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Abstract

DNA repair processes involves a host of repair machineries that are able to recognize
and repair the damaged DNA. Nucleotide excision repair (NER) pathway is one of these
processes exploited by cells to remove bulky DNA lesions. In Escherichia coli, transcription-
repair coupling factors (TRCF) such as Mfd, NusA, and UvrD, mediate coupling of
transcription to DNA repair by recruiting necessary repair machineries.

NusA is a flexible 55 kDa protein composed of six domains. Isolated free NusA in
solution undergoes autoinhibitory intramolecular interdomain interaction which reduces its
nascent RNA binding activity. The role of NusA in transcription regulation as well as DNA
repair have been widely reported, however, structural characterization of NusA autoinhibition
and interaction complex with repair enzymes has so far not been studied. Furthermore, the
structural dynamics that underline the DNA-substrate binding activity of one of the repair
enzymes, translesion DNA polymerase IV (DinB), is still missing.

The aim of this thesis is to unravel the structural dynamics behind NusA autoinhibitory
phenomenon as well as the role of the DinB-Thumb in translesion DNA repair. I also aim to
further characterize the transcription-coupled repair complex of NusA and DinB, alongside the
UvrD helicase, using both biochemical and biophysical techniques.

In this thesis, I reported for the first combined backbone and methyl groups resonance
assignment of full-length NusA and confirms that the wild-type NusA and “open” NusA mutant
are in different state. Relaxation data reports on a low population of the open state in solution
and shows a clear trend of released autoinhibition for the open NusA state. For DinB, I also for
the first time completed the sequence resonance assignment and elucidate the structural
dynamics governing its DNA substrate accommodation in the active site. Relaxation data
reveal that the DNA-binding Thumb domain is structurally flexible. I showed for the first time
that the stalled RNAP makes contact with DinB. I also observed that the self-autoinhibitory
phenomenon of NusA diminishes its affinity to DinB in solution. On the other hand, DinB
affinity to NusA further stabilizes in the presence of additional domains. For the NusA:UvrD
interaction, I identified an additional binding interface within the central NusA S1-KHI1-KH2

region, which is required to stabilize the interaction.

Keywords: Resonance ssignment, DNA repair, transcription-repair coupling factors,
transcription-coupled repair, NusA, DinB, UvrD, autoinhibition, DNA substrate, dynamics,

interaction.
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Sammanfattning pa Svenska

DNA-reparationsprocessen involverar en médngd reparationsmaskiner som kan kénna
igen och reparera det skadade DNA:t. Nukleotid excision reparation (NER) &r en process som
utnyttjas av celler for att ta bort stora DNA-skador. I Escherichia coli formedlar transkriptions-
reparationskopplingsfaktorer (TRCF), sasom Mfd, NusA och UvrD, koppling av transkription
till DNA-reparation genom att rekrytera nddvindiga reparationsmaskiner. NusA ér ett flexibelt
55 kDa protein som bestar av sex dominer. Isolerad, fri NusA i 16sning genomgér
autoinhibitorisk intramolekylidr interdomédnkomplexbildning som negativt reglerar dess
syntetiserade RNA-bindande aktivitet. NusAs roll i transkriptionsreglering savél som i DNA-
reparation har rapporterats i stor utstrickning, daremot har inga tidigare studier fokuserat pa
strukturell ~karakterisering av NusA-autoinhibering eller interaktionskomplex med
reparationsenzymer. Dessutom saknas information om den strukturella dynamiken som
understryker DNA-substratbindande aktiviteter hos ett av reparationsenzymen, translesion
DNA-polymeras IV (DinB). Syftet med denna avhandling &r att klargéra den strukturella
dynamiken bakom NusA autoinhiberande fenomen samt DinB-Thumb-doménens roll i
translesions-DNA-reparationsrollen  for DinB; och ytterligare karakterisera det
transkriptionskopplade reparationskomplexet av NusA och DinB samt NusA och UvrD-
helikas, med bade biokemiska och biofysiska tekniker.

I denna avhandling slutférde jag for forsta gangen bade ryggrads- och metylgruppers
resonanstilldelning av NusA 1 fullingd och bekriftar att vildtypen NusA och den "Gppna"
NusA-mutanten &r i olika tillstand. Relaxationsdata rapporterar mycket lag population av det
Oppna tillstandet i 16sning och visar en tydlig trend av frisatt autoinhibering for det 6ppna
NusA-tillstaindet. Pa DinB-delen slutforde jag ocksa for forsta gangen sekventiell
resonanstilldelningen och belyser den strukturella dynamik som styr dess DNA-
substratplacering 1 det aktiva centret. Relaxationsdata visar att den DNA-bindande “thumb”-
dominen ir strukturellt flexibel. Jag visade for forsta gangen att den avstannade RNAP far
kontakt med DinB. Vi observerade att det sjdlv-autoinhiberande fenomenet av NusA minskar
dess affinitet for DinB 1 10sning. Dédremot stabiliseras DinBs affinitet for NusA
1 ndrvaro av ytterligare doméner. I interaktionen mellan NusA och UvrD identifierade vi
flertalet bindande interface inom den centrala NusA S1-KH1-KH2-regionen som krévs for att
stabilisera interaktionen.

Keywords: Resonance assignment, DNA repair, transcription-repair coupling factors,

transcription-coupled repair, NusA, DinB, UvrD, autoinhibition, DNA substrate, dynamics.
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The Scope of the thesis

The thesis provides in-depth presentation of my characterization of the structural and

dynamical studies of the Escherichia coli transcription elongation factor, NusA, and the
translesion DNA polymerase IV, DinB, as well as structural basis of NusAs role in

transcription-coupled DNA repair (TCR) using advanced high-resolution solution-state nuclear
magnetic resonance (NMR) spectroscopy and other complementary biophysical and
biochemical methods. The thesis is divided into five chapters, as follows:

Chapter I: Introduction. A brief review of the thesis literature background.

Chapter II: Methodology. Description of the methodology basis of the research
approach used in the thesis.

Chapter III: Results, Discussion. Highlights of the major findings in the individual
projects and their significance in advancing previous knowledge.

Chapter IV: Future perspectives. Outlook for possible future studies to clarify
questions raised by my results.

In addition to the above sections, the thesis also includes the following four papers.

Paper I (Manuscript) elucidate the structural dynamics underlying the Escherichia
coli transcription elongation factor, NusA, it’s autoinhibition, and reveal how
autoinhibited isolated free NusA is functionally activated.

Paper II (Submitted) Reveals intrinsic dynamics of translesion DNA polymerase IV
(DinB) Thumb domain studied under high-resolution solution-state NMR. Also, the
underlying binding kinetics that govern DinB-interactions with DNA as well as RNA
polymerase core are presented.

Paper III (Manuscript) provides a detailed structural study of the interaction complex
of NusA and the translesion DNA polymerase IV (DinB) including binding kinetics,
which is a crucial event in the initial stages of the translesion synthesis DNA repair
process.

Paper IV (Manuscript) investigates the interaction between NusA and the UvrD
helicase during transcription-coupled DNA repair, with structural characterization of
the interaction interface together with the apparent binding kinetics.
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Chapter I: Introduction
Here, I introduce the different coping mechanisms used by cells to ameliorate DNA
damage-induced stress. In addition, I cover in detail the repair machineries involved in the three

sub-pathways of transcription-coupled DNA repair (TCR) in Escherichia coli.

1.1 DNA Transcription

The deoxyribonucleic acid (DNA) sequence (also called gene) is a fundamental polymer of
deoxynucleotides linked together by phosphodiester bonds. Each nucleotide consists a
nitrogenous base (either guanine (G), adenine (A), thymine (T) or cytosine (C)), a deoxyribose
and a phosphate moiety. The nitrogenous bases are responsible for the double-stranded helix
structure of DNA through formation of complementary base pairs linked by hydrogen bonds.
Most importantly, the bases encode genetic information required to make ribonucleic acid
(RNA) — a transcript — by RNA polymerase (RNAP) in a process known as DNA transcription.
During transcription, RNAP moves along the template DNA strand unwinding its double helix
and extending growing RNA chain by adding ribonucleotides in the 5’ — 3’ direction '.
However, the activity of transcribing RNAP can be hindered by presence of DNA damage or

lesions on the template strand 2.

1.2 DNA damage

DNA is a highly reactive macromolecule, and often damaged by both physical and
chemical agents that cause deformation of the bases and/or the phosphate backbone. DNA
damaging agents induces deleterious effects on the DNA helix, thereby threatening the integrity
and stability of the genome. These agents can either be from environmental sources (e.g.,
Ultraviolet (UV) light, ionizing radiation, and a variety of food-, air- and water-borne
chemicals) or metabolic sources (e.g., methylating species and the reactive oxygen species
(ROS) that arise during respiration). The most common forms of DNA damage are; (a)
hydrolysis of the N-glycosyl bond linking a base to the deoxyribose, (b) hydrolytic deamination
and methylation that can directly change one base into another, (d) covalent adduct dimers
formed between two adjacent pyrimidines, and (e) oxidative damage to bases and to the

phosphodiester backbone.



1.3 DNA repair Mechanisms

Cells are equipped with a variety of efficient tolerance and repair mechanisms to overcome
the lethal effects of DNA damage-induced stress. Due to the large diversity of DNA lesions in
terms of origin, form, and consequence, cells respond in different ways by either activating
repair mechanism, cell cycle checkpoints, or apoptotic cell death pathways 3. DNA repair
processes involves many repair machineries that serve as global sensors or continuously scan
the genome and are able to recognize the presence of a mismatched base, an apurinic or
apyrimidinic site, or abnormal bases in general *. The presence of DNA lesions results in
activation of appropriate repair mechanisms, which ultimately leads to the restoration of
genetic information. Where repair is not possible, highly mutagenic damage tolerance
mechanism involving translesion DNA polymerases is activated 43. Some of the repair and
tolerance mechanisms used by bacteria to overcome DNA damage include: photoreactivation,
base excision repair (BER), nucleotide excision repair (NER), translesion synthesis, and

recombination repair.

1.3.1 Photoreactivation

DNA lesion repair by photoreactivation involves a light-sensitive enzyme, DNA
photolyase, which recognizes and reverses UV radiation-induced DNA lesions (such as
cyclobutane-pyrimidine dimers (CPDs) and 6-4 photoproducts, 6-4PPs) using the energy from
light 8. DNA photolyase is a flavinprotein, which contains two chromophores capable of
absorbing blue-light. During the actual repair process, an electron generated by excitation of
the flavin cofactor is donated to the bulky dimers, resulting to splitting and reversal of the
dimerization ¢%°. UV radiation is categorized into three different groups based on their
wavelength, namely; UV-A (315 -400 nm), UV-B (280 — 315 nm), and UV-C (<280 nm). The
UV-induced lesions are mainly caused by the UV-B radiation as light of this wavelength is
absorbed by native DNA %!, The magnitude of the UV radiation effect on DNA bases depends
on flexibility of the DNA strand and the nature of constituting bases. Regions with high
pyrimidine base content, poly(dA)-(dT) tracts, are more susceptible to dimeric photoproduct

formation !%13

. These photo-induced dimers exert a lethal effect on cellular metabolism by
obstructing the progression of replicative and transcribing polymerases '#!1°. Photolyases are
specific to photo-induced dimers, and are classified as either CPD photolyases (removes CPD
lesions) or 6-4 photolyases (removes 6-4PP lesions). Photolyases has been found in

archaebacteria but not in humans and are considered ancient repair proteins, with



photoreactivation likely one of the oldest repair processes *!6.

1.3.2 Excision repair

In excision repair, abnormal bases or distorted stretches of DNA are completely
removed and new DNA stretches are synthesized in a complex process catalyzed by a host of
repair enzymes. Excision repair is further sub-divided into two major pathways; base excision

repair (BER) and nucleotide excision repair (NER), as outlined in more detail below.

1.3.2.1 Base excision repair

Damaged, abnormal bases are excised and replaced through the base excision repair
(BER) pathway. The BER process is centrally catalyzed by DNA glycosylases, which has
damage-specific activity, uracil glycosylase repairs hydrolytic cytosine deamination, while 3-
methyladenine glycosylase repairs hypoxanthine, among others. In general, DNA glycosylases
remove abnormal bases by cleaving the N-glycosidic bond between the base and the
deoxyribose moieties of the nucleotide, thereby creating an apurinic/ apyrimidinic (AP) site.
Subsequently, the cleaved site is removed by an AP endonucleases or an AP lyases, which
nicks the DNA strand either 5° or 3’ to the AP site, respectively. The cleavage of N-glycosidic
bond leaves the deoxyribose phosphate part of the nucleotide remaining in the DNA sequence.
The deoxyribose phosphate is subsequently excised by the action of a phosphodiesterase. The
resulting gap is filled by a repair DNA polymerase and the nick is then sealed by the DNA
ligase. Several genes for DNA glycosylases have been identified in E. coli (and in higher
organisms) 718, indicating the importance of this repair pathway in preventing mutations

arising from base deformation.

1.3.2.2 Nucleotide excision repair

In contrast to BER, nucleotide excision repair (NER) removes short damage-containing
oligonucleotide stretches of about 10 — 12 bases !°, and has been shown to serve as backup
system for the repair of single damaged bases such as thymine glycol and 8-oxoguanine 202!,
In bacteria, NER process depends on activities of four UV-resistant (Uvr) proteins — UvrABCD
22. The NER proteins can recognize and repair a wide range of DNA distortions including the
bulky UV-induced CPDs and 6-4PPs. Even though the proteins are not evolutionary related
across all domains of life, they share closely related strategies in their functional activity. The
activity of the UvrABCD proteins on DNA lesion consists of three major stages: (i) damage

recognition, (if) incision and release of excised oligomer, and (iii) gap filling and DNA ligation.



Detection of damaged DNA is achieved either by a concerted action of UvrA with UvrB, which
continuously scans the genome, or an actively transcribing RNAP, which serves as a global
sensor to transcribed strand. Once a lesion is detected, UvrA is released and the ATP-dependent
UvrB and UvrC performs dual incisions at specific locations both 5’ and 3’ to the lesion,
leading to excision of 10 — 12 nucleotide-long DNA oligomers in the damage region. These
proteins are collectively named after their physiological role — excision nucleases or
excinucleases 2. After excision, the excised short oligomer is displaced by UvrD (also referred
to as helicase II) creating a gap on the DNA double strand. Finally, the gap is filled by DNA
polymerase I, using the remaining complementary strand as a template, and finally the sealing
the newly synthesized strand by DNA ligase 2*2*. The NER process is divided into two sub-
pathways: (i) transcription-coupled repair (TC-NER), in which presence of DNA lesion is
sensed by RNAP and involves preferential repair of transcribed strands, and (ii) global genome
repair (GG-NER), in which DNA lesion is detected by the repair proteins, UvrAB, which

repairs damage in the non-transcribed strand/ genome 2%,

1.3.2.2.1 Transcription-coupled repair in Escherichia coli

RNAP is a global sensor for DNA lesions and during transcription can sense DNA
lesions on the transcribed DNA strand. RNAP can bypass DNA lesions on the non-transcribed
strand but becomes stalled at lesions on the transcribed strand, leading to preferential repair of
this strand. RNAP arrested on the transcribed strand results in the activation of the TCR sub-
pathway of NER by the transcription-repair coupling factors,TRCF 2" (Figure 1). Stalled
RNAP remains tightly bound to the template DNA strand and occludes the damage site ?’. The
repair coupling factors (such as Mfd, NusA, and UvrD) have been shown to play a major role
in rescuing the stalled RNAP 239, These factors mediate linking of transcription to repair by
displacing the RNAP from the lesion site, and then recruiting the UvrABCD repair machineries

to the exposed site, in a process known as transcription-coupled DNA repair (TCR) 312,

1.3.2.2.1.1 Mfd-dependent transcription-coupled repair

Mutation frequency decline (Mfd) protein was identified about three decades ago as an
very important TRCF in E. coli 3*. Mfd is a multidomain ATP-dependent translocase that binds
DNA upstream of the stalled RNAP, and also interacts with the 3 subunit of RNAP through its
RNAP interaction domain (Mfd-RID). Joo-Seop and Michael reported that Mfd displaces the
stalled RNAP by pushing it forward using energy from ATP hydrolysis, as it translocates along
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Figure 1. Three pathways of bacteria transcription-coupled repair (TCR). Transcribing elongation
complex is stalled upon encounter with DNA lesion (black star) in the template DNA strand. Three
transcription-repair coupling factors; Mfd, NusA and UvrD mediate the process. Mfd pushes RNAP
forward, releasing it from DNA, and then recruits UvrA. UvrD pushes RNAP backward, exposing the
lesion to Uvr proteins. NusA may stabilize a backtracked state induced by RNAP recognition of certain
lesions and recruit UvrA. Following recruitment of UvrB, the repair pathway follows the canonical
NER mechanism. Structural domains of Mfd, NusA, and UvrD are indicated by numbers. The figure
was adopted from Belogurov and Artsimovitch *.

the DNA strand 343, After pushing the RNAP away from the lesion, Mfd directly interacts with
UvrA which in turn recruits UvrB nuclease, thereby initiating Mfd-dependent TC-NER sub-
pathway 7. With the UvrAB in place, the repair process proceeds following the NER
pathway, as described above. Earlier studies have suggested that Mfd is the only TRCF that
mediates TC-NER in E. coli. However, a small but surprising effect was observed upon
exposure of bacterial cells that lack the mfd gene to UV radiation, indicating a possible
alternative TCR pathway ¥/8. Also, Mfd-mediated TCR failed for low transcribed genes, which
that usually depend on TCR. Studies on the role of Mfd in TCR shows that overexpression of
Mtd globally actually inhibits repair, supporting an earlier finding that Mfd is not induced upon



UV stress but is constitutively expressed, and that Mfd is not an abundant protein. Thus, recent
findings indicate that Mfd may be recruited by UvrA and that Mfd acts as a DNA “clearing”
factor owing to its role in removing the stalled RNAP from lesion site *°. This updated view
suggests that the role of Mfd in TCR is to displace the transcription complex that occludes

damage site.

1.3.2.2.1.2 NusA-dependent transcription-coupled repair

NusA is a 55 kDa-multidomain protein known as a transcription elongation factor, and is part
of TEC, in addition to NusG. NusA also associates with AN and Rho factors, which play a
crucial role in transcription antitermination and termination processes, respectively *'. NusA is
composed of six domains (Figure 2A) an amino-terminal domain (NTD), three central S1,
KHI1, KH2 domains (usually referred to as SKK subdomains) and two carboxy-terminal acidic
repeats (AR1 and AR2) domains “>. Through the NTD and AR2 domains, NusA regulates
the rates of transcription elongation via a NusA-AR2:aCTD-RNAP interaction 6 and induces

both intrinsic and p-dependent termination via a NusA-NTD interaction with the flap-tip helix
of RNAP in the vicinity of the RNA exit channel “#’. The central SKK subdomains bind
nascent RNA, and participate in the formation of intramolecular SKK:AR2 interdomain
complex which renders the SKK domains unavailable for RNA binding. This process is termed
autoinhibition -, Proteomics studies, as well as far-western blot studies reveal that NusA
makes direct contact with UvrA, one of the NER proteins. It has been proposed that NusA
operates independently on the TC-NER pathway and recruits UvrA to the damage site.
However, it appears to be deficient in RNAP-displacement activity. This observation has led
to speculation that NusA may need other accessory factors during NusA-mediated TCR or that
RNAP displacement is not required in this sub-pathway 3!52. There is increasing evidence that
NusA-mediated TC-NER requires other factors such as Mfd or UvrD, or both. Mfd has been
postulated to act as a DNA “clearing” factor, but details on this role, especially the requirement
for NusA, are lacking. On the other hand, UvrD has been shown to cooperate with NusA in
Mtd-independent TC-NER. This was supported by recent results from the Nudler lab, which
shows that NusA specifically interacts with UvrD helicase during TCR through its amino-
terminal domain 3-3*. The recovery rate of cells exposed to damaging agents reveal significant
differences in the rate of transcription in cells that lack one or more TRCF compared to wild-
type 3. This implies that different TRCFs cooperate with each other and the TC-NER sub-

pathways are simultaneously active.
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Figure 2: A) Schematic representation of the NusA domain architecture and the AlphaFold2 derived
structural model, which is in good agreement with a recent high-resolution EM-structure of NusA bound
to RNAP (PDB ID: 7PY3). B) Schematic representation of the UvrD domain architecture and the
AlphaFold2 derived structural model, which is in good agreement with a high-resolution X-Ray
structure of UvrD'-%*” (PDB: 3LFU) as well as a recent NMR structure of UvrD-CTD (PDB: 6YI2). C)
Schematic representation of the DinB domain architecture and the X-ray of E. coli DinB (PDB ID:

4Q45) determined in complex with damaged dsDNA and incoming deoxyribonucleotides.

to cooperate with NusA in Mfd-independent TC-NER. This was supported by recent result
from the Nudler lab, which shows that NusA specifically interacts with UvrD helicase during
TCR through its amino-terminal domain 4. The recovery rate of cells exposed to damaging
agents reveal significant difference in the rate of transcription in cells that lack one or more
TRCF compare to wild-type >°. That could imply that all the different TRCFs cooperate with

each other and the TC-NER sub-pathways are simultaneously active.



1.3.2.2.1.3 UvrD-dependent transcription-coupled repair

Evidence in E. coli points to the fact that UvrD is a bona fide transcription elongation
factor *3. Transcription elongation factors are known to be associated with transcribing RNAP,
forming a transcription elongation complex (TEC). Therefore, UvrD is proposed to be
constantly associated with RNAP during transcription. The UvrD helicase is a multidomain
protein (Figure 2B) that possess both ATP-dependent DNA translocase as well as helicase
activity. UvrD directly interacts with RNAP through its carboxy-terminal region -%. As a
DNA translocase in addition to the interaction with RNAP, UvrD slides along the DNA and
pushes the stalled elongation complex backwards, utilizing ATP hydrolysis. This backtracking
exposes the lesion site to the UvrABC repair machineries, which excise the distorted strands,
generating a damaged DNA fragment that is removed through the helicase activity of UvrD .
The final stages of gap filling and DNA ligation are accomplished as described earlier. The
effect of transcription factors such as GreA, GreB, Rho, and NusA, on the UvrD-mediated TCR
has been investigated by cell assays, which show a decline in damage sensitivity of uvrD* cells
devoid of greB, greA, and mfd >*. Gre A/B is known to assist in the stalled complex release by

Mfd 33, suggesting that both Mfd and UvrD may act simultaneously.

1.3.3 Translesion synthesis

DNA lesions in the non-transcribed strand may cause a gap in the transcribed strand, which
causes elongating transcription complexes to become arrested at the damage site. NusA, part
of these complexes, has been shown to recruit and directly interact with translesion DNA
polymerase IV (called DinB in bacteria), a Y-family polymerase, to mediate transcription-
coupled translesion synthesis (TC-TLS) *. This finding highlights NusA as a key DNA repair
factor — playing a role in both TC-NER and TC-TLS pathways. A crystal structure of DinB (40
kDa) in complex with damaged DNA template © shows a characteristic catalytic core-flexible
linker-extended domain (CC-FL-ED), a structural feature common among Y-family
polymerases (Figure 2B). The catalytic core exhibits a right-handed fold consisting of a Palm,
Fingers, and Thumb sub-domains. The Little Finger (LF) domain, (sometimes alternatively
called polymerase-associated domain (PAD) or C-terminal domain (CTD)) is connected to the
extended domain through the flexible linker ' (Figure 2C). DinB interacts with the template
DNA via the Thumb domain % and with the incoming deoxynucleotide (ANTPs) substrates via
Fingers domain . Apart from its role in TCR, the presence of DinB at the site of a stalled
replicative DNA polymerase was shown to be modulated by the B-clamp subunit of DNA

polymerase III as reported by Heltzel and colleagues (2012) ¢. Other protein interaction



partners involved in the DNA damage tolerance and thus the physiological role of DinB
include: UmuD, UmuD’, RecA, and the molecular chaperone GroEL 657,

Unrepaired DNA damage can have deleterious effects including incomplete transcription and/
or replication, which can result to pausing of the cell cycle or even cell death. Translesion
synthesis is part of the SOS-induced damage tolerance mechanism, explored by cells for
survival in the presence of DNA lesions %. The polymerase can bypass the lesion and
synthesize DNA, thereby filling the gap in the transcribed strand, in a process known as
translesion synthesis. Translesion DNA polymerase is a low fidelity and low processivity
replicative enzyme, which executes the gap repair at risk of mutagenesis, hence this process is

termed mutagenic repair %.



Chapter II: Methodology

In this section an overview of the methods used in this project are described in details.
As far back as 1838, scientists recognized proteins as a unique biomolecules capable of causing
physiological changes 7. From then, investigation on how proteins mediate their biological

functions continued to gain interest, which forms the foundation of this project.

2.1 Molecular gene cloning

DNA constructs were produced by standard PCR (polymerase chain reaction) cloning
methods or in some cases purchased from GenScript. Primers used for the PCR cloning were
either designed manually or using the QuickChange site-directed mutagenesis protocol 7'. Full-
length genes (nusA, dinB, and uvrD) were purchased from GenScript with an amino(IN)-
terminal hexa-Histidine (6xHis)-Thrombin tag. nusA and dinB plasmids were used as
templates to create short constructs of truncated genes, which have part(s) deleted as well as
full-length genes with point mutations. For cloning of SUMO-tagged nusA-variants (nusA-
CTD, nusA-NTD, nusAAAR2, nusAACTD, nusAANTD, and mutants) and dinB-PAD, the
6xHis-Thrombin tag of nusA and dinB were first, replaced with 6xHis-SUMO (small ubiquitin-
like modifier) tag using the megaprimer PCR technique 2. Subsequently, all the nusA-variants
as well as DinB-PAD were cloned as amino-terminally SUMO-fused genes using the newly
cloned full-length genes as template. The SUMO tag was used as it can: (i) help to enhance
solubility of expressed recombinant protein, and (ii) efficiently cleaved off by SUMO specific
proteases without leaving any additional residues to the target protein 7*7*. All PCR products
were treated with Dpnl restriction enzyme, which selectively digests methylated template DNA
plasmids at 5’-Gm6ATC sites, leaving newly amplified products intact. Dpnl does not digest
the non-methylated, newly amplified DNA product. Dpnl digestion is followed by heat
inactivation to stop the Dpnl activity. PCR products were transformed into highly efficient,
chemically competent XL-10 Gold cells which were then plated on Luria-Bertani (LB) agar.
Several colonies were then selected from the LB agar plate for plasmid extraction and

subsequently send for DNA sequencing.
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2.2 Protein expression

Plasmids with correct insert (gene of interest) were transformed into chemically
competent E. coli BL21(ADE3) cells to be used as expression system. Bacterial expression
systems are usually the first choice for recombinant protein expression due to wide vector
adaptability and inexpensive growth conditions. All the genes of interest were cloned into a
pET vector containing an inducible T7 RNA polymerase controlled by a set of T7lac regulatory
genes, namely: lac promoter, lac repressor (lacl), and operator (lacO). In the absence of lactose
or its non-metabolizable analogue, isopropyl-f-D-1-thiogalactopyranoside (IPTG), repressor
proteins are constantly produced and bound to the operator site. As the repressor protein
binding site, also called operator, overlaps with the T7 polymerase binding site, the promoter,
the repressor protein bound to the operator blocks promoter site. This results in no gene
transcription as the T7 polymerase cannot bind to the promoter. Protein expression is initiated
by the T7 RNA polymerase-mediated gene transcription, which is induced in the presence of
lactose or IPTG. Hydrolyzed lactose (allolactose) or IPTG binds to the repressor protein and
inhibits its interaction to the operator. T7 polymerase is then able to bind to the promoter and
initiates transcription >7.

All protein expressions were induced by the IPTG. Non-labeled protein was expressed
in cells cultivated in LB medium. Expression of isotope-labeled proteins was carried out in
either H,O- or 100 % (v/v) D,O-based 2xM9 minimal medium 77, supplemented with relevant
isotopes either (>’NH,)Cl for [U-'*N]-labeled protein or (**NH,)Cl and D-(**C)-glucose for
[U-1*C,5N]-labeled protein; or deuterated proteins with (SNH,)CI for [U-*H,'>N]-labeled
proteins or D-(*H, *C)-glucose for [U-’H,"*C,’N]-labeled proteins. Deuteration of proteins
(molecular weight (Mw)>20 kDa) greatly improves signal-to-noise of NMR signals by
decreasing the network of dipolar-coupled protons spin systems (also called spin diffusion
suppression). In protonated proteins, there is increased dipole-dipole relaxation, leading to
NMR signals broad linewidths. Deuteration reduces this effect, as deuterium has a much
smaller gyromagnetic ratio than a proton, leading to reduced dipole-dipole interaction, reduced
transverse relaxation, ultimately leading to smaller linewidths and a higher signal-to-noise
ratio. In addition, decreased transverse relaxation increases spectral resolution in constant-time
experiments, thereby reducing overlap of cross-peaks 8-#!. Specific methyl-group labeling of
Methionine, Alanine, Isoleucine, as well as proS '*CH group of leucine and valine (MAILV?"5)
residues was achieved by growing the cells in 100 % (v/v) D,O-based 2xM9 minimal medium

supplemented with 2 % (v/v) Bioexpress rich, ('’'NH,)CI, and D-(*H,*C)-glucose. Selectively
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protonated amino acid precursors: 2-Ketobutyric acid-4-'°C,3,3-d, sodium salt hydrate
(Isoleucine), DLAM-LVP©S-kit (2-(**C)-methyl-4-(Ds)-acetolactate (valine/leucine proS
methyl group only), [U-?H, '*CHj;] methionine, and 2-[?H], 3-[!*C] L-alanine, were added to the
cell culture 1 hour before induction. Bioexpress helps to suppress any unwanted scrambling to
other amino acids during biosynthesis of methionine and alanine. These precursors are easily
incorporated into their respective amino acid biosynthesis pathway in vivo, as there are similar
to the ones normally used by the cells to produce those amino acids. MALVIFS-labeled NMR
samples takes advantage of labeling only specific methyl groups to give less crowded and
strong signals in [BC-'H]-HMQC spectra. This provides useful information for probing

structure and dynamics of large proteins and supra-molecules (up to 1 MDa) 82-86.

2.3 Protein purification

All proteins were purified using fast protein liquid chromatography (FPLC, Akta) system
attached with chromatographic columns such as the immobilized metal ion affinity columns
(IMAC, commercially called HisTrap column), ion-exchange chromatography columns, and
size exclusion chromatography columns. Our target was to obtain highly pure and active
proteins, which are stable for long days experiments at 25 — 37 °C. To achieve this, I applied
three purification steps, based on the physico-chemical properties of the protein, to ensure that
nearly all contaminants are removed. The first purification step used to isolate target protein
from the crude cell lysate is IMAC. This strategy separates hexa-Histidine-tagged proteins from
contaminants in the lysate. The imidazole ring of histidine can coordinate with metal ion (either
Ni?* or Co?*) immobilized on the column resins ¥, resulting to binding of the His-tagged
proteins to the column. The bound proteins are eluted by competitive imidazole binding
strategy, using high imidazole concentration. Proteins that contain SUMO tag are further
treated with SUMO specific proteases, which cleaves off the tag leaving only the target protein
without any extra residues *’*. Second purification step is by ion-exchange chromatography,
which exploits net charge of the target protein. Ion-exchange chromatograph column is of two
types; anion (positively charged) and cation (negatively charged) exchangers. The choice of
the columns depends on the net charge of the target protein in a selected buffer, as the
immobilized charged group binds to oppositely charged proteins. Proteins have no net charge
at their isoelectric point (pI). However, they have net positive charge in buffer with pH lower
than their pI, and net negative charge in buffer with pH higher than their pI. The pI of our target

proteins ranges from 4 to 9, and most of our buffers has pH 7.0 — 8.0. Anion exchanger column
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was used for protein with pI<7.0 whilst cation exchanger column was used for protein with
pI>8.0. Target proteins bound on the ion-exchanger columns are eluted with high salt buffers.
The last purification step is size exclusion chromatography (SEC, also called gel-filtration
chromatography). This strategy separates proteins based on their molecular size and shape.
Gel-filtration chromatography can separate proteins with the same molecular size but different

three-dimensional structural shape due to denaturation %4,

2.4 Size exclusion chromatography multiangle light scattering

Size exclusion chromatography multi-angle light scattering (SEC-MALS) is used to
characterize the molar mass, overall shape, aggregation, oligomerization, interactions, and
purity of proteins and other macromolecules. SEC separates proteins by size based on partial
exclusion from the pores of the column’s stationary phase. But it is unable to accurately
estimate the molecular mass because the retention time is a function of both molecular mass
and hydrodynamic radius. The retention time is a function of the interaction between the protein
and the stationary phase °>-2. SEC-MALS is equipped with three detectors connected in series
namely: an Agilent multi-wavelength absorbance detector (absorbance at 280 nm and 254 nm),
a Wyatt miniDAWN TREOS multiangle light scattering (MALS) detector, and a Wyatt Optilab
rEX differential refractive index (dRI) detector (Figure 3). Coupling the SEC column in-line
with those detectors provides a more effective strategy for the accurate analysis of molecular
mass, oligomeric states, aggregations, binding interactions, and hydrodynamic radii of proteins
irrespective of the retention time because of the presence of the light scattering detectors that
analyze molecules based on the intensity of scattered light. Furthermore, a combination of
analytical SEC with the triple detectors ensures molar mass calculation at any point in the
elution chromatogram and characterization of each population in a heterogenous sample *-%.
In the course of this thesis, SEC-MALS was used to characterize molecular shape of different
NusA mutants in comparison with wild-type NusA and binding interactions of NusA-DinB as

well as NusA-UvrD.
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Figure 3. Schematic representation of size-exclusion chromatography multiangle light scattering (SEC-
MALS) system. The SEC-MALS equipment consist of a size exclusion chromatography column in-line
with three light detectors connected in series. SEC-MALS can provide information on molecular mass,
hydrodynamic radius, oligomeric state, aggregations and binding interactions. The figure was adopted

from Kwan et. al. *.

2.5 Bio-layer Interferometry

Binding interaction between biomolecules is a natural phenomenon underlying crucial
physiological processes such as DNA transcription and translation, cellular transport,
signaling, and enzymatic activity. Therefore, studying binding kinetics provides essential
information required to understand the mechanism of a particular process. A wide range of
analytical techniques are available for accurate measurement of biomolecular binding affinity
and kinetics, including: bio-layer interferometry (BLI), isothermal titration calorimetry (ITC),
Surface plasmon resonance (SPR), enzyme-linked immunosorbent assay (ELISA),
fluorescence resonance energy transfer (FRET), nuclear magnetic resonance (NMR)
spectroscopy, etc.

BLI (bio-layer interferometry) uses a label-free approach to provide fast, reliable, and
real-time quantification of biomolecular interactions. It uses the Octet® system technology
compatible with microplate format and Dip and Read biosensor tips to perform a high-
throughput binding study. As an optical instrument, BLI analyzes binding interactions by
measuring interference patterns between light waves. The biosensor tip is composed of two
optical interfaces: the internal reference layer and the biocompatible layer on the surface of the
tip. Target molecules binds to the biocompatible layer and cause increase in thickness of the

layer as more molecules bind. This results in a change in the effective distance between the
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two optical interfaces, thus shifting the interference pattern of the reflected light (Figure 4).
The change in the optical thickness upon binding interaction is observed as spectral shift on

the detector and reported as change in wavelength (nm) on sensorgram 7.
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Figure 4. The working principle of the bio-layer interferometry (BLI) technique. Starting from left is
the instrument, then the biosensor tip with zoom-in of the tip to show its biocompatible surface on which
biotin-tagged ligands are immobilized. The surface is made up of two layers: a layer of immobilized
molecules on the biosensor tip, and an internal reference layer. The last panel shows how change in
interference pattern defines binding (wavelength shift, A1), which is caused by change in the thickness

of biocompatible layer. The figure was adopted from Wallner et al., *®.

I used BLI to measure kinetics of the interactions identified to be involved in the NusA
autoinhibition as well as the NusA-DinB, NusA-UvrD, DinB-RNAP, and DinB-DNA

interactions.

2.6 NMR spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is an essential tool for studying
molecular motions, interactions, and structure determination. NMR spectroscopy was first
discovered in 1946 by Felix Bloch and Edward Purcell *1%, as a result, they were jointly
awarded the Nobel Prize in Physics 1952. Three decades later, two-dimensional (2D) NMR
was introduced by Richard Ernst and his colleagues leading to the concept of correlation NMR
experiments that involves two spins !°!. Ernst was awarded the Nobel Prize in Chemistry 1991
for this fundamental contribution. Furthermore, Kurt Wiithrich pioneered biomolecular NMR
by applying existing methods to achieve first protein structure determination by NMR
spectroscopy '°2. Wiithrichs work on NMR-based structure determination of biomolecules was
also recognized with the award of the Nobel Prize in Chemistry 2002. Wiithrich pioneered 3D

NMR spectroscopy to improve NMR tools for structure determination.
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Basically, NMR spectroscopy is a physical phenomenon in which a particle of the
nucleus with angular momentum, I, (also called nuclear spin) behaves as a magnetic dipole.
Each angular momentum has an associated quantum number, /, which is specific for each
nucleus. The total spin of a nucleus depends on the presence of unpaired protons and/or
neutrons and determines the nuclear spin quantum number, /. Atoms with even number of both
protons and neutrons, have / = 0, while atoms with odd number of both protons and neutrons,
have I # 0. Where either the number of protons is even and the number of neutrons is odd or
vice versa, I = . Nuclei with I # 0 and I = 1 are said to be NMR active.

The magnetic dipole moment of a nucleus is related to its angular momentum by the
relation:

p=vI
where 7 is the gyromagnetic ratio, a constant specific for each nucleus.
Nuclei spins with / = % have a magnetic moment along two directions, represented as m t2,
meaning ‘spin up’ and ‘spin down’. These nuclear magnetic spins interact with the external
magnetic field, which has its component along the z-axis, usually called B,. The difference
between energy levels with successive values of m is given by

AE =vhB,
Where 4 is the plank constant. From the relation, it can be observed that the higher the magnetic
field, the larger the energy difference between the two energy levels or states. In the absence
of an external magnetic field, the spins are equally populated along the state while in the
presence of external magnetic field more spins will be in the lower energy state, as described
by the Boltzmann distribution. The external field causes the nuclear spin to precess (or
resonate) at a frequency called the Larmor frequency. The Larmor frequency which nuclear
spins experience is proportional to the strength of the external field and is different for different
nuclei, e.g., 'H, 3C or '®N. The difference in the external field experienced by the different
nuclei is caused by shielding from electrons, with more shielded nuclei having lower chemical
shift. The electronic environment of a given nucleus defines its chemical shift and position of

its unique signal on NMR spectrum.

2.6.1 Protein-ligand interaction NMR studies
One of the applications of NMR spectroscopy is to extract information on molecular
interaction at the atomic level %1%, NMR is able to capture protein-ligand interactions within

binding affinities typically in the micro- to millimolar regime °5-17. Some of the NMR-based
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techniques used to study protein-ligand interactions includes: 1D-'H line broadening, chemical
shift perturbations among others.

Chemical shift perturbations (CSP) can occur due to the spatial proximity of aromatic
rings or due to the non-covalent interactions with ligands and solvent molecules. The perturbed
chemical shift of the protein can be assessed when ligand is titrated towards protein 08109,
Uniformly-labeled >N or *C rich protein is need to perform either N or *C, respectively,
heteronuclear single quantum correlation (HSQC) titration with unlabeled ligand, which can
either be another protein, nucleic acid, or any other molecule. The changes in chemical shift
during titration can be monitored by acquiring series of 2D ['H, PN]-HSQC spectra. Upon
binding, specific 'H-'>N cross peaks in the 2D spectra are displaced from their original position.
Using completed sequence-specific resonance assignment, the displaced cross peaks are
identified to belong to residues in the protein located in close proximity to the ligand binding
site, and are said to exhibit significant 'H->N CSP. In addition, CSP can also be observed due
to backbone conformational change or allosteric changes in the protein due to ligand binding
110 Protein-ligand interaction, P + L <> PL, is defined by the rate constants for the forward (k)
— complex formation and backward (k.¢) — complex dissociation reaction. In weak interactions/
fast exchange, k. value is higher than the chemical shift difference between the free and bound
protein, resulting to observed change in chemical shift of a single peak which represent average
of signals from free protein and complex. Intermediate exchange occurs when ko
approximately equal to the chemical shift difference, whilst in slow exchange k. is lower than
the chemical shift difference, and show signal from either free or ligand bound protein '

(Figure 5).

Fast exchange Slow exchange

& o

Intermediate exchange

H
Figure 5. The effect of exchange rate on peak shape in a 2D ['H-"N] HSQC spectrum '''. The peaks
were obtained from a series of titrations from free protein (black) to ligand-bound (brown). Peak
undergoing fast exchange show chemical shift change. While peaks undergoing intermediate and slow

exchange show intensity loss and intensity gain, respectively.
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2.6.2 Sequence-specific resonance assignment

The NMR technique for sequential assignment of proteins was initially developed by
Kurt Wiithrich and his co-workers 2. The starting point of resonance assignment is to acquire
2D ['H-PN]-HSQC using N uniformly labeled proteins, which provides chemical shift
correlation of the amide proton (HY) and directly connected amide nitrogen (**N) (Figure 6A)
113 Because each amino acid besides proline residue gives a single peak in the 'H-'SN HSQC
spectrum, this experiment is a fingerprint as the dispersion of resonances signals correlate with
folding properties. Next, triple resonance 3D experiments: HNCO, HNCA, HNCACB,
CBCA(CO)NH, and HN(CO)CA !“,are recorded with proteins that are uniformly labeled with
BC and PN so that, correlation peaks in the 'H-"N HSQC spectrum can be further resolved
according to the chemical shift of *C in the third dimension, thus, the peaks in the triple
resonance 3D spectrum gives a chemical shift correlation among 'H, 15N, and '3C. Assignment
of proteins in the range 25 — 100 kDa requires extra perdeuterated sample ''>. Perdeuteration is
important to reduce the relaxation rates. Another strategy developed for successful 3D
experiment acquisition is the transverse-relaxation optimized spectroscopy (TROSY) pulse

sequence 16
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Figure 6. A) The correlation of the amide proton and directly connected amide nitrogen. Each amino
acid residue contains a "N-""N bond, and thus gives a single peak in the 'H-'"N HSQC spectrum. B),
correlation of cross peak chemical shifts of 'H;, 1°Nj, and '*C; in its own residue and '* Ci_, in its preceding
residue. The figures were adopted from: en.wikipedia.org/wiki/Triple-resonance_nuclear_magnetic_

resonance_spectroscopy
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The triple resonance 3D experiments are the general assignment procedure for proteins !'4.
Since the nitrogen and carbon atoms (C*, C' and side chain carbons) are uniformly labeled with
5N and C, respectively, protons, carbons, and nitrogens are connected with each other via
spin-spin couplings. Their chemical shifts are obtained from the 3D experiments including:
HNCO HNCA, HNCACB, CBCA(CO)NH, HN(CO)CA 7118 to assign the backbone C%, CP,
C’ as well as HY and '*N from "H-'N HSQC !*°. In the same vain, side chain carbon and proton
resonances can be assigned using 2D [13C, 'H]-HSQC spectra with/without constant time (CT)
version, as well as 3D (H)CC(CO)NH, H(CC)(CO)NH, and HCCH-TOCSY-experiments 3.
The actual assignment process is performed by correlating cross peak chemical shifts of 'H;,
5N;, and *C% within its own residue and '*C¢%_; to its preceding residue as well as '3CF; and
BCP,_, for example using an HNCACB (Figure 6B). In an HNCA strip at the specific 'H and
BC chemical shift plane, two peaks corresponding to intra-residual ('H;, '°N;, *C%) and inter-
residual (*H;, N, 3C%_,) cross peaks are observed. In an HN(CO)CA, a single cross peak
corresponding to the chemical shift of 3C%_, is observed. In principle, the sequential
assignment of the main chain protons, nitrogens, and carbons is done by connecting the
chemical shifts of own residues to preceding residue, thereby building a growing sequence. In
most cases especially with intermediate and large proteins, the chemical shift dispersion is
small in C* chemical shifts so that it is generally difficult to align residues on the sequence
solely based on the chemical shifts of C*. As the chemical shift of CP is more disperse,

neighboring residues can be uniquely connected using the chemical shifts of both C* and CP

113

2.6.3 Solution NMR studies of large proteins

Improvements in the NMR methodologies such as development of the TROSY pulse
sequence, stable isotopes labeling schemes, and availability of NMR instruments operating at
higher magnetic fields have stretched the size limit of protein assemblies possible to be studied
by solution-state NMR to as high as 1 MDa !''*-122_ Incorporation of TROSY approach in both
amides ' and methyl groups >* NMR studies has significantly reduced the NMR signals fast
decay problem caused by slow tumbling !?*. Introduction of perdeuteration strategy to replace
all non-exchangeable protons by deuterons !> provided additional solution to slow molecular
tumbling as described in section 2.2. Furthermore, selective labeling of specific amino acid
side chains (aromatic and methyl groups) in a highly deuterated background provides an
excellent strategy for obtaining information even in the hydrophobic core of proteins as well

as at the interface of biomolecular complexes. Application of the selective labeling has yielded
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high sensitivity and resolution, specifically in combination with methyl-TROSY 25126, The
selective specific methyl group labeling scheme is currently available for all six methyl-bearing
amino acids such as Ala, Ile, Leu, Met, Thr, and Val %27 as well as aromatic ring labeling 2812,
in a highly efficient manner without scrambling. These amino acids represent about 40 % in
protein sequence and distributed randomly throughout the entire chain, thereby serving as a
reporter for all parts of the protein. NMR sequence-specific resonance assignment of large
proteins is usually achieved by assigning isolated individual domains. In a case where well-
dispersed resonances of isolated domains correspond with resonances of the full-length protein,
the assignment is directly transferable !*°. Structural characterization without the need of de
novo determination of large systems has become feasible especially if the structure is available
either by crystallographic or cryo-electron microscopy studies or through structure prediction
algorithm such as AlphaFold2. A combination of intramolecular NOEs, line broadening and
paramagnetic relaxation enhancement (PRE) also provides direct insight into structural and

dynamic information 31132,

2.6.4 NMR-based protein dynamics studies

Proteins are not rigid molecules, rather they have inherent ability to change their
conformations rapidly in solution in relation to their biological functions. Protein conformation
is usually described as the spatial arrangement of its constituent atoms, which determine the
overall shape of the macromolecule '*. Time-dependent change in the protein conformation is
called protein dynamics, which defines the timescale in which structural change occur and the
nature of the corresponding change in atomic coordinates. NMR is sensitive to local structure
and can capture dynamics over a wide timescale, from picoseconds to hours (Figure 7).
Experimental methods used to study protein dynamics and conformations are NMR
spectroscopy, cryo-electron microscopy, small-angle X-ray scattering, mass spectrometry,
atomic force microscopy and single-molecule fluorescence resonance energy transfer, etc.

NMR spectroscopy is a unique technique as it can capture time-dependent fluctuations
in structure at atomic resolution in solution state. Thus, it enables sophisticated protein
dynamics studies based on its ability to quantify dynamics (i) under equilibrium conditions
without external perturbations such as changes in pH, temperature or pressure, (ii) using many
probes simultaneously with atomic resolution, and (ii7) over a wide range of time scale, from
picoseconds to hours. The longitudinal (R,) and transverse (R,) relaxation rates of proton-bound

BC or N nuclei are sensitive to protein motions on either the pico- to nanosecond timescale
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for R, or the micro- to millisecond timescale for R,, as well as the associated heteronuclear
NOE:s (hetNOEs) reporting on the reorientation of the bond vector on fast timescale. Several
key parameters can be quantified via their relationship with the spectral density functions '3,
including the rigidity of the bond vector under investigation, which is expressed by the
generalized order parameter S?, the time scales of intra-molecular motions, expressed by the
correlation time t., the overall level of molecular tumbling, expressed by the rotational

correlation time T., and finally the contributions to chemical exchange, Re.
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Figure 7. Overview of the protein dynamics, timescale and available NMR methods for quantifying
atomic-resolution information for detection of motional events. Also, protein function affected at certain

timescale is indicated above. The figure was adopted from Kawale and Burmann '%°.
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Chapter III: RESULTS AND DISCUSSION

3.1 Probing dynamics of NusA autoinhibition (Paper I)

Isolated NusA exhibits self-regulatory autoinhibition property in solution, in which the
carboxy-terminally AR2 domain undergo intramolecular interdomain interaction with the
central SKK sub-domain, thereby hindering its activity *. Previous studies on this important
regulatory mechanism studied interactions between isolated individual domains *-°. In paper
I, I studied the conformational state of full-length NusA in solution and gained insight into its
inherent dynamical properties that form the basis of its autoinhibitory properties using mostly
advance solution-state NMR spectroscopy. By transferring available assignments of the sub-
domains, which were experimental confirmed with uniformly labeled [U-*H, *C, N] full-
length protein, I was able to obtain for the first time almost a complete sequence-specific
resonance assignment of full-length NusA.

To unravel the domain interplay within the NusA autoinhibited state, I performed NMR
titrations among the three main NusA sub-domains: the NTD, the SKK, and the CTD. In each
titration, unlabeled sub-domain was titrated against [U-3C, "'N]-labeled sub-domain. Figure 8
shows ['H,"*C]-NMR spectra of the labeled sub-domains with their titration partners. I could
observe signal intensity loss when CTD was titrated against [U-'*C, SN]-NTD and vice vera
(Figure 8A, C). Surprisingly, titration of SKK against [U-*C, PN]-CTD did not show any
significant change in either intensity or chemical shift (Figure 8D). In the commonly used
['H,'"N]-NMR spectra, only a few chemical shift changes were observed when [U-3C, SN]-
CTD was titrated with either SKK or NTD (Supplementary Figure 1). However, ['H,"*C]-
NMR spectra of [U-C, PN]-SKK in the presence of either CTD or NTD show significant
intensity loss (Figure 8A, C). In conclusion, the titration data and the plotting of the effects
onto the NusA structure revealed that the main interacting domains are the central o-helical
part of the NTD, the KHI domain as well as the AR2 domain (Figure 8G). This clearly
indicates an interaction between the NTD and the CTD.

Further characterization of the observed interactions by bio-layer interferometry (BLI)
yields a Kp value of 1.0 + 0.01 uM for CTD:SKK (Figure 8H) and a notably weaker Ky, of
142 + 94.5 uM for CTD:NTD (Figure 8I). These values clearly indicate that the CTD:SKK
interaction is likely the driving interaction for the closed state, whereas the CTD:NTD
interaction is considered rather transient and might contribute in a stabilizing role to the closed

autoinhibited form.
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Figure 8. A-F) 2D [“C,'H]-NMR spectra of NusA constructs in isolation and in the presence of
unlabeled NusA subdomains in NMR-buffer at 310 K. [U-*C,"N]-NusA-NTD in isolation and with
NusA-CTD (A) or NusA-SKK (B). [U-*C,'®N]-NusA-CTD in isolation and with NusA-NTD (C) or
NusA-SKK (D). [U-C,'®N]-NusA-SKK in isolation and with NusA-NTD (E) or NusA-CTD (F).
Methyl groups of NusA residues exhibiting line-broadening upon addition of NusA-CTD (yellow) or
NusA-NTD (red), indicated as spheres on the NusA structure (PDA-ID: 6FLQ). H, I) Biolayer
interferometry (BLI) analysis of NusA-SKK (H) and NusA-NTD (I) binding to biotinylated NusA-
CTD. Increasing analyte concentrations are indicated (red to yellow). Non-linear least square fits to the

experimental data are shown as black lines with dissociation constants, Kp.

Based on the findings here, which are in agreement with earlier report that the KH1
domain is involved in the autoinhibited closed state of NusA °. To disrupt the autoinhibition,
we created different combinations of point mutations on the identified residues residing within
the KH1 domain. The chromatogram of size-exclusion chromatography multiangle light
scattering experiment of all the mutants show that the mutant with four mutations is the most

“open” NusA, as it elutes earliest compare to others (See figure in the manuscript).
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Figure 9. Dynamics of full-length NusA and NusA°<* probed with backbone amide relaxation
measurements. A) Pico- to nanosecond dynamics shown on NusA-structure (PDB-ID: 6FLQ), with
backbone amide PN{'H}-NOE values indicated as colored spheres (green to blue gradient). B) "N{'H}-
NOE values for NusA (blue) and NusA°=" (light-blue). C) PN{'H}-NOE values for NusA®*, similarly
to panel (A). D) Longitudinal relaxation rates, R;, for NusA (blue) and NusA°r" (light-blue). E) Micro-
to millisecond dynamics shown on NusA-structure (PDB-ID: 7PY3), with Ryrip) values indicated as
colored spheres (yellow to red gradient). F) Transverse relaxation rates, Rrip), for NusA (blue) and

NusA" (light-blue). G) Rarip) rates for NusA°r" similarly to panel (E).

With both the NusA and NusA°*", we set to analyze their backbone and methyl side-
chain (not presented here) dynamics using standard NMR relaxation experiments 37138, Our
backbone dynamics data show that the N{!H}-NOE (hetNOE) and N longitudinal R,
relaxation rates report on fast timescale motions on the pico- to nanosecond timescale. We
estimated a stable hetNOE ratio profile, on average of 0.71 for NusA, and observed a sharp
decrease towards the carboxy-terminus, consistent with a stable protein with increased
flexibility at the carboxy-terminus, which is devoid of stable secondary structure elements
(Figure 9A, B). The overall picture was highly similar for NusAcren, which showed a slightly
enhanced average of 0.75 that could possibly indicate a minor modulation of the picosecond
movements in the open NusA state (Figure 9B, C). The R;-rates show averages of 1.38 s and

1.58 s, for NusA and NusA°", respectively (Figure 9D), indicating opposite trend on
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expected influence of pico- to nanosecond dynamics of the NusA states. We measured the "N
transverse relaxation rates R, as derived from the R, rates (Ryrio)), to explore the motions in
the micro- to millisecond timescale. The R, rates of NusA and NusA°r", report on motions
on the lower microsecond timescale (the used spin-lock radio frequency field of 2,000 Hz levels
out all exchange contribution (R.,) much slower than 80 us !*”) show a similar planar behavior
as observed for the dynamics on the fast timescale resulting in average values of 16.2 s! for
NusA and of 16.1 s for NusA%e, respectively (Figure 9E-G). Although the average values
are highly similar, closer inspection of the obtained Ry -rates showed a subtle modulation
of these ys motions in the B-strand preceding the linker helix between the NTD and the SKK-
domain for the open state as well as some reduction of the amplitude of motions within the
carboxyterminal AR2 domain. Although these data cannot be interpreted en detail at the
moment, these subtle modulations of the dynamics of different timescales clearly point to a

role of the inherent dynamics of NusA in the autoinhibition process.
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3.2 Investigating thumb domain input to the DinB function (Paper II)

Crystallographic studies of E. coli DinB reveals three domains: Thumb, Fingers, and
Palm, connected to an additional polymerase-associated domain (PAD) through an extended
flexible linker ®. In paper II, I aimed to unravel the inherent conformational changes
necessitating the translesion DNA repair activity of DinB with closer attention on the DNA-
binding Thumb region using advanced solution-state NMR spectroscopy and BLI. Due to the
size of DinB, 40 kDa, I applied divide-and-conquer approach to isolate individual Thumb
domain and PAD as well as DinBAPAD. Sequence-specific backbone assignment of [U-
BC,5N]-PAD yielded 100% and [U-'3C,°N]-Thumb yielded 84%. For [U-*H,*C,'*N]-
DinBAPAD, backbone resonance assignment was about 95 % completed. With the data of the
different constructs, we were able to transfer and validate the assignments of full-length DinB

reaching a final assignment completeness of ~95% for the backbone resonances.

Next, to address the conformational dynamics of DinB en detail, we evaluated the backbone
dynamics of DinB over a broad range of timescales by NMR relaxation measurements !37:138,
By measuring the steady-state heteronuclear "N{'H}-NOE (hetNOE) and the >N longitudinal
(R,) relaxation rates we probed the pico- to nanosecond motions of the H-N bonds. In these
type of experiments, high hetNOE values and small R, rates indicate rigid and stably folded
regions whereas the inverse, low hetNOE values as well as high R, rates, points to flexible and
unfolded segments. Consistent with the initial structural characterization, the hetNOE data
indicated that the folded parts of the Fingers, Palm and PAD are stably folded as evident by
high hetNOE values, whereas linker and loop regions are more flexible as indicated by low
hetNOE values (Figure 10A, B). Slight contrast was the observed behavior of the Thumb
domain which showed on average lower hetNOE values of 0.66 compared to the residues
comprising sheets and helices of the full-length protein resulting in an average value of 0.73,
which in general indicates a stable fold. Thus, the obtained values for the DinB in general are
within the theoretical maximum expected at 18.8 T (800 MHz 'H frequency) of 0.86 indicating
the presence of global fast motions within the whole domain in solution. These motions are
most pronounced within the Thumb domain as this region shows the lowest average values,
which might also stem from inherent dynamics as this domain also showed quite distinct
chemical shift changes between separated form and within the full-length protein as discussed
above. The obtained average R, rates for the folded segments of DinB could be determined to
be 0.36 s, in line with the magnitude of the obtained hetNOE values. We observe only a

marginal increase for the Thumb domain to 0.38 s' and a more notable one for
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to red gradient.
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the carboxy-terminal residues 342—-351 with 0.76, indicating the absence of secondary structure

elements in this residue stretch.

In the next step, we analyzed the contributions of motions in the micro- to millisecond
regime. To assess these slow timescale motions, we analyzed the >N transverse relaxation
rates. We measured the R,-rates derived from the R, rates (Ryr1p)), Which report on the motions
on the lower micro-second timescale, because under the used spin-lock radio frequency (RF)
field of 2,000 Hz all exchange contributions (R.x) much slower than 80 us would be leveled
out. In line with the previous analysis of the fast timescale motions, we observed a largely
planar profile for the folded segments with an average value of 29 s' compared to almost
identical 28 s for the Thumb domain (Figure 10C, D). Based on the R, rates as well as the
Ryrip) rates we next determined the rotational correlation time tc of the DinB with ~22 ns for
the structured region (Figure 10C), which is in line for a protein of 40 kDa. In summary, a
picture emerges where the highly flexible linker region connects a stably folded PAD to the
rest of the DinB protein, whereas the Thumb domain exhibits a large scale of fast timescale
motions on the pico- to nanosecond timescale, which could be either attributed to inherent

flexibility or the priming for interactions.

To obtain a more detailed picture of the underlying dynamics within DinB and
especially within its Thumb domain, I exploited the increased sensitivity of methyl groups to
get access to the side-chain dynamics of the DNA polymerase IV. I chose specific labelling of
isoleucine, alanine, and methionine, as well as stereo-specific labeling of valine and leucine
methyl groups as these are well dispersed among the whole DinB, proving specific probes
(Figure 11A). The exceptional quality of the obtained 2D [*C,'H]-NMR spectrum enabled us
to assign ~93% of all methyl groups of the MALVI”*5-DinB sample in a sequence specific
manner (Figure 11A).

Using this methyl-labelled sample we initially determined the product of the side-chain
order parameters and the correlation time of the overall molecular tumbling (S%,*tc), which
reports on the extend of the amplitude of motions on the fast NMR timescale '3%!%°. The
obtained values showed a maximum of ~23 ns, which is in good agreement with the determines
. for the protein backbone with 22 ns. The distribution of the different values also indicated
some inherent side-chain flexibility within the Fingers and Palm domains. Nevertheless, the
quality of the measured data prevented detailed quantitative analysis at the current state

providing only information for a sub-set of resonances.
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Figure 11. A) Distribution and assignment of isoleucine, alanine, methionine, leucine and valine methyl

groups using an [U-*H, Ile-0,-*CHj3, Leu-8,-'*CHs;, Val-y,-'3CHj3, Ala-'3CHj3, Met-'3CHj;] stereospecific
labelled DinB measured in NMR buffer at 298 K. * and # denote leucine residues in the overlapping
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focusing on the interdomain stabilization between Palm (yellow) and Thumb (orange). C) NOE
network, indicated by the black lines, stabilizing the Thumb on the Palm surface plotted on the DinB
structure (PDB-ID: 4Q45). The respective orientation relative to panel A is indicated. D) Flareplot
visualization of the complete methyl-methyl NOE network detected for the MALVIP*5-DinB
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obtained from the difference of R, at the lowest and highest CPMG frequency vepmc (E). Structural

view of the amplitude of the CPMG relaxation dispersion profiles AR at 18.8 T (F).
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The initial 2D ["*C,'H]-NMR spectrum of MALVI?*5-DinB had already shown some
indications of specific line-broadening, which can possibly be attributed to conformational
exchange processes. Therefore, we used to a multiple quantum (MQ) Carr-Purcell-Meiboom-
Gill (CPMG) relaxation dispersion experiment '*!'. We quantified the exchange-induced
broadening effects (depicted as AR,.¢) by measuring the difference in the relaxation rates at
two different CPMG fields (25 and 750 Hz). The obtained values indicated that the vast of the
methyl groups is not involved in chemical exchange processes as the values were close to zero
in agreement with a stable protein fold (Figure 11E, F). Nevertheless, within the core of the
Thumb domain in particular several residues experience large exchange rates or were even
exchange broadened, which is further prove of some structural flexibility within this domain,
which could possibly be attributed to movements of the different Thumb helices against each
other within the core of this domain. In addition, some residues core also showed enhanced

relaxation rates also pointing to a possible adaptation mechanism in this region.
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3.3 Characterizing the NusA:DinB interaction complex (Paper III)

With the knowledge of inherent dynamical properties of individual NusA and DinB
which modulate their respective biological functions. I set to further characterize the previously
reported direct interactions between the two proteins during transcription-coupled translesion
DNA synthesis (TC-TLS) %°. The NusA:DinB interaction was previously studied using DinB-
immobilized affinity column, far-Western blotting and filter peptide arrays and showed that
NusA directly interacts with DinB, and highlighted that the carboxy-terminally 263 amino
acids of NusA is mostly involved *. Due to limitations of the methods applied, which did not
involve full-length protein, it was suggested that the observed interaction might involve other
part(s) of NusA.

I had created two sub-constructs of NusA: NusA-CTD and NusAACTD as well as two
sub-constructs of DinB: DinB-PAD and DinBAPAD. After a series of experiments, which is
covered in detail in the accompanying manuscript, we identified NusA-CTD and DinB-PAD
as the minimal interaction interface. To further characterize this interface, initial NMR titration
studies reveal that the interaction between the two domains involves fast exchange binding, as
demonstrated by change in chemical shifts of both [U-'*N] NusA-CTD (Figure 12a) and [U-
5N] DinB-PAD (Figure 12c¢) upon contact with unlabeled DinB-PAD and NusA-CTD,
respectively. Chemical shift perturbations against residues number reveal most affected or
perturbed residues (with ACSP > 0.14). These residues are considered to be directly involved
in the interaction. In NusA-CTD, the most affected residues include the famous hydrophobic
W490 and F491 as well as N487, all located within the AR2 domain (Figure 12b, e). These
hydrophobic residues have been implicated in most NusA interactions that involve the C-
terminally AR2 domain #1414 Whilst the binding interface in DinB-PAD involves R238,
1239, R240, K241, S242, G244, 1274, V277, T299, H302, V303, W304, V336, and T337,
mostly localized in the concave surface of the domain (Figure 12d, f). Interestingly, the same
perturbed residues observed in the [U-'°N] NusA-CTD:DinB-PAD titration spectrum and
additional ones were affected upon titrating [U-"*N] NusA-CTD with unlabeled DinBAPAD
(Not shown here). Binding kinetic analysis of NusA-CTD:PAD-DinB complex yields a
dissociation constant (Kp) of 1.4 +0.04 uM (Figure 12h), which is within the uM — mM range

typical for weak transient interactions.
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Figure 12: a, NMR titration spectra overlay of [U-'>N] labeled NusA-CTD (dark blue) at 1.0 (blue),
2.0 (yellow), and 3.0 (green) molar equivalent of unlabeled DinB-PAD unlabeled DinB-PAD. b,
Overlay of 2D ['SN,'H]-NMR spectrum of [U-'°N] labeled DinB-PAD in the absence (red) and presence
of 1.0 (navy blue), 2.0 (yellow), 3.0 (green), and 4.0 (magenta) molar equivalent of unlabeled NusA-
CTD. The most perturbed resonances in both spectra are labeled with an arrow indicating direction of
the chemical shift. ¢—d, Plot of the NusA-CTD resonances chemical shift changes upon interaction
DinB-PAD (3.0 molar equivalent) against the residues number. d, Chemical shift changes of the DinB-
PAD resonances upon NusA-CTD (4.0 molar equivalent) binding plotted against the residues number.
e—f Residues undergoing stronger CSPs than twice the standard deviation are mapped in green (for
NusA-CTD) or magenta (for DinB-PAD) on the surface representation shown in two different
orientations. g, Size exclusion chromatography-coupled multiangle light scattering (SEC-MALS)
chromatogram of complex co-elution mixed at 1:1 equimolar concentration of the interacting domains.
The experiment was performed at room temperature. h, Binding kinetic analysis of the CTD:PAD
complex by Bio-layer interferometry. Serially diluted solutions of DinB-PAD (30, 15, 7.5, and 3.75
M) were titrated against biotinylated NusA-CTD at 30 °C.
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Structural Models representing the minimal as well as the intertwined complex

Based on the obtained chemical shift changes for the minimal complex formed between
the NusA-CTD and the DinB-PAD we used in the next step the HADDOCK 2.4 webserver
145.146 to generate a structural model of the interaction between the two domains. The output of
the HADDOCK calculation converged to a single cluster with a target energy function of
- 158.7 + 6.1 resulting in a buried surface are of ~200 A2 revealing the packing of the central
B-sheet of the DinB-PAD directly against the helix-turn-helix motif of the NusA-AR2 domain
(Figure 13a).

Encouraged by these promising results we also used the same approach to generate an
initial model of the complex formed by the full-length proteins. The output of the HADDOCK
calculation converged in this case to two clusters with a target energy function of -49 and -47,
respectively, indicating the presence of two distinct states, which are currently not as well
defined as the minimal complex as evident from the elevated HADDOCK score. Both clusters
yielded extended buried surface areas of ~630 A2 and ~580 A2, respectively, indicating the
contributions of additional domains of both binding partners in the complex formation.
Analyzing the differences of the two clusters indicated a subtle re-orientation of the catalytic
domain of DinB thus the two clusters might represent the engaging and the stably bound form
of the complex (Figure 13b). Although, the initial complexes indicates a stable complex
formation via discrete binding states, additional refinement against experimental data is
required to obtain a high-resolution structural model of the NusA:DinB complex.
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Figure 13: a, Structural model of the NusA-CTD:DinB-PAD complex based on rigid body docking
employing chemical shift perturbation data using the HADDOCK 2.4 webserver. b, Structural model
of the NusA:DinB complex based on rigid body docking as outlined under panel a. Two distinct clusters

could be obtained, possibly indicating the engagement as well as the stably bound complex.
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3.4 Characterizing the NusA:UvrD interaction (Paper IV)

To further explore the role of NusA in TCR, I investigated the recently discovered
interaction between NusA and UvrD revealed by cross-linking mass spectrometry . In this
paper, I employed NMR spectroscopy, bio-layer interferometry and size-exclusion
chromatography to further investigate the proposed NusA-NTD:UvrD interaction. The initial
NMR titration result confirms that NusA interacts with UvrD and the interaction is mediated
by the NusA-NTD (Figure 14A). Analyzing the signals attenuated in a residue specific manner
showed that NusA-NTD residues (Thr33-Lys38, S99, V100) with significant backbone amide
resonance intensity changes, in the presence of unlabeled UvrD, are mostly located on a-
helices (Figure 14B,C). Experimental evidence revealed that RNAP and AN binding region on
NusA-NTD are located at a groove forming a hydrophobic patch, which the RNAP binding at
the concave surface while AN binds directly opposite at convex surface 4. Both the BLI and
SEC-MALS data indicate that the sole NusA-NTD:UvrD interaction is rather transient
(estimated Kp =52.9 + 5 nM) and might be modulated by the interplay of other binding partners
of both NusA and UvrD as well as the access to the central domains of NusA.

The analysis of binding affinity with full-length NusA shows only a slight increase in
affinity for UvrD (Kp = 52 + 9.6 nM; Table 1), pointing a possible additional binding surface
on NusA which could contribute to stabilizing the interaction. Nevertheless, in this scenario, it
has to be taken into account that NusA undergoes an autoinhibitory intramolecular interdomain
interaction in solution '*¢, resulting to a “closed” conformation, thus likely initially preventing
direct interaction to the extended binding interface of the central S1, KH1, and KH2 domains.

To test the effect of the NusA autoinhibition phenomenon in NusA:UvrD interaction,
we created NusAANTD subconstruct (with deleted NTD region) and with a previously
generated NusA-mutant, which we could show in a previous study to be constitutively open
148 that harbors four point-mutations in the KH1 domain (Figure 15E) and was termed
NusA°r and subsequently repeated the binding assay. Our result for the NusAANTD:UvrD
complex provides a Kp, value of 4.59 +2.55 nM (Figure 15D), highlighting that the interaction
between NusA and UvrD is enhanced in the absence of NTD. Looking in more detail at the
details of the difference underlying this ~10-fold change in K, showed that the on-rate, k,,, was
almost unaffected with 2.4 * 10* M's! and 2.9 * 10* M's' for NusA and NusAANTD,
respectively. In contrast the two off-rates (ko) differ by one order of magnitude from 4.67 *
10* s! for NusA compared to  8.33 * 10 s°!, respectively, thus the reason for the lowered

dissociation constant.
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Figure 14: A) Overlay of 2D ['"N,'H]-NMR spectra of [U-'>N] NusA-NTD in the absence (cyan) and
after the addition of 0.2 equivalents of UvrD (dark-red) acquired in NMR-buffer at 298 K. B) The ratio
of the individual peak intensities in the presence of 0.2 equivalents of UvrD to the apo NusA-NTD as
well as the observed chemical shift perturbations plotted against the NusA-NTD residue number.
C) Intensity changes upon UvrD interaction were plotted on the NusA-NTD (PDB: 2KWP) structure
by the indicated color gradient. The amide moieties of the NusA-NTD construct are shown as spheres.
D) Highlighting (purple) the previously determined cross-link positions on NusA side of the
NusA:UvrD complex *. E) Bio-layer interferometry (BLI) data analysis of NusA-NTD binding to
UvrD. Analyte concentrations are indicated. Non-linear least square fits to the experimental data are
indicated by the black lines. F) SEC-MALS elution profiles of NusA-NTD (cyan), UvrD (dark-red),
and NusA-NTD:UvrD (yellow). The profiles were recorded on ~1 mg/ml protein in PBS (pH7.4) buffer

supplemented with 100 mM NaCl, 2 mM DTT, 1 Protease inhibitor tablet, at room temperature.

In agreement with the observation of a decreased off-rate, we also observed altered
elution properties on SEC-MALS chromatogram. Whereas UvrD and NusAANTD eluted at
separate peaks corresponding to roughly their expected molecular weights of ~77 kDa as well
as 56 kDa for NusAANTD, which is actually 30% larger than the actual molecular size of
40 kDa. This off-set can likely be attributed to the possibly extended, open form of this NusA
variant as both terminal domains, NTD as well as CTD, contribute to the closed, autoinhibited

form of NusA 8. In the NusAANTD:UvrD mix we observed a single peak in between the
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elution peaks of the individual proteins (Figure 15C) indicative of an altered elution behavior
of this particular complex on the chromatography column compared to the other NusA-variants
tested. The corresponding molecular mass of this peak is ~84 kDa, which is in line with the
partial formation of a NusAANTD:UvrD complex.

Using the NusA°r" mutant and UvrD, we performed binding kinetic experiment by BLI,
and determine a dissociation constant value of 2.74 £ 0.03 nM (Figure 15F). Comparing the
kinetic rates showed that the obtained on-rate for this variant with 6.7 * 10* M-'s'! is only
slightly smaller than for the isolated NusA-NTD, but higher than for the other two variants,
showing that the NTD binding determines the association. On the other hand, the obtained
dissociation rate of 9.79*10° s is in the same order of magnitude as for the NusAANTD-
variant with ~ 8.33 * 10 s'!. Thus, the enhanced complex formation of NusA°< to UvrD
compared to the wild-type NusA shows that the autoinhibitory feature modulates the

interaction between NusA and UvrD.

Table 1: BLI-derived kinetic parameters of the interaction of UvrD with different biotinylated NusA-

variants alongside the obtained quality parameters of the non-linear least square fitting.

NusA-NTD NusA NusAANTD NusAceer
Kp[nM] 529+5 520 £ 10 4.59 +2.44 274+03
Fon [1/Mis] 8.07 * 10 3.4 10* 29 10* 6.7 * 10*
kot [1/5] 1.87 * 10 4.67 %10 833 * 10 9.79 * 10’
22 0.031 0.050 0.100 0.089
R? 0.9902 0.9917 0.9941 0.98228

36



A S1 @EKEIED KH2 _ AR1 AR2 B
+
1A GBS 1A GR2AND 28 C0ED

105 4 [U-"SN]-NusAANTD 2
+ 0.2 equiv. UvrD
° L]
110 4 ‘e A
ORI g o L
. L
5, ("N) |, S
ppm] | - S A K A
o L iyt
120 A SR
& ..' v "(“'0-.0
- .. .';o ,,k:. ._.'
125 4 A AN o '
o0 e .
. . ot
130 1 ! e
. d . .
10 9 8 7 o
8, ("H) [ppm]
c D Biotin S1  @EKHID KH2  AR1 AR2
+
10 200 1A QBN 1A” GR2ATD 2B 0D
NusAANTD 0.357 120 nM K,=3.97+0.3nM
UvrD = 80 nM
€ 0304 6onl
8 -150 = £
< a £ 0254
9 =, G
= 0.20
Nos L100 3 S
g v £ 2 0154
£ 5 9
z N\ 50 © T 0101
=
\ = 0.05
0+—— T : 0 v r r :
14 15 16 17 0 500 1000 1500 2000
Elution volume [ml] Time [s]
\ e
E GIn260GIlu /ﬁer263GIy F Blotin = S GEKEED KH2 ARi AR2
Val252Asp 7 < +
Gly249Ala X 1A GBS 1A" (N2AD 28 0GR
0259 120 nm K,=2.74£0.3nM

60 nM
30 nM

o

i

=}
1

o
-
o

o

o

o
1

=4

=}

a
i

Wavelenght shift [nm]

o

0 500 1000 1500 2000
Time [s]

Figure 15: A) Overlay of 2D ['*N,'H]-NMR spectra of [U->H,">N] NusAANTD in the absence (blue)
and after the addition of 0.2 equivalents of UvrD (dark red) acquired in NMR-buffer at 298 K. B)
Intensity losses upon UvrD interaction were plotted on the NusAANTD structural model by the
indicated color gradient. The amide moieties of the NusAANTD construct are shown as spheres. C)
SEC-MALS elution profiles of NusAANTD (cyan), UvrD (dark-red), and NusAANTD:UvrD (yellow).
The profiles were recorded on ~1 mg/ml protein in NMR buffer at room temperature. D) BLI data
analysis of NusAANTD binding to UvrD. Analyte concentrations are indicated. Non-linear least square
fits to the experimental data are indicated by the black lines. E) Position of the point mutations used in

a previous study depicted by magenta spheres '#5. The four mutations Gly249Ala, Val252Asp,
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Chapter IV: CONCLUDING REMARK AND FUTURE PERSPECTIVES

The year 2015 was named “The year of DNA repair” as it marked the recognition of
DNA repair research following the award of the Nobel Prize in Chemistry 2015 to Tomas
Lindahl, Paul Modrich, and Aziz Sancar for their pioneering studies in unraveling the
molecular mechanism underlying cellular DNA repair. DNA damaging agents of either
environmental or endogenous origin constantly threaten the stability and integrity of cellular
genome across all domains of life. In this thesis, I studied, in detail, the structural basis of
transcription-coupled repair (TCR), a process used by bacteria to overcome the lethal effect of
DNA damage.

DNA repair pathways are highly regulated processes, and involve the recruitment of
repair proteins to the lesion site within DNA strands. In bacteria, DNA lesions in the template
strand stall progression of transcribing RNA polymerase (RNAP), which is modulated by a
cascade of transcription elongation factors. One of these modulating factors, NusA, exhibits a
self-regulated autoinhibitory phenomenon, in which the carboxy-terminally AR2 domain forms
intramolecular interdomain interactions with the central SKK sub-domain, thereby hindering
its activity 1. In paper I, I completed both backbone and methyl groups resonance assignments
of full-length NusA, which confirmed that the isolated wild-type protein is in the closed state
in solution. In order to elucidate the dynamics of this state, I designed and produced an open
NusA variant (called NusAcrer), harboring four mutations in the KH1 domain. I used advanced
high-resolution solution-state NMR spectroscopy and SEC-MALS to confirms that NusA°rn is
in a different state to the wildtype NusA. I discovered for the first time that the flexible NusA-
NTD plays supportive role in the autoinhibition by binding directly to the carboxy-terminal
AR domains of NusA. I also investigated NusA dynamics and observed the complete absence
of exchange processes on the ys—ms timescale, which points to a low population of the open
state in solution. So far, the side-chain order parameter data already clearly shows that in the
open state of NusA, the three main parts NTD, SKK, and CTD behaves as beads-on-a-chain
with rigid body movement. The newly discovered role of NusA-NTD in NusA autoinhibition
provides a clear direction for future structural model of free NusA in solution. The “open”
NusA variant used in this study was created with multiple mutations on residues identified to
be directly involved in the SKK:AR?2 interaction, going forward we recommend a comparative
study with an “open” variant formed by interaction complex with any NusA activators.

Active NusA, usually in complex with transcribing RNAP, mediates recruitment of

translesion DNA polymerase IV (DinB). In paper II, I was able to complete ~95 % sequence-
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specific resonance assignment of DinB for the first time, and thus elucidate the structural
dynamics governing its DNA substrate accommodation in the active site. Using protein
backbone relaxation in addition to CPMG relaxation dispersion experiments of side-chain
methyl groups, I showed that the DNA-binding Thumb domain is structurally flexible, a crucial
property for accommodation of bulky DNA lesions. Furthermore, binding kinetic data show
that the main interaction surface for dSDNA substrate resides within the catalytic core region
whilst the extended polymerase-associated domain (PAD) provides additional support to hold
the substrate in place. I also showed for the first time that the stalled RNAP makes contact with
DinB, and that the contact surface is within the catalytic core region. The catalytic core region
consists of three domains, therefore further work is required to map the binding interface on
both DinB and RNAP core.

The central aim of this thesis is to characterize the role of NusA in DNA repair in more
details but it is necessary to understand the intrinsic solution properties of individual proteins
NusA and DinB. With this initial aim achieved, I went further in paper III, to produce a
detailed characterization of the interaction of these proteins in TC-TLS. This interaction had
been proposed based on earlier observations using far-wester blots, but was lacking in
structural details 3°. Using NMR titrations together with bio-layer interferometry (BLI) kinetic
data, I confirmed NusA:DinB complex formation and map the interaction surface which is
located at the carboxy-terminal end of both proteins. We observed that the autoinhibition of
NusA reduces its affinity towards DinB. On the other hand, DinB affinity towards NusA further
stabilizes in the presence of additional DinB domains. I propose that the NusA-CTD must first
dissociate from the stalled RNAP order to recruit DinB. My data also suggests that after this
initial contact an intertwined NusA-DinB is formed, which requires additional domains to
forms stable complex. The exact role of the large RNAP-NusA-DinB complex in the context
of a stalled transcription elongation complex remains to be elucidated in the future.

Lastly in paper IV, I investigated another recently reported role of NusA in DNA
repair, which involves the UvrD helicase 4. I confirmed that NusA interacts with UvrD, and
that the interaction is mediated by NusA-NTD. I identified an additional binding interface
within the central NusA S1-KH1-KH2 region, which is required to stabilize the interaction.
This region is known to be involved in the NusA autoinhibition %148, T observed reduced
affinity of full-length NusA towards UvrD. Binding kinetic data showed that point mutations
on the KH1 domain, which resulted in creation “open” NusA variant, enhances NusA affinity

towards UvrD. Thus, my data provided novel insight into the interaction of NusA and UvrD,
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which will be an important foundation for future studies of the interplay of NusA and UvrD in
the coming years.

Altogether, this thesis shows that even though the basic principles and mechanisms of
DNA repair are now characterized, and the basic mechanism are already textbook knowledge,
there are still many open questions regarding the interplay of different proteins and
machineries. Therefore, I strongly believe that my work on NusA and its partners in DNA
repair has contributed in understanding the mechanism of this crucial processes. The work
presented here highlights the future possibilities to apply different structural and biophysical

methods to unravel yet uncharacterized biological mechanisms at an unprecedented level.
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