highly specific biochemical defects that are distinct
from those exhibited by other classes of inhibitors. First, Myx inhibits both abortive
initiation and transcription of full-length transcripts, but the inhibition relies on the
addition of Myx prior to RNAP/DNA binding'”. In other words, template DNA binding
protects the RNAP from Myx inhibition, suggesting that the Myx binding site is only
accessible prior to RNAP binding to template DNA, or that Myx inhibits a functional
step prior to DNA binding, or both. Second, Myx specifically inhibits RNAP binding to
the double-stranded promoter DNA in the -11 to +15 region, but does not inhibit RNAP
binding to the upstream region (-40 to -12)'*. Promoter DNA from -11 to +15 is the
region to be loaded to the RNAP cleft and melted to create transcription bubbles' ', and

169
.In

this process was recently shown to require apparent transient closure of the clamp
addition, Myx does not inhibit RNAP binding to the various single-strand DNAs,
including non-template single-strand DNA, a fork-junction template, an artificial
transcription bubble, or a gapped DNA templates'’*. Finally, RNAP transcription on the
artificial transcription bubble, tailed templates and rolling-circle-transcription template
bypasses the step of promoter opening and is not inhibited by Myx. Together, the Myx

specifically inhibits promoter opening and formation of the transcription open complex,

a critical step prior to transcription elongation.

Two lines of evidence further support the hypotheses that Myx inhibits RNAP through
interfering clamp function. First, a Myx" mutant in the switch region suppresses all the

Myx induced biochemical defects listed above'’*. Second, several mutations in the
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switch 2 region mimic the effect of Myx on promoter open complex formation'”>. These
observations are consistent with a dependence of the switch region in Myx inhibition.
RNAP structure with Cor or Rip is not available so far, but the almost complete
overlapping cross-resistance and the similar biochemical effects suggest that Myx, Cor

and Rip share the same target region and similar inhibitory mechanism'’*'".

Squaramides

Squaramides are a family of synthetic compounds originally identified in a high-
throughput screening for transcription or translation inhibitors'’’, and they were
subsequently found to specifically inhibit E.coli RNAP in vitro'”’. Two squaramides
(Squaramide 8 and Squaramide 14) are shown to bind to a pocket almost identical to the
Myx binding site, although details differ (Figure 1-14). Several squaramide resistant
mutants were isolated from E.coli, and all of the mutations were mapped to the switch
regions in the pocket'’”’, consistent with the observed pocket being critical for a wide
range of squaramides. The same pocket also suggests that squaramides may behave
similarly to Myx, Cor and Rip and lock the clamp in the closed state, but biochemical

characterization of squaramide inhibited RNAPs is needed to further test this idea.
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E.coli RNAP E.coli RNAP E.coli RNAP
with Myxopyronin with Squaramide8 with Squaramide14
(PDB: 4YFX) (PDB: 4YFK) (PDB: 4YFN)

R’ 1431-1470 R’ 1431-1470 ’1431-1470
e 3 Switch 1

>

R 1031-1052 R 1031-1052

Figure 1-14. Squaramides bind to a similar pocket to the Myx binding sites in E.coli RNAPs.
The Myx and Squaramides surrounding domains (green) are shown in the cartoon view. Myx (orange),
squaramides (orange) and the potential Myx or squaramides interacting residues (cyan) are shown in sticks.
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Lipiarmycin A3 (Lpm)

Lipiarmycin is a mixture of antibiotics originally isolated from several Actinomycete

153,178-185

species and has many variations on its naming . The major component from two

183184 named as Lipiarmycin A3 or fidaxomicin, inhibits both Gram-positive

species
bacterial and Gram-negative bacterial RNAPs and was hereafter referred to as Lpm'>’,
One report'™ uses a Lpm derivative that has minor structural differences with Lpm, but
the inhibition appears to be similar to Lpm. Lpm appears to bind to switch regions to

inhibit clamp motion, in a way distinct from the closed clamp trapping inhibitors Myx,

Cor and Rip. The mode of action of Lpm is discussed below.

Lpm appears to bind to a site distinct from the Myx, Cor and Rip pocket'**'**'".

Although an RNAP co-crystal with Lpm is not yet available, the Lpm resistance
spectrum, assessed from a broad range of bacterial species, reveals a tight region

encompassing the RNA exit channel and switch regions 2 and 3'*

. The Lpm resistance
region only partially and minimally overlaps with Myx, Cor and Rip, and no significant

s 153
cross-resistance was observed among them ™.

The Lpm inhibited RNAP has both similar and distinct biochemical defects from those
inhibited by Myx, Cor and Rip. Similar to Myx, Cor and Rip, the Lpm specifically

inhibits promoter binding and opening'>’, and the inhibition was only observed if RNAP

180,181,188

was treated prior to template DNA binding . The critical order-of-addition

requirement is consistent with the classical behavior of the switch region inhibitors'>>'®’,
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as discussed above. However, in contrast to Myx, Cor and Rip, Lpm appears to trap the
clamp in a specific open or partially open conformation'®’. Lpm inhibited RNAP could
not initiate promoter melting at the -10 position'®, an effect distinct from other
inhibitors that traps the clamp closed (Myx, Cor and Rip). The different effect between
Lpm and other closed clamp trapping inhibitors may represent distinct functional
properties of RNAP with open or closed clamps. Together, the Lpm inhibits RNAP
through limiting the clamp to a partially or fully open state and is highly distinct from all

other known clamp inhibitors so far.

d) NTP uptake channel

msRNAPs have a conserved funnel-shaped NTP uptake channel (Figure1-1)'°*'%®,
Despite the conservation of the overall shape, residues in the NTP uptake channel differ
from bacteria to human, thus making it a potential target to specifically inhibit bacterial
RNAPs***'% Micro-peptide Microcin J25 and natural product tagetitoxin are two best
known inhibitors that have been proposed to inhibit the NTP uptake channel or the
substrate entry/exit site. I will discuss Microcin J25 here below, but will discuss
tagetitoxin later in the section on transcription inhibitors with unclear or complicated

modes of action, since the exact binding site of tagetitoxin remains controversial 2190

Microcin J25 (MccJ25)

MccJ25 is a micro-peptide consists of 21 amino acids, forming an uncommon lassoed

191-194

tail structure . MccJ25 inhibits the growth of some gram-negative bacteria through

RNAP inhibition'*>'*®. Although a RNAP/MccJ25 complex structure is not yet available,
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extensive genetics, biochemical and biophysical data are consistent with a model that

MccJ25 binds to and obstructs the RNAP NTP uptake channel'””'*®.

First, MccJ25 inhibits both abortive initiation and elongation, and the inhibition can be
reversed by excess of NTPs, suggesting that MccJ25 is a partial competitive inhibitor
with the NTPs'”®. In other words, the binding of MccJ25 and NTPs are mutually
inhibitory but not mutually exclusive. Second, most of the isolated MccJ25 resistant
mutants are clustered in the NTP uptake channel, and MccJ25 was shown to directly
bind to the NTP channel in a FRET assay'*". Third, MccJ25 inhibits the GreA and GreB
dependent cleavage activities through interference with their binding, which is partially
through the NTP uptake channel'”®. Fourth, MccJ25 inhibits processive
pyrophosphorolysis and backtracking, both of which require the reaction products to
release or occupy from the NTP channel'””'*®. Finally, the single molecular optical
trapping experiments reveal that MccJ25 increases the pausing frequency but does not
alter the pause-free elongation velocity'®’. Together, these data are consistent with the
model that MccJ25 binds to and obstructs the NTP binding channel. MccJ25 also has
additional effects on ROS induction in vivo'”>*, but these effects are unlikely to be

related to transcriptional inhibition and will not be further discussed in this review.

e) Transcription inhibitors with unclear or complicated modes of action

Given the academic and clinical value of transcription inhibitor studies, discovering

novel transcription inhibitors and characterizing identified compounds with unclear
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modes of action are important goals. Many new transcription inhibitors are being
discovered using different approaches, including but not limited to affinity based””* and
in silico screens'®. Further characterization of these primary hits is necessary and in
progress. In addition, several known transcription inhibitors are still being investigated
and the modes of actions appear complicated®. Tagetitoxin (TGT) and thiolutin are two
examples of these. Many studies reveal partially contradictory results on the two
compounds, adding confusion about their possible modes of actions. Here I will briefly
review the existing studies on both compounds, attempt to reconcile the results and

propose possible experiments to further test their modes of action.

Tagetitoxin (TGT)

Tagetitoxin (TGT) has been known for decades to inhibit transcription, and has a highly

selective inhibitory spectrum for a subset of RNAPs. TGT inhibits bacterial RNAP**,

plant chloroplast RNAP** and eukaryotic Pol III*?°, but not eukaryotic Pol I, Pol IT**, or

various viral RNAPs*"".

The exact binding site of TGT remains controversial >>'*"'*° In one report, a TGT
bound 7th RNAP crystal structure revealed TGT binding to the NTP uptake channel
(Figurel-15)""°. Based on the structural and biochemical data, the authors proposed that
TGT may act as an uncompetitive inhibitor to stabilize a particular inactive intermediate
state during substrate loading'*’. However, this model does not explain why some long

125,206

paused RNAP complexes are resistant to TGT . To reconcile the results,

Artsimovitch et al hypothesized that a particular TL state may be required for TGT
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inhibition, and the open TL state in a paused complex may not be accessible to TGT,
thus conferring resistance'>’. Artsimovitch et al further tested in silico whether a
compatible TGT binding site exists on a 7th RNAP elongation complex with altered TL
conformations, given that TL is a dynamic domain in elongation'>. One TL adjacent
TGT-compatible site was identified if the TL position was moved to a partially closed

125

but slightly distorted state’ . Resistant mutants have been isolated from both proposed

binding pockets and residues distant from both pockets'>>'**%

, suggesting that TGT
inhibition may be sensitive to allosteric effects. Therefore, the exact TGT binding site

remains unclear, although the recently revised TGT structure may be helpful for

carefully revisiting the structural and modeling studies®”.

Despite the controversy about the TGT binding site, accumulating evidence has
suggested TL dependence for TGT inhibition. First, TGT fails to inhibit multiple RNAP
activities if the TL is absent®**%®. Second, TGT appears to stabilize the closed or
partially closed TL in a system where the TL can be monitored using engineered
disulfide bond formation®. Third, TGT inhibits translocation in multiple assays>*'*****,
consistent with the behavior of a trapped TL. Together, the properties of the TGT-
inhibited RNAP are consistent with the TL trapping model, but cannot rule out an
allosteric effect imposed from the observed TGT binding site in the NTP channel ™. It
should be noted that the current data neither explicitly reveal the binding site of TGT nor

rule out the possibility that TGT may bind to the free and elongating RNAP at different

sites. More experiments are needed to further distinguish the two proposed binding sites.
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Tth RNAP with Tagetitoxin
(PDB:2BE5)

Tagetitoxin

BH

Figure 1-15. The proposed TGT binding pocket in the NTP uptake channel in 72 RNAPs.

The TGT surrounding and the active site BH, TL domains are shown in the green cartoon view. TGT
(orange) and the potential TGT interacting residues (cyan) are shown in sticks. The proposed TGT trapped
Mg*" is shown in purple sphere view.
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Thiolutin

Thiolutin is a well-known transcription inhibitor and belongs to the dithiolopyrrolone
family, which consists of diverse compounds with a bicyclic structure and an intra-cyclic
disulfide bond formed between two ene-thiols. Dithiolopyrrolones have very broad-
spectrum inhibitory activities against many Gram-positive and Gram-negative bacteria,
yeast and human cancer cell lines (reviewed in *'° and references therein). Thiolutin and
holomycin are the two best-characterized dithiolopyrrolones regarding possible modes of
actions, and they are structurally highly similar, with only one methyl group difference
(Figurel-16). The mode of transcription inhibition by thiolutin and holomycin appears
to be complicated and controversial, and recent evidence collectively suggests that
multiple proteins are targeted by thiolutin and holomycin through reduction of the intra-
molecular disulfide bond followed by Zn*" chelation mechanisms (will be revisited

later)2! 1214

. Here I will first review the studies on the complicated mode of transcription
inhibition, and I will discuss how Zn”" chelation by thiolutin and holomycin is consistent
with their multiple modes of actions but does not satisfactorily explain some early data
on their transcription inhibition. Finally, I will attempt to reconcile the controversial
results into a unified model. The history, chemical properties, biosynthesis and total

synthesis for dithiolopyrrolones are comprehensively reviewed elsewhere®'® and will not

be further discussed here.
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HNXO HN/K\O
7 N\ _——NH

Thiolutin Holomytin

Figure 1-16. Thiolutin and holomycin structures
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Thiolutin was originally revealed as a transcription inhibitor for both yeast and E.coli
using substrate incorporation assays in vivo > ' In brief, the activities for DNA
replication, transcription, and translation were quantified by assaying incorporation of
radioactively-labeled substrates (thymidine, uridine, and leucine, respectively) into
trichloroacetic acid-precipitable macromolecular DNA, RNA and proteins®*?"7. It was
found that thiolutin inhibited all three processes, but transcription inhibition appeared to
be immediate and faster than DNA replication and translation inhibition, suggesting that
transcription inhibition was the direct and primary effect in vivo. Similar results were
observed for holomycin using similar assays in E.coli, although holomycin did not
appear to arrest yeast growth in two independent strains'®* (also verified in our hands in
Chapter III). Thiolutin has been commonly used to inhibit transcription to study mRNA

stability in yeast, fungi, and in one report, a dinoglagellate'** %8217

. While it appears
that thiolutin can inhibit transcription in some eukaryotes and prokaryotes, and

holomycin can inhibit transcription in prokaryotes, further in vitro characterization has

revealed complexity in their possible modes of actions, as discussed below.

First, thiolutin was observed to directly inhibit RNA polymerases from yeast, but not
other species in vitro, despite the conserved in vivo transcription inhibition from multiple
assays and species®>*"”. Thiolutin inhibition of all three partially purified yeast RNA
polymerases in vitro was distinct from that of the Pol II specific inhibitor a-amanitin®'.
Thiolutin inhibition appeared to be independent of specific DNA templates, as the

inhibition was similar when the native salmon sperm DNA and synthetic poly(dA-dT)
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were used. In addition, thiolutin was only inhibitory when RNA polymerases were pre-
treated with thiolutin prior to template addition. In other words, DNA-bound RNA
polymerases were resistant to thiolutin inhibition®'®. This critical order-of-addition is
reminiscent of the switch region inhibitors Myx, Cor, Rip and Lpm behavior (discussed
above). Two models were proposed based on the observed specific order-of-addition
requirements. One, the RNA polymerases may be only accessible to thiolutin before
template binding. The alternative model was that thiolutin may only inhibit the
polymerase-DNA interaction, but not initiation or elongation of RNA synthesis. The two
models are mutually non-exclusive and can now be further tested using fully purified
RNA polymerases under experimental setups that specifically target each stage of
transcription, as has been shown for other inhibitors (reviewed above). In my chapter III,
I will discuss my work utilizing multiple biochemical assays to further characterize this

mode of inhibition in detail.

215,217

Despite the observed inhibition in multiple in vivo assays , it was surprising that all

the reports failed to observe thiolutin or holomycin inhibition of the E.coli RNA

164,213,220,221 o\ e ) o
=275 In addition, similar in vivo inhibition with lack of in vitro

polymerase in vitro
support was observed in S. typhimurium®** and five distinct Actinomycete
strains®*'. Together, this evidence collectively suggested that thiolutin may confer

different modes of transcriptional inhibition in prokaryotes and eukaryotes. However,

conclusions should not be made without comprehensive assessment of the experimental
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parameters in different transcription assays. In chapter III, I will discuss my thesis work

dissecting the necessary co-factors for thiolutin inhibition in vitro.

Second, it has been controversial whether thiolutin inhibits transcription initiation or
elongation in vivo. The kinetics for inhibiting 3-galactosidase synthesis after IPTG
induction is a classical experiment for predicting the targeted step of inhibitors. A
transcription initiation inhibitor, when sufficiently added at a given time, presumably
stops transcription initiation of all RNA polymerases but allows the elongating and
completed transcripts to be further processed to functional B-galactosidase (residual
activity). In contrast, a transcription elongation inhibitor only allows the already
completed transcripts to contribute to functional B-galactosidases, thus resulting in
different residual activities. In one report, Khachatourians et al. compared the thiolutin
inhibition kinetics with rifampin (transcription initiation inhibitor) and chloramphenical
(translation initiation inhibitor), and suggested that thiolutin targeted a step exclusively
between transcription initiation and translation initiation, likely transcription elongation
or termination”'’. In contrast, Sivasubramanian et al. did a similar experiment with
rifampicin (transcription initiation inhibitor) and streptolydigin (transcription elongation

inhibitor), and suggested that thiolutin appeared to inhibit transcription initiation®*’.

It should be noted that these classical experiments, although elegantly designed, have
limitations. The inhibitors with more than one effect may complicate the output.
Although Khachatourians et al. did careful controls to show that thiolutin does not

inhibit translation and B-galactosidase in vitro®'’, variables in other relevant biological
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processes could not be ruled out. In fact, more recent reports have suggested that
thiolutin inhibits multiple additional processes, including mRNA stability and
proteasome degradation®'****, Alterations in these processes could complicate the
readout in the classical experiments. Currently, we can directly monitor Pol IT occupancy

on genes in vivo using chromatin IP enabling assessment of initiation and elongation

upon drug treatment'***** in yeast (Chapter III). An initiation inhibitor is predicted to

specifically decrease the Pol II occupancy at the 5° end if elongating polymerases are
allowed to clear the gene while initiation is blocked. In contrast, an elongation inhibitor
should stop elongating Pol II across the gene, presumably eliciting Pol II degradation

across the gene.

Two very recent reports nicely illustrate that reduced thiolutin and holomycin alter Zn**

213,214

homeostasis by directly chelating Zn** (Figurel1-17) , consistent with our results

obtained from a different approach (Chapter IIT). Zn>" caused specific redshifts for the

213,214

reduced thiolutin/holomycin) , suggesting the reduced thiolutin and holomycin

chelate Zn*" through the reduced thiolate groups. In addition, a high-resolution MS/MS

experiment was done in negative ion mode to characterize an apparent holomycin/Zn**

213

complex’"”. The MS/MS result was consistent with Zn*" binding to reduced holomycin

in a 1:2 ratio, with extremely high affinity (~10pM range). In addition, the reduced

212

holomycin can be re-oxidized when exposed to the air” °. This behavior is consistent

225,226

with redox-cycling compounds , which are known oxidative stressors. Thiolutin can

be also reduced'”, but the redox cycling has not been directly tested. In chapter III, I
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will describe our work in characterizing thiolutin induced apparent oxidative stress and

functions of the yeast thioredoxin pathways in thiolutin resistance.

Thiolutin
Oxidized Reduced Oxidative
by O stress
Transcription} X% Reduced- Proteasome
+ cofactor ?  thiolutin inhibition
Rpn11 and other
Zn2+ /‘ JAMM proteases
chelation
—~ Fab1
/ Altered Glucose
DTPs/Zn2* complex ;
Model 2 P metabolism

Figure 1-17. Two proposed models for thiolutin mediated transcription inhibition based on
published data.
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Tight Zn>* binding suggested that thiolutin/holomycin could inhibit Zn** dependent
enzymes through Zn*>" chelation. The inhibition of several Zn*" dependent enzymes was
directly validated in vitro. For example, the zinc-dependent fructose bisphosphate
aldolase FbaA was inhibited by reduced holomycin at ~25uM, a relevant concentration
for growth inhibition”"®, and FbaA inhibition is consistent with an early report that
thiolutin altered glucose metabolism>*’. In addition, thiolutin inhibited proteasome
activity through chelating Zn*" from Rpn11, a deubiquitinating enzyme with a
JAB1/MPN/Mov34 domain, and an essential subunit of the 19S proteasome®'*. Lauinger
et al. further showed that reduced thiolutin also inhibits another JAB1/MPN/Mov34
domain—containing metalloprotease. Interestingly, both groups failed to observe
inhibition of RNA polymerases through Zn*" chelation, which they interpreted as
evidence for transcription inhibition being a secondary consequence of
dithiolopyrrolones. The contradictory results from in vitro and in vivo transcription
assays in E.coli and accumulating evidence on other effects have now cast doubt on

initial proposals that thiolutin primarily and directly inhibits transcription.

I propose two models to reconcile the apparent universal observation that thiolutin

216

inhibits transcription in vivo but not in vitro, except for one early report™ . First,

thiolutin may inhibit a secondary protein, which is present in vivo and in the original
partially purified RNA polymerase fractions>'® but not others'®**'>2!%220-221 ‘Second,

thiolutin may act as a prodrug that requires activation in vivo. Recent work has advanced

our understanding of the structure-activity relationship in dithiolopyrrolones and
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revealed the possibility of reductant and metal being the co-factors*>*'*. Although pre-
reduced thiolutin failed to inhibit transcription, the requirement for additional co-factors
should not be ruled out. In Chapter II1I, I will describe a multi-pronged approach to
investigate the mode of action of thiolutin, leading to our discovery that both appropriate
doses of reductant and Mn®" are necessary co-factors for direct thiolutin-mediated

transcription inhibition.
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CHAPTER II
HIGH-RESOLUTION PHENOTYPIC LANDSCAPE OF THE RNA POLYMERASE II

TRIGGER LOOP*

Overview
The active sites of multisubunit RNA polymerases have a “trigger loop” (TL) that
multitasks in substrate selection, catalysis, and translocation. To dissect the
Saccharomyces cerevisiae RNA polymerase II TL at individual-residue resolution, we
quantitatively phenotyped nearly all TL single variants en masse. Three mutant classes,
revealed by phenotypes linked to transcription defects or various stresses, have distinct
distributions among TL residues. We find that mutations disrupting an intra-TL
hydrophobic pocket, proposed to provide a mechanism for substrate-triggered TL
folding through destabilization of a catalytically inactive TL state, confer phenotypes
consistent with pocket disruption and increased catalysis. Furthermore, allele-specific
genetic interactions among TL and TL-proximal domain residues support the
contribution of the funnel and bridge helices (BH) to TL dynamics. Our structural
genetics approach incorporates structural and phenotypic data for high-resolution
dissection of transcription mechanisms and their evolution, and is readily applicable to

other essential yeast proteins.

*Reprinted with permission under the terms of CC by 4.0 from “High-Resolution
Phenotypic Landscape of the RNA Polymerase II Trigger Loop” by Qiu et al, 2016. Plos
Genetics, 12, €1006321, Copyright 2016 by Plos Genetics.
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Introduction
RNA polymerase II (Pol IT) synthesizes all eukaryotic mRNA. Structural studies of

Saccharomyces cerevisiae (Sce) Pol II have illuminated mechanisms of

20,21,24,166,167,228

transcription , especially RNA synthesis. RNA synthesis occurs through

iterative nucleotide addition cycles (NACs): selection of correct substrate nucleoside
triphosphate (NTP), catalysis of phosphodiester bond formation, and enzyme
translocation to the next template position. These critical steps in NAC appear to be

coordinated by a critical, conserved domain within the Pol II active site: the trigger loop

(TL).

TL functions are underpinned by its mobile and flexible nature (Figure 2-1A). The
primary function of the TL is kinetic selection of correct NTP substrates while balancing

transcription speed and fidelity, and this function is highly conserved based on studies of

229

RNAPs from Escherichia coli (Eco)*'"*, Thermus aquaticus (Tag)*>, the archaeons

230

Pyrococcus furiosus (Pfu)™" and Methanocaldococcus jannaschii (Mja)™, and

28,29

eukaryotic Pol II from Sce*®* and human®'. In a simplified two-step model, correct

NTP binding appears to facilitate TL movement such that a bound, matched NTP shifts

24-26,34,35

the TL from the “open” state to the “closed” state , allowing capture of the

matched NTP in the Pol II active site and promotion of phosphodiester bond

. 242735
formation>**"

. The subsequent release of the byproduct, pyrophosphate, allows a
conformational shift of the TL from the “closed” state back to the “open” state®****’. TL

opening has been proposed to be critical for enzyme translocation relative to the DNA
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18,29,34,38-41

template, an essential step for the next nucleotide addition cycle . Furthermore,

additional TL states have been implicated in transcriptional pausing from studies in

44,45

E.coli?>™%, backtracking from structural observations™ ", and, although controversial,

46-50, Thus, distinct TL conformations or interactions are linked to

intrinsic cleavage
different functions in transcription, with delicate control of TL dynamics promoting
proper transcription elongation while possibly incorporating signals from the rest of Pol

11 or Pol II bound factors’>6367-232:233,

Genetic and biochemical studies have revealed TL functions in the NAC. First, the
nucleotide interacting region (NIR, Rpb1 1078-1085) discriminates matched rNTPs from

2829 NIR substitutions in residues observed to

2’-dNTPs and non-complementary rNTPs
interact with rINTPs widely conferred lethality. Where viable, substitutions reduced
catalytic activity in vitro and were termed as partially loss-of-function
(LOF)?-1:41:46229-230 'gecond, a TL C-terminal mutant E1103G, conferred increased
catalytic activity in vitro, which we termed gain-of-function (GOF)*****’. Fast kinetics
experiments revealed that E1103G may bias TL dynamics towards the catalytically
active “closed” state, consistent with infidelity and compromised translocation in

o , . 18,28,29,54,55
addition to increased catalysis """

. Furthermore, we previously described a set of
Pol IT TL mutants with broad and distinct alterations to transcription in vivo, thus
conferring allele-specific phenotypes (Table 2-1) that correlate with decreased or

19,31

increased activity " in vitro. Various genetic interactions (suppression, exacerbation,

and epistasis) have also been observed among TL substitutions, suggesting a complex
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Figure 2-1. Establishment of a high-throughput platform for phenotyping comprehensive TL single
variant library.

(A) Multiple TL functions are underpinned by its mobile nature. Structures of open (PDB:5C4J) and
closed TLs (PDB:2E2H) are shown in the context of surrounding domains. Template DNA (blue), RNA
(red), Bridge Helix (cyan), Closed TL (magenta) and Open TL (yellow) are shown in cartoon rendering.
The open TL has been proposed to allow Pol II translocation while the closed TL has been shown to
facilitate catalysis (right panel).

(B) Mutational coverage of the TL variant library is shown as a heatmap illustrating the allele frequencies
of single substitution variants (WT amino acids and positions labeled on x axis; amino acid substitutions
on y axis). The WT amino acids for each position are noted with black boxes, and mutants excluded from
library synthesis are noted using blue boxes.

(C) Schematic representation of experimental approach. Stars of different colors represent distinct
substitutions. The TL variant library PCR amplicon (encoding Rpb1 amino acids 1076-1106) flanked by
RPBI TL flanking sequence (orange) was co-transformed with a linearized LEU2 CEN plasmid containing
an rpbl gene with the TL deleted, allowing construction of full-length RPB1 (with TL variants) by in vivo
homologous recombination. Heterozygous Leu” transformants were replica-plated onto SC-Leu+5FOA to
select against the WT RPB1 (URA3 CEN) plasmid and to create TL variant pools. TL variant pools were
subsequently replica-plated to different selective conditions for either traditional individual colony
screening or high-throughput phenotyping using deep sequencing. For the latter, replica-plated colonies
were pooled for genomic DNA extraction, and the TL region was amplified by emulsion PCR to prepare
templates for deep sequencing.
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functional network within the Pol Il TL'. Finally, context dependence for TL residue

function has been observed, wherein analogous mutations in a conserved TL residue

showed opposite effects in Sce Pol I and Pol I, suggesting different rate limiting steps

for the two enzymes’®. Together, the intricate intra-TL functional network and the

context dependence of TL properties suggest importance of the extensive residue-residue

interactions within and outside the TL.

Table 2-1. Plate phenotypes employed for the screening Pol II alleles in vivo.

Phenotype

Affected Gene/Reporter
Allele; Pol IT mutant

class affected

WT growth

Resistant to drug.

Mutant growth

Sensitivity to drug

e Detects ability of rpb1 RPBI LEU2 (Partial or no
Sensitivity to . . .
SFOA LEU?2 plasmid to plasmid complementation
complement rpbIA complements of rpbIA by rpbl
rpbIA LEU2)
lys2-1280; reports on
chromatin defects and . .
Suppressor of . . Lysine auxotroph | Lysine prototroph
Ty (Spt) start site selection. (Lys) (Lys")
y5p Specific class of GOF Pol y y
II mutants.
IMD?2 expression
Mycophenolic required for res1sta.nce; Sensitivity to drug
. cpe e reports on start site . for GOF mutants,
acid sensitivity . . Resistance to drug . .
(MPAS) selection. Specific classes relative resistance
of GOF and LOF Pol 11 for LOF mutants.
mutants.

Modulation of
transcriptional
readthrough at
gallOA56
(Gal®)

gall0A56; likely reports
on termination, mRNA
processing and initiation.
It is found widely in LOF
Pol II mutants, some
GOF.

Moderate
sensitivity to
galactose (Gal®)

Resistance to
galactose (Gal®)
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The possible multifunctional nature of each TL residue complicates interpretations of
functions if interpretations are based on a limited number of mutants. This is because the
phenotype of any given mutant could result from removal of the wild type side-chain or
additional functions of the substituted residue. Furthermore, different substitutions may
have distinct effects on particular TL conformations®'***. In the TL, different
substitutions in the same residue can confer distinct phenotypes, so limiting mutational
analyses to a single substitution at a particular position may mislead about residue

. 2931
function™

. Deep mutational scanning is an emerging technique for studying large sets
of mutants by assessing the enrichment or depletion of variants after a strict selection
process™”. Different selection approaches have been designed such that a specific

. ce . . . 236 ey, 237 . .., 238
protein property (sensitivity to substitutions™", thermo-stability™’, protein stability
etc.) can be studied. Notably, our established genetic phenotypes (Table 2-1) were well
correlated with altered transcription elongation rates in vitro and specific transcription

131 thus providing a powerful phenotypic framework for studying TL

defects in vivo
function. In this work, we have defined the fitness and phenotypic landscape of the
conserved, essential Sce Pol II TL. We have found three distinct classes of
transcriptionally defective TL mutants that are associated with differential stress
response profiles, allowing the determination of functional contributions of each TL
residue. We have examined the mechanisms by which proximal Pol II domains
communicate with the TL, while identifying examples of inter-residue epistasis, which

are the likely drivers of incompatibility of RNAP evolutionary variants when placed in

the Pol II context.
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Results
Strategy for studying in vivo effects of TL variant library
A comprehensively mutagenized TL variant library (Rpbl 1076-1106), excepting some
previously well-characterized variants®"', was synthesized using the Slonomics

technology®****

and validated by deep sequencing (Figure 2-1B). Synthesis conditions
were such that single substitution mutants would predominate. Our TL mutant library
showed an even distribution of substitutions across all positions and substitution types
(Figure 2-2A,B), with generally very low frequencies for excluded mutants, as expected
(Figure 2-1B). We first sought evidence that the measured allele frequencies reflected
the real allele frequency distribution because PCR fidelity for highly similar amplicons

is often compromised by template switching®*'**

. We spiked in five excluded single
substitution variants (H1085Y, H1085Q, F1086S, G1097D, E1103G) as controls.
Double mutant variants comprised of these single substitution spike-in variants would
not be present in our library, but if observed they would presumably be the result of
template switching between spike-ins. We prepared TL amplicons from a subset of
conditions using both standard PCR and emulsion PCR (emPCR), which can suppress

template switching®*'**

. First, double mutants derived from spike in controls were
found at a significantly lower frequency than the relevant single substitution variants;
Second, emPCR further suppressed the template switching frequency for all possible

double mutants derived from spike-in single variants (Figure 2-3A, left), at about 2.5-

fold on average (Figure 2-3A, right). We conclude that template switching is likely not
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extensive in our reactions but further reduction by emPCR led us to employ emPCR for

our studies.
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Figure 2-2. TL variant library composition and screening reproducibility.

(A) Fraction of TL substitutions at each position of the TL (Rpb1 1076-1106). Allele frequencies were
determined by deep sequencing of the TL variant library, and calculated by the number of reads from all
the variants at a position divided by the total number of mapped reads.

(B) Fraction of TL substitutions for codons encoding specific amino acids. The allele frequency for each
substitution was determined by deep sequencing of the TL variant library, calculated by the number of
reads for variants substituted at a particular substitution divided by the total number of mapped reads.
(C) Distribution of allele frequencies for the detected TL single substitution variants.

(D) The TL library is robust to PCR amplification and yeast transformation. Pearson correlation
coefficients calculated between different libraries are shown as a heatmap. TL library (Lib), PCR
amplified TL library (Lib_PCR) and two yeast pools independently transformed with TL library (SC-
Leu screenl and SC-Leu_screen2) were amplified and sequenced in triplicate (rep1, rep2 and rep3), and
pairwise Pearson correlation analyses were performed between different sequencing libraries.
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Figure 2-3. Quality controls for the TL high-throughput phenotyping approach.

(A) Comparison of estimated template switching frequencies in regular and emulsion PCR conditions.
Template switching was estimated by the ratio (Freq”™™™ ) / (Freq>"#' x Freq®"¢"*?) for all the possible
double mutants combined from five spiked-in single mutants.

(B) Additional growth conditions were employed to increase resolution for distinguishing similar TL
alleles. Growth scores for 50 individually isolated TL mutants (y axis) under 12 growth conditions (x axis),
as determined by standard serial dilution plate phenotyping (Figures 2-4 and 2-5), are shown as a
heatmap. Positive values shown in red indicate increase in allele frequency relative to WT and negative
values in blue indicate decrease in allele frequency relative to WT.

(C) High-throughput quantitative phenotyping resul<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>