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Abstract

DNA is subjected to many forces within cells. In prokaryotes, those range from the
supercoiling of the DNA to the impact of macromolecular complexes like the
replisome. Lesions on DNA induce changes in DNA structure and/or flexibility.
Some of those are recognized and repaired by Nucleotide Excision Repair (NER).
NER is a DNA damage repair pathway composed of a few proteins but can
recognize and process a plethora of lesion types. It has been proposed that NER
recognizes local changes in the structure or flexibility of the DNA at lesion sites.
This thesis aims to assess the effect of structural modifications of the DNA on the
ability of NER proteins to recognize the damage, as well as assess the effect of
newly found inhibitors on the binding of a NER protein. By using optical traps, we
were able to alter the tension applied to a single molecule of double-stranded DNA
and assess how DNA distortion affects the kinetics of NER proteins at the single-
molecule level. Those changes in the tension altered the binding of fluorescently
tagged UvrA and UvrB, the first two responders to damage in NER. The more
tension applied to the DNA strand, the faster the attachment and the longer the
lifetime of UvrA on the DNA. Similarly, UvrB is recruited more often by UvrA when
the tension is increased. This sheds light, for the first time, on how these proteins
recognise DNA damage, suggesting these proteins recognize changes in the
structure of the DNA in a systemic manner instead of specific alterations for each
lesion type. Furthermore, we assessed the effect of various NER inhibitors on the
binding of UvrA to the DNA and highlighted potential modes of action. Aprotinin
increased the affinity of UvrA to the DNA, while ATBC, Bemcentinib, L-Thyroxine
and Dienestrol decreased the affinity of UvrA to the DNA. Interestingly, Dienestrol
seems to have a dual mode of action by binding to the UvrA molecule and reducing
its affinity for the DNA, as well as binding to the DNA molecule, hindering UvrA
binding. Prokaryotic NER inhibitors are of great interest as they could be used as a
novel family of antimicrobials and potentially be exploited in cancer therapy in
combination with DNA-damaging agents to inhibit the growth of bacterial
infections. The discovery of novel antimicrobials is of the foremost importance as
antimicrobial resistance is rapidly spreading. With most antibiotics targeting the
ribosome, a third aim of this thesis was to deepen the understanding of one
understudied aspect of translation which is the impact of near-cognate tRNA in
the elongation step of the translation. In this thesis | outline a series of
experiments that allowed us to stall ribosomes at a specific codon, the first step
to assess codon/near-cognate tRNA interactions.
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Chapter I: Introduction
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1.1 DNA integrity needs to be maintained

DNA is the epicentre of genetic information and its integrity is essential for cell
fitness. However, DNA is constantly under attack by a myriad of DNA-damaging
agents from a multitude of sources. For example, DNA is particularly sensitive to
the exposure to high-energy electromagnetic waves such as UV-light, X-rays and
gamma rays, which have severe effects on the DNA ranging from the creation of
bulky adducts to double-strand breaks (1,2). An excess of DNA damage is
detrimental to the cell and can lead to cell death (3). Thankfully, several repair
pathways have evolved to be able to deal with most forms of damage. However,
no pathway is 100 percent efficient, therefore, some DNA damage will remain
undetected leading to changes in the sequence of the DNA (4). Such changes can
be detrimental in various ways. First, a large number of mutations are toxic for the
cell (5). Second, mutations of genes can induce big changes in the phenotype of
the organism. In humans, a wide variety of diseases originate from DNA damage
or faults done by the DNA damage repair machineries. Those includes mutations
in somatic cells that can lead to cancer, and mutations in gametic cells that can
affect the progeny and lead to genetic diseases. For example, cystic fibrosis is
caused by mutations within the CFTR gene (6). This gene is responsible for the
expression of an ion channel that expels chloride within the airways, which in turn
attracts water which allows for cilia to expulse both mucus and germs within(7).
Defects in the CFTR protein leads to difficulty in breathing because of the lack of
expulsion of mucus, and a susceptibility to lung infections. Many mutations of the
CFTR gene are responsible for this phenotype, the most common one being a
deletion of the F508 which causes the protein to fold incorrectly (8). Interestingly,
mutations within DNA damage repair pathways genes often have drastic effects.
It is the case for mutations of Nucleotide Excision Repair (NER) proteins which can
lead to xeroderma pigmentosum. By disturbing NER, it renders individuals much
more sensitive to UV light and is linked to a high likelihood of developing skin

cancer at a young age (9).
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However, the incorporation of novel mutations into an organism’s genome can
sometimes be beneficial. Indeed, mutations are at the heart of the evolution
process and can result in phenotypes that are sometimes valuable to respond to
changes in the environment. In higher eukaryotes, mutations affect evolution if
they happen within gametic cells while mutations that occur within somatic cells
affect the individual (10). In prokaryotes, all mutations can be carried over to the
progeny. Fine-tuning is however required as too much DNA damage will lead to
cell death, and too few mutations at a population level will make colonies less
efficient at adapting to their environment (11). This fine-tuning is done at several
levels with on one side the spontaneous mistakes made by the replicative
machinery and on the other side, the efficiency of the DNA damage repair
pathways to repair DNA lesions before they get processed by the replication
machinery. DNA damage repair pathways therefore play a central role in the

maintenance of genome integrity.

1.2 Nucleotide Excision Repair

1.2.1 Simple layout

Several DNA damage repair pathways are present in prokaryotes. One of them,
Nucleotide Excision Repair is involved in repairing a wide variety of lesion types. In
prokaryotes, Nucleotide Excision Repair (NER) involves only a few proteins.
Despite its apparent simplicity, it is far from understood. The general mechanisms
illustrated in Figure 1 start with UvrA binding to damaged DNA with a stronger
binding affinity than undamaged DNA (12). UvrA functions as a dimer that will then
recruit UvrB to the lesion (13,14). UvrA either binds to DNA as a homodimer or is
already complexed with UvrB in an A2B or A;B; complex (15-17). Transfer of the
lesion to UvrB is thought to occur as a result of hydrolysis of UvrA’s bound ATP
which in turn will dissociate from the DNA (18,19). Subsequently, UvrC is recruited
to the lesion site and immobilized UvrB and will nick the damaged strand, first 5
bases in 3’ then 7 or 8 bases in 5° of the lesion (20). The helicase UvrD in
combination with DNA polymerase | will stimulate the displacement of both UvrB
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and UvrC as well as the damaged nicked strand (21,22). It is unclear if UvrB and
UvrC are removed at the same time or sequentially. Then DNA polymerase | will
synthesize a new strand using the undamaged strand as a template. Finally, a

ligase ligates the newly synthesized strand (23).
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Figure 1: Schematics of Nucleotide Excision Repair in prokaryotes. Adapted from (24). I:
UV damages DNA. UV lesion is represented as a red star. Il: UvrAzB2 locates and binds to DNA on
the damage site. lll: UvrB verifies the damage which leads one UvrB and two UvrA to leave the
DNA. IV: UvrC is recruited by UvrB and will excise both 5" and 3’ of the lesion. V: UvrD is recruited
which will kick out both UvrB and UvrC as well as the damaged oligo thanks to its helicase activity.
It is unclear if UvrB and UvrC are removed together or sequentially. VI: Pol | resynthesis the nicked

DNA strand and a ligase will remove the nick.

1.2.2 DNA damage recognized by NER.

The NER proteins UvrA, UvrB, and UvrC got their name from their ability to
recognize and repair UV lesions. Such lesions are caused by UV rays. UV rays are
classified into three categories. UVA ranges between 320 nm and 400 nm. UVB
range from 280 nm to 320 nm and UVC ranges from 200 nm to 280 nm. The ozone

layer in the atmosphere absorbs most UVB and all UVC from reaching living
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organisms. However, most UVA still passes through the ozone layer (25). UVB and
UVC are absorbed by DNA and result in Cyclobutane Pyrimidine Dimers (CPDs) and
6-4 pyrimidine-pyrimidone photoproducts (6-4PP; structures shown in Figure 2).
Following exposure to sunlight, CPDs represent 70 to 80 percent of the lesions
while 6-4PP represents 20 to 30 percent of the lesions (26). UVA and UVB induce
oxidative DNA damage (8-oxoguanine) (1,25,27). However 8-oxoguanine damage
is repaired by Base Excision Repair (BER) (28). Even though NER is well known to
repair UV damage, it is also responsible for repairing a plethora of lesions.
Amongst those are cis-platinum adducts caused by cisplatin treatments, protein-

DNA crosslinks etc.
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Figure 2: Typical lesions recognized by NER. UV can damage DNA in various ways. The two
most common lesions are A: CPD and B: 6-4PP. Both lesions are recognized and repaired by NER,
and so are the lesions produced by C: cisplatin where each cisplatin binds covalently to DNA. dR
stands for 2-desoxyribose. Cisplatin can form that kind of adduct within the same strand (intra-

strand crosslink) or with the opposing strand (inter-strand crosslink) (29). (Inspired by (30))
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1.2.3 Structure and function of UvrA

UvrA is the first protein involved in NER in prokaryotes and binds as a dimer to
DNA with an UvrA-DNA dissociation constant of 10 nM for UV damaged DNA, with
the binding being 1000 to 10000-fold weaker for undamaged DNA (14). However,
those values are debated as it was also shown that this difference was of only 6-
fold using fluorescein damaged DNA (31). UvrA has the same ATP binding cassette
as the ABC transporter superfamily which mostly contains transmembrane
transporter proteins (32,33). UvrA has two of those nucleotide-binding cassettes,
namely NBDI (Nucleotide Binding Domain |) and NBDII (Nucleotide Binding Domain
II). NBDI contains the ATP binding domain | (in red in Figure 3), the signature
domain I (in green in Figure 3), the UvrB binding domain (in pink in Figure 3) and
the insertion domain (in yellow in Figure 3). The last two are unique to UvrA when
compared with other proteins of the ABC transporter superfamily. NBDIl contains
the ATP binding domain Il (in orange in Figure 3) and the signature domain Il (in
blue in Figure 3). Both ATP binding domains are homologous through the ABC
transporter superfamily ATP binding domains and contain Walker A and Walker B
motifs, a Q-loop, a D-loop, and an H-loop (34,35). Most ABC proteins require two
nucleotide-binding domains for their functions and obtain those by either acting
as dimers with each protein possessing one NBD or as monomers with two NBDs.
UvrA is unique since each monomer possesses two NBDs and still functions as a

dimer, making for the presence of four NBDs per dimer (34,36).

ATP binding domain | will be called the proximal ATPase site throughout this thesis
while the ATP binding domain Il will be called the distal ATPase site (37). The Q-
loop of the ATP binding domains has been suggested to be responsible for
conformational changes when ATP binds (35,38). The UvrB binding domain is
essential for the interaction with UvrB (36,39) while the insertion domain is

involved in DNA binding (40).

DNA binds to the ventral part of the UvrA dimer (which is concave), with multiple

points of interactions in the insertion domain, the zinc bindings, the signature
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domain | and the signature domain Il (37,39,40). The latter is of greater
importance. Indeed, when Lys680 and Arg691, two positively charged amino acids,
both of them predicted to be important for DNA binding, are mutated to alanine,
a 37-fold decrease in UvrA’s ability to bind to DNA was observed (41).
Interestingly, it only had a minor impact on DNA damage recognition by the
UvrA;B, complex (41). Those two amino acids are located within the signature

domain Il.

UvrA has 3 Zinc fingers that play a role in DNA binding. Initially, only 2 zinc fingers
were expected from sequence analysis (34), but the crystal structure of Bacillus
stearothermophilus’s UvrA dimer has shown the presence of 3 zinc fingers (36)
which are believed to play an important structural role (42-44). The first zinc is
located between the signature domain | and the UvrB binding domain. The second
Zinc is located between the signature domain | and the insertion domain. Finally,
the third Zinc is located between the signature domain Il and the dimer interface.
This last one is essential for UvrA’s ability to differentiate damaged from non-
damaged DNA (42) and is namely the C-terminal Zinc-finger. Interestingly, this Zinc
finger changes location depending on the conditions, with the two of them
adopting a close conformation when bound to ADP or an open conformation when

bound to DNA (31,45).

Upon binding of UvrA to DNA, the insertion domain forms a clamp around the DNA
stabilizing the UvrA on the DNA. This movement will push the DNA in contact with
other surface regions. In this position, the two zinc-fingers are connected through
phenylalanines, positioning the zinc-finger alpha helixes in a way that prevents the
hydrolysis on the proximal ATPase site. Once in contact with DNA damage,
rearrangement of the DNA binding regions occurs, moving the Zinc fingers and
disrupting the phenylalanines. This moves the alpha helixes which in turn, allows

for hydrolysis of the ATP (43,45).

Both ATPase domains were shown to be able to independently hydrolyse ATP on
their own when the protein was split in half by inserting a collagenase recognition
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sequence in between those domains (46). Interestingly, in a dimer, the proximal
ATPase sites of one protomer are in close proximity to the distal ATPase sites of
the other protomer (36). It is an intricate system where hydrolysis of the proximal
and distal ATPs is possible with a lot of intermediates depending on the presence
or absence of DNA or damaged DNA (47). ATPase rates and lifetimes of UvrA were
correlated and it was shown that the ATPase rate of UvrA didn’t vary when using
undamaged or damaged DNA. However, the lifetime of UvrA tripled in the
presence of damage. It was proposed that in the absence of damage, ATP
hydrolysis induces UvrA to leave while in the presence of damage, ATP hydrolysis
activates the other ATPase. This reconciles the difference in lifetime observed with
the lack of difference in ATPase activity in the presence of damage and is indicative
of negative cooperativity (48). It was also proposed that proper ATPase activity of

those ATPase sites is a requirement for the recruitment of UvrB (49).

It was shown that there is an asymmetric allosteric effect upon binding of native
DNA where the proximal site undergoes significant change and the distal site less
so. However, upon binding to damaged DNA, both the proximal and the distal sites
undergo significant and distinct changes in their ATPase mechanisms. It is
proposed that UvrA binds to damaged DNA by keeping an ATP in the proximal site
while having turnover of ATP hydrolysis at the distal site with both of them

allowing for the recruitment of UvrB to the lesion (13,47).

It was shown by mutating the ATPase sites that recruitment of UvrB was reduced
when the proximal ATPase site was mutated and further reduced when the distal
ATPase site was mutated (50). Through an in vitro FRET experiment, it was shown
that the mutation on the distal ATPase site allowed loading of UvrB to the lesion
with a slightly slower rate while the mutation on the proximal site or the double
mutant was shown to still be able to load UvrB to the lesion, but at a much smaller

rate (51).
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Figure 3: Structure of Bacillus stearothermophilus’s UvrA dimer (2R6F) (36). One
monomer is shown in cartoon on the left side of the picture while the other monomer is shown with
its surface. Proximal and distal ATPase domains are coloured in red and orange respectively.
Signature domain I is coloured in green while signature domain Il is shown in blue. The UvrB
binding domain is shown in pink, and the insertion domain is shown in yellow. Teal ovals are
highlighting ATP molecules bound to ATPase cassettes. Black circles highlight zinc within zinc

fingers. The structure was generated using Pymol.

1.2.4 Structure and functions of UvrB.

UvrB is a DNA helicase part of the helicase Il superfamily. UvrAB complexes have
a 5’ to 3’ helicase activity. That activity is inhibited by UV photoproducts (52). UvrB
is constituted of domain 1a (in green in Figure 4), domain 1b (in red in Figure 4),

domain 2 (in yellow in Figure 4), domain 3 (in cyan in Figure 4) and domain 4 (not
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shown in Figure 4) as well as a beta-hairpin (in magenta in Figure 4). The beta-
hairpin bridges the gap between domain 1a and domain 1b (53). The 115-250
residues located after show homology with the transcription repair coupling factor
(TRCF). TRCF was shown to be able to recruit UvrA to DNA, therefore the UvrB
residues that share homology with TRCF were put forward as being the region
where UvrA binds (54). UvrB’s ATP binding site is located in-between domains la
and 3 which are both structurally related to helicases (53). UvrB’s ATP hydrolysis
is a requirement for the creation of the pre-incision complex but isn’t for binding
to UvrA or for the binding of UvrA,B, to undamaged DNA (15,51,55). Furthermore,
it was shown that domain 4 of UvrB was acting as an auto-inhibition domain where
it’s truncation led to an increase of ATPase activity and UvrA-independent
damage-specific incision with an UvrC homolog (Cho) (56). A recent study by
Kraithong has shown that the dissociation of UvrA from the UvrAB-DNA complex
does not require, but is accelerated by ATP hydrolysis by UvrB, contradicting older

studies (51,55,57).
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Figure 4: Structure of Bacillus caldotenax's UvrB (1D9Z) (53). Domain 1a is shown in green.
Domain 1b is shown in red. Domain 2 is shown in yellow. Domain 3 is shown in cyan. Finally, the
beta-hairpin is shown in magenta. Domain 4 is not shown as its structure wasn’t resolved. Black
circles highlight the location of Zinc within zinc fingers while the orange circle highlights
Magnesium. The red oval shows the location of ATP within the ATPase cassette of UvrB. The

structure was generated using Pymol.

The beta-hairpin is rich in hydrophobic residues and is crucial for damage
validation and UvrB’s interaction with DNA. As shown in Figure 5, the beta-hairpin
goes in between the DNA strands with the tip of the beta-hairpin interacting with
domain 1b. Mutations in hydrophobic residues at different locations in the beta-
hairpin greatly affect UvrB’s function, by preventing damage recognition,
formation of UvrB/DNA pre-incision complexes or by promoting undamaged DNA

nicking (58,59).
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Figure 5: Structure of UvrB's beta-hairpin going through double-stranded DNA (6 08F)

(24). Residues 83-118. The structure was generated using Pymol.

For long it was believed that one molecule of UvrB binds to UvrA dimers to form
UvrA;B complexes. However, evidence has shown that two UvrB binds to UvrA
dimers (Figure 6), and that allows both DNA strands to be checked for damage by
UvrB (17,37). It is thought that both UvrBs have a 3’ translocation activity which
allows for the UvrB of the damaged strand to stall at the lesion while the other

UvrB is kicked out (37,60).
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Figure 6: Structure of UvrA2B2 heterotetramer in Geobacillus sp. Y412MC52 (3UWX)
(37). This heterotetramer has a BAAB structure with UvrB in the extremities (represented in dark

blue) and UvrB in the centre (represented in teal). The structure was generated using Pymol.

The C-terminal part of UvrB is required for binding to UvrC (61). Once recruited at
the lesion, UvrC performs two nicks on the DNA, first 5 bases 3’ to the lesion, then
7 or 8 bases 5’ to the lesion (18,20). Although UvrC is capable of binding to DNA,
it requires interactions with UvrB to undergo structural changes that allow for
incisions (62). Furthermore, the presence of UvrA is also a requirement to allow
for the incision of damaged DNA as UvrB and UvrC alone are not sufficient to incise

damage DNA (62).

1.3 Brief overview of other DNA damage repair

pathways.

DNA is constantly getting damaged. To preserve cell fitness, DNA needs to be
repaired. This thesis focusses on NER in prokaryotes. NER can handle a plethora of
DNA damage ranging from UV photoproducts to protein-DNA crosslinks (20,63).

However, there are numerous ways that DNA can be damaged and NER is not
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equipped to deal with all types of damage. Figure 7 illustrates various DNA lesions

and the associated DNA damage repair pathway.

Repair pathway NER MMR NHEJ HR
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Figure 7: Mutagenic sources and related repair pathways DNA is subjected to a plethora of
mutagenic sources which alter DNA. lllustrated here are DNA lesions (represented on the double
helix) and the related mutagenic sources and repair pathways. Base modifications (repaired by
BER) are represented here by a red star while DNA nick is represented by the two red lines.
Nucleotide Excision repair (NER), as previously described, is involved in repairing a The wide variety
of DNA damages repaired by NER ranging from intra- (represented here in yellow) inter-
(represented here in blue) strand crosslink as well as bulky adducts. Mismatches (repaired by MMR)
are represented here by a green and a blue base that are not able to pair. Double-strand breaks
can either have blunt ends (represented here with the red bars) or sticky ends (represented here
with the yellow bars). Those are classically repaired by Homologous Recombination (HR) or by Non-

Homologous End Joining (NHEJ). However, the latter is not present in E. coli. Adapted from (64).

1.3.1 Base Excision Repair

Base modifications such as oxidation, deamination, and alkylation are repaired by
Base Excision Repair (BER) (65). BER is initiated by glycosylases, which are enzymes
that cleave the bond between a base and the deoxyribose. Each glycosylase is
specialised in recognizing specific lesions on the DNA. As such, the process of BER
varies depending on the lesion involved (66). A well-described lesion recognized
and repaired by BER is the 8-ox0-7,8-dihydroguanine modification of guanine and
this lesion is recognised by the glycosylase MutM in prokaryotes (also called FPG)

(67). The pathway of the repair is presented in Figure 8 where MutM acts as a
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glycosylase and excises the modified base from its deoxyribose which leaves an
abasic site (AP site) on the DNA (Figure 8II). This is followed by cleavage of the
phosphodiester bond on the 3’ side of the AP site via a B-elimination reaction
thanks to the AP lyase activity of MutM (Figure 8IIl). Similarly, MutM cleaves the
5’ side of the 3’-incised AP-site, freeing the related deoxyribose (Figure 8IV). The
3’ phosphate group is removed by an AP-endonuclease/3’phosphodiesterase
(Either EndolV or Exolll). Steps Il and IV can also happen at the same time as
shown in Figure 8V. Finally, a polymerase comes and synthesis the lacking

nucleotide (Figure 8VI). The resulting nick is ligated by a ligase.
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Figure 8: Base Excision Repair general pathway. I: Reactive Oxygen Species can create
lesions on DNA. A typical lesion repaired by BER is 8-oxo-7,8-dihydroguanine. ll: A glycosylase that
can recognise the lesion will bind and cleave the damaged base from the DNA strand, resulting in

an abasic site, also called AP-site. Ill: An AP-lyase will be able to cleave the DNA strand 3’ of the AP-
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site. IV: This is followed by an AP-lyase cleaving the DNA strand 5’ of the AP-site, freeing the
deoxyribose that was initially connected to the damaged base. V: The 3’ phosphate is removed
which allows for VI: priming of a polymerase that will synthesise the lacking nucleotide and a ligase

that will ligate the resulting nick (67).

1.3.2 Mismatch repair

Mismatch Repair (MMR) is a DNA damage repair pathway that recognizes and
repairs insertions, deletions, and substitutions that arise during replication. In E.
coli the frequency of those mutations is of the order of 10~ to 10 (68). The better-
described pathway is the methyl-directed DNA mismatch repair which involves
MutS, MutL, MutH and UvrD. This pathway allows for recognition of the template
DNA which is methylated and newly synthesized DNA which is not methylated yet
(69). It relies on MutH binding to a DAM site (the unmethylated strand of a newly
replicated GATC site) at relative proximity to the mismatch as well as the
capability of MutS to bind to mismatches (70) (Figure 9ll). MutS recruits MutL and
they move as a complex alongside the DNA strand in both directions until they
come into contact with MutH. They form a new complex that induces MutH to
cleave the newly synthesized DNA strand (Figure 9lll). Upon cleavage, the complex
dissociates from the DNA (Figure 9IV). This leaves room for a new MutS-MutL
complex to come in proximity to the nick, recruiting UvrD to the nick (Figure 9V).
Through the 3’ to 5’ helical activity of UvrD, the newly synthesised strand will get
uncoupled to the template strand and is cleaved by exonucleases while the
template strand is protected by single-strand binding proteins (SSB) (69) (Figure
9VI). As a result, the template DNA is now single-stranded and ready for a

polymerase to synthesize the lacking DNA strand (Figure 9VII) (69,71).
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Figure 9: Mismatch repair. I: During replication, errors can occur which can lead to mismatches.
Thankfully, the mismatch repair pathway is well-equipped to restore the original base. Il: MMR
relies on MutH being able to bind to hemimethylated Dam site at relative proximity to a mismatch
site as well as MutS binding to mismatches and recruiting MutL. llI: MutSL complexes diffuse freely
on the DNA until they come into contact with MutH at the Dam site. IV: Once in a MutSLH complex,
MutH get activated and nick the DNA. This causes the newly formed complex to dissociate from the
DNA. V: Another MutSL complex that is diffusing on the DNA will be able to recruit UvrD to the nick.
VI: UvrD 3’ to 57 helicase activity dissociates the mismatched strand and an exonuclease gets rid of
it. VII: As a result, a polymerase can come resynthesize the lacking strand, using the unchanged

DNA strand as a template. (72).
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1.3.4 Homologous Recombination and Non-Homologous End-Joining

Homologous recombination (HR) is used to repair double-strand breaks by using
the homology between sister chromatids to repair the break. In E. coli, several
proteins are involved. First, RecB, RecC and RecD bind to a double-strand break as
a RecBCD complex (Figure 10ll). Thanks to a helicase and a nuclease activity, the
complex digests both strands of the DNA as it slides down (Figure 10lll). Once
RecBCD reaches a Chi sequence, it slows down and starts to protect the 3’
terminated strand (73). A Chi sequence is an 8-base pair sequence that is very
common in E. coli (up to one Chi site every 5 kbp). The presence of single-stranded
DNA allows for single-strand binding protein (SSB) to bind (Figure 101V). RecA is
loaded by RecB until it covers the single-stranded DNA portion (74) (Figure 10V).
This RecA/DNA complex can search and find DNA sequences of a double-stranded
DNA that are homologous to its single-stranded DNA (75—77). A strand exchange
of the newly-found homologous double-stranded DNA is used to repair the
damaged DNA (78,79) (Figure 10VI). Interestingly, Non-Homologous End Joining
(NHEJ) is a repair pathway that is not present in E. coli. As such, E. colirelies entirely

on homologous recombination to fix double-strand breaks.

36| Page



\ Gamma ray

DCOCOCXIELOCOCOONX %—» DOCOCOCOIEOCOONX. XX

RecB, RecC,
" . RecD
B
oeooooeooo HOCOCOCXELOCOC D
SSB (¢
v recn n
ﬂ 5SB
OC ? @ NJ OCOCOC >
/ q D / DD
=) : 2

3 Chisite

Figure 10: Homologous repair. |: Gamma rays can induce double-strand break. In E. coli, RecB,
RecC and RecC bind to the break site. Il: Together as a complex they digest both strands until
reaching a Chi site (an 8 bp sequence that is spread every 5 kbp in E. coli, represented as a grey box
here). lll: This causes the complex to slow down and RecB will protect the 3’ end while the complex
keeps sliding down and degrades the 5" end. IV: Single Strand Binding proteins (SSB) bind to the
newly formed single-stranded DNA and protect it. V: RecA is recruited to the DNA and replaces the
SSB proteins. VI: The RecA/DNA complex finds a double-stranded DNA that is homologous to its

single-stranded DNA and a strand exchange occurs to repair the damaged DNA. Adapted from (80).

1.4 The necessity for new antimicrobials.

Microorganisms were first described in the 17" century with the invention of
microscopy (81,82). It took around 250 years to discover the first antibiotics
(83,84). This together with better nutrition, clean water, sanitation and
vaccination have changed the global life expectancy from 48 to 71 years and from
53 to 76 years in males and females respectively between 1950 and 2017 (85).
However, within two years of the mass production of penicillin, the first cases of
antibiotic resistance were already appearing (86). Presently, around 25,000 and

63,000 patients die every year in Europe and the United States because of
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multidrug-resistant bacterial infections (87). The World Health Organisation has
described antimicrobial resistance as one of the biggest threats to global health,
with worries of returning to a pre-penicillin world where infections will get
deadlier, and with a massive impact on the health system (88). The cost of
antimicrobial resistance has been estimated to be between 21 to 34 billion
American dollars for the US alone. This is because patients are required to stay
longer in hospitals and the use of more expensive antimicrobials becomes a
necessity. Those numbers are wildly contested because antimicrobial resistance is
a vast field with a plethora of diseases and related antimicrobials being affected,
and adding to the complexity are socio-economic factors (89). Microbes are
becoming increasingly resistant to antimicrobials, and finding new classes of
antimicrobials is extremely challenging. As a result, the classic research methods

haven’t found new classes in the past 30 years (87).

Antimicrobials target essential mechanisms of action, and therefore greatly affect
cell fitness. The most common mechanisms targeted are protein synthesis, nucleic
acid synthesis as well as cell wall synthesis and metabolic pathways (90). Some of
the work presented in this thesis have been completed in collaboration to propose
Nucleotide Excision Repair (NER) as a potential new class of antimicrobials. In
addition, this thesis also seeks to develop a better understanding of protein

synthesis, one of the most common targets for antimicrobials.

1.4.1 Interest in using NER as a target for antimicrobials.

NER is a great candidate as an antimicrobial target for several reasons. First, NER
proteins are structurally very different between prokaryotes and eukaryotes
despite having similar functions. Therefore, inhibitors of prokaryotic NER
shouldn’t affect eukaryotic NER. Second, UvrA recognizes a plethora of lesions,
and therefore inhibiting UvrA would diminish NER for various lesions origins. The
proposed antimicrobial effect is due to the combinational effect with DNA
damaging agents. Such damaging agents can be a wide range of DNA damage

sources; a great example of DNA damaging agents is cisplatin which is very
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common in the treatment of cancers and UV light that is used in UV light therapy.
Both induce DNA damage that is repaired by NER. Importantly, NER is not essential
for the fitness of the cells when there is no external damage (91). All the above
makes a great case for the use of prokaryotic NER inhibitors in combination with

DNA-damaging agents.

The idea of inhibiting DNA repair pathway as an antimicrobial or an accessory to
antimicrobials is not new. Firstly, many antimicrobials induce oxidative damage to
DNA strands as a side effect, and therefore a lot of emphasis has been brought
forward into inhibiting the SOS response, hence limiting the capabilities of
microbes to repair damage in combination with antibiotics (92-95). It was also put
forward that NER proteins were responsible for the majority of mutations that
occurs during the transcription (96). Inhibiting NER could also help prevent

bacteria from becoming antibiotic resistant.

1.5 Translation and ribosome speed

1.5.1 Antibiotics and the central part played by ribosomes

There is a plethora of mechanisms of action targeted by antibiotics but a central
one is translation with ribosomes inhibitors representing more than half of the
medicine used to treat infection (97). Mechanisms of actions of those antibiotics
are very varied and depend on the location of the binding of the compound to the
ribosome, either on the large or on the small sub-unit, and range all of the steps
of the translation from initiation to elongation to termination (97,98). As an
example of antibiotics, Edein acts on the initiation by binding to the P-site of the
small subunit of the ribosome and as a result prevents the binding of fMet-
tRNA™et(99), Spectinomycin acts on the translocation by interacting with the 16S
part of the small sub-unit, limiting the 30S head rotation and therefore preventing
translocation (100). Another interesting example is Kirromycin which reduces the
affinity of EF-Tu for aminoacyl tRNAs (101). Ribosomes are targeted by many

antibiotics that affect many of the ribosome functions. However, despite being
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studied extensively in the past decades, there is still a lot of unknow in some of
the translation steps. Elucidating those steps could help provide an understanding
of the way that some antibiotics work. One of those is the impact that near-
cognate tRNAs have on ribosome speed, one of the ways that gene expression is
regulated. This thesis shows work that was done on developing a single-molecule

method to assess the effect of various near-cognate tRNA/codons interactions.

1.5.2 Regulation of gene expression

Regulation of gene expression is essential for the fitness of any cells. Any changes
can have dramatic effects. Regulation occurs at all stages of gene expression and
spans from epigenetic DNA modifications to translation regulation as well as post-
translational regulation. Regulation at the DNA level encapsulates DNA
modifications (methylcytosine, 5 hydroxy-methylcytosine, etc.) as well as histone
modifications in eukaryotic cells (methylation, acetylation, etc.). Both affect the
availability of the DNA for the transcription machinery and therefore have an
impact on the overall mRNA population (102—-104). Regulation at the messenger
RNA (mRNA) level goes through both the transcription rates and the mRNA
degradation rate as they will both vary depending on the mRNA (105,106).
Remarkably, in prokaryotes, translation starts simultaneous to the transcription
event, and genes are often present as polycistronic mRNA. At the translation level,
the most studied factor of regulation is the initiation phase where initiation sites
are blocked preventing the recruitment of the translation machinery (107). Lesser-
studied aspects of the regulation of gene expression are events that occur during
the elongation, where mRNA sequence and tRNA populations will have a strong
impact on the speed at which ribosomes generate new proteins (108-111).
Ribosomal speed is of particular importance as it helps regulate the quantity of

each protein within the cell as well as the fitness of those proteins.

1.5.4 Ribosome Structure

Prokaryotic ribosomes are large complexes of roughly 2.5 Megadaltons with a

diameter of around 20 nm and make up for 28% of the dry mass of fast-growing E.
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coli(112—-114). They are composed of two subunits. A large subunit (LSU, in salmon
in Figure 11) and a small subunit (SSU, in magenta in Figure 11) with sedimentation
coefficients of 50S and 30S respectively. Both of those are themselves composed
of ribosomal RNA (rRNA) and proteins with the LSU having 31 proteins, the 55 and
the 23S rRNA while the SSU has the 16S rRNA and 19 proteins. There are numerous
sites of interactions in-between the two sub-units named inter-subunit bridges
that are responsible for many translational events such as subunits joining,
ribosome recycling, translocation, and peptide release through the rotation
between the two subunits (115). Ribosomes possess three sites that span in-
between the two sub-units where tRNA will be located throughout translation: the
Exit-site (E-site) within which is positioned the green transfer RNA (tRNA) in Figure
11, the Peptidyl-site (P-site) within which the orange tRNA is positioned in Figure
11 and the Aminoacyl-site (A-site) where the red tRNA bound to EF-Tu in Figure 11
is located. The exit tunnel of the ribosome is a structure present on the LSU that is
9.6 nm long and contains from 30 to 40 amino acids of the nascent protein chain
(116-120). Some peptides can stall the ribosome by folding within the exit tunnel.
Two common examples are the SecM protein and polyproline sequences. SecM
proteins stall the ribosomes by interacting with the exit tunnel and altering the
configuration of the A-site and the P-site of the ribosome (121). Nascent proteins
containing three consecutive prolines also stall the ribosomes by the unique
proline structure within the different amino acids and require the action of EF-P

to stop the dwelling of the ribosomes (122,123).
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Figure 11: Crystal of a ribosome with its 3 sites occupied and with EF-Tu. This shows a
fully assembled ribosome with its three sites occupied. Its E-site and P-site are occupied by tRNAs
represented in green and orange respectively. A tRNA-EF-Tu complex is within the A-site with the
tRNA represented in red and EF-Tu represented in teal. The large and small ribosomal subunits are

represented in salmon and magenta respectively while the mRNA is represented in dark blue.

1.5.5 Transfer RNA structure

In E. coli, tRNAs are composed of 76 to 95 nucleotides with their secondary
structure showing four arms in a clover leaf structure (Figure 12A) and their
tertiary structure folded in an L-shape fashion (Figure 12B) (124-126). As shown
with the clover leaf structure, the tRNA is composed of 5 main parts. Firstly the
acceptor stem contains both the 5’ start and the 3’ end of the tRNA sequence with
a three-nucleotide CCA overhang in the 3’. The amino acid is added to the final 3’
hydroxyl group of the tRNA by aminoacyl tRNA transferases (or tRNA ligases, aaRS)
to form aminoacyl-tRNA (aa-tRNA). There are 46 different tRNA in E. coli but only
21 aaRs, one for each amino acid that will be used for elongation plus an extra one
for lysine (127,128). Recognition of tRNAs by aaRS happens mainly through
nucleotide 73 in the acceptor stem and the anticodon bases 35 and 36. However,

it is variable for each tRNA and recognition of the correct tRNA can be helped by
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core nucleotides as well as through nucleotide modifications (129). aa-tRNAs are
recognized by EF-Tu which binds each cellular aa-tRNAs with a different affinities.
Interestingly that affinity is inversely proportional to the number of aminoacyl-
tRNA for each species present in the cell (130). EF-Tu interacts with the acceptor
stem and T-arm as shown for both phetRNAPM® and ¢,stRNA®S (Figure 12B)(126,131).
The interaction relies on base pairs nucleotides 49/65, 50/64 and 51/63 (132).
tRNAs are heavily modified and show a higher level of modifications on the
anticodon arm especially on nucleotides 34 and 37 of the tRNA affecting its
decoding activity. The three nucleotides shown in blue in Figure 12A and B are the
anticodon, spanning from nucleotide 34 to nucleotide 36. The anticodon is
responsible for recognising the mRNA codon that is present within the A-site of
the ribosome. Modifications outside of the anticodon arm often have structural
roles (133—135). Mature tRNAs can be fragmented in a variety of ways producing
short 16-35 nucleotides tRFs (fragmented tRNA) or tiRNA (tRNA halves). Such
RNAs are involved in a variety of regulation processes (136). From inhibition of
tRNA synthetase, stress adaptation, involvement in disease, inhibition of protein
synthesis, etc (136—-141). Interest is increasing for tRFs and tiRNAs effects as

functional RNA but also to which extent they impact translation.
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Figure 12: Cloverleaf and tertiary structure of tRNA. Adapted from (126). A: Secondary
structure of generic tRNA where the RNA adopts a cloverleaf structure with four arms and a
variable loop. Notable structures are the acceptor stem (represented in yellow), the three
nucleotides (CCA) overhang, the D arm (represented in orange), the anticodon arm (represented in
green) containing the anticodon (in blue), the variable loop (represented in pink, and finally, the T-
arm (represented in red) B: Tertiary structure of tRNA bound to EF-Tu (crystal structure 1TTT,
Thermus aquaticus). When folded, tRNA adopts an L-shape 3D structure. Once loaded with the
corresponding amino acid, the tRNA will form a complex with EF-Tu (represented in teal here)
which will allow for the newly formed complex to interact with the ribosome. The colour code for
the tRNA is kept from Figure 12A. The localisation of EF-Tu’s GTP cassette is circled in red with a
GDP being bound. The tRNA represented here is pret RNAP"®.

1.5.6 Initiation of translation

There are various ways that the initiation of translation can start. Notably, Shine-
Dalgarno (SD) led, non-SD led, within polycistronic mRNA or leaderless mRNA. The
most studied initiation process is within SD-led genes and is one that will be
described today. However, not all mMRNA have a Shine Dalgarno sequence, and

thereis huge variability between species from 11.6 % to 90.8 % of genes containing
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a SD sequence with E. coli standing at 61 % (142). Shine Dalgarno is a specific
sequence located 8 to 10 bases upstream of the start codon AUG with the
conserved sequence of AGGAGG (AGGAGGU for E. coli). This is closely related to
the complementary sequence CCUCCU (ACCUCCU for E. coli) within the 16 S
ribosomal RNA (143). This motif is called the anti-SD sequence and allows for the
recruitment of the 30S subunit to the mRNA in SD-led genes by base-pairing with
the SD sequence within the mRNA. Initiation Factors 1, 2 and 3 (IF1, IF2 and IF3)
are recruited to the 30S subunit as well as the initiator tRNA fmertRNA™MEL, The
recruitment of the initiation factors, the initiator tRNA and the mRNA can happen
in a multitude of ways and in a non-linear fashion (144,145). However, there is a
kinetically favoured assembly pathway where IF2 and IF3 are the first factors to
assemble onto the 30S, followed by IF1 which locks the factors in a stable 30S PIC,
fMet-tRNA™et js then recruited (144). Once they are all recruited, they form the
30S Initiation Complex (IC). Recruitment of the large 50S sub-unit leads to the
release of the initiation factors and accommodates the initiator tRNA in the P site
of the ribosome forming the 70S initiation complex that is ready for elongation as

shown in Figure 13.
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Figure 13: Translation initiation of Shine-Dalgarno-led genes.

The 30S ribosomal sub-unit recruits the initiation factors 1, 2 and 3 as well as the initiator pett RNAMe
to form the 30S Pre-Initiation Complex. The anti-SD motif within the 16S ribosomal RNA will help the
loading of the mRNA by interacting with its SD motif. The loading of the different initiation factors,
tRNA and mRNA can proceed in any order. Once mett RNA™e recognizes the start codon it will lead
to the recruitment of the 50S ribosomal sub-unit as well as kicking out the initiation factors,
ultimately forming the 70S initiation complex with the metRNA™E jocated at the P site of the

ribosome.

1.5.7 Elongation of translation

The elongation is a cyclic process that happens through three repeating steps:
decoding, peptide bond formation and translocation as illustrated in Figure 14. It
starts as soon as the A-site of the ribosome is free for elongator tRNA docking and

stops when the ribosome reaches a stop codon.
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Figure 14: Translation elongation. During the elongation of the translation, the nascent

protein chain is bound to the peptidyl-tRNA located in the P site of the ribosome. Novel aa-tRNA
insert themselves within the A-site of the ribosome until the cognate tRNA properly decodes the
codon located on the A-site. This leads to peptide bond formation between the amino acid carried
by the cognate tRNA and the nascent protein chain. The novel nascent protein chain is transferred
to the tRNA located in the A-site during this process. A first event of translocation will force both
tRNAs into hybrid P/E and A/P states where the decoding part of the tRNA is still within the P-site
and A-site while the rest has been moved within the E-site and P-site respectively. With the help of
EF-G, both the mRNA and the tRNAs will be translocated as well. Finally, the tRNA located within
the E-site will be able to exit the ribosome and the elongation of the translation can keep
proceeding until reaching a stop codon. Each cycle adds one amino acid to the nascent protein

chain.

1.5.7.1 Decoding

During decoding, the codon of the mRNA will be recognized by the anticodon part
of incoming tRNA which will lead to the selection of the proper tRNA and therefore
proper amino acid for subsequent elongation events. This happens in a succession
of events. First, the aminoacyl-tRNA arrives bound to grp-EF-Tu as a complex and
binds to the small sub-unit without base pairing happening. This is followed by
anticodon and codon pairing with each-others. Importantly the ribosome stays in

open conformation which allows the GTP binding pocket of EF-Tu to stay distant
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from the large sub-unit (146). The GTPase activity of EF-Tu depends on its
interaction with the 23S rRNA of the large sub-unit (147), in particular its sarcin-
loop. Once the codon-anticodon interaction has occurred, the 16S rRNA within the
decoding centre change their orientation (148) leading to the small sub-unit
closure and rapprochement of the aa-tRNA-grp-EF-Tu complex and subsequently
to GTP hydrolysis. Hydrolysis has for consequences the dissociation of the EF-Tu
from the aa-tRNA and accommodation of the aa-tRNA within the A site of the

ribosome. Proper codon recognition will be discussed further below.

1.5.7.2 Protein bond formation

Once a codon has been properly recognized by the appropriate elongator-tRNA,
peptide bond formation will occur in between the amino acid of the elongator-
tRNA in position A and the last added amino acid of the nascent protein chain
carried by the peptidyl-tRNA in position P. The entropy of this reaction is lowered
by the ribosome by ordering water molecules, positioning of rRNA and tRNA
residues by a factor of 2.107 (149-151). Nucleophilic attack of the amino group of
the elongator-tRNA on the carbonyl carbon of the ester bond in peptidyl-tRNA
leads to peptide bond formation. This leaves the peptidyl-tRNA in the P site to be
unloaded of its peptide while the elongator-tRNA in the A site is now in possession

of the peptide.

1.5.7.3 Translocation

Translocation is the event that moves both the empty tRNA and the peptidyl-tRNA
from the P-site and the A-site to the E-site and the P-site respectively. It also moves
the mRNA by three bases to allow decoding of the following codon. This occurs
through rotations of the large and small subunits with each other and allows
positioning of the empty tRNA and the peptidyl-tRNA in a P/E and A/P hybrid state
respectively (152,153). In those hybrid states, the codon/anticodon of the
MRNA/tRNAs stay in the original binding sites P and A while the rest of the tRNA
moves to the E-site and P-site. It’s Elongation factor G (EF-G) that comes and

assists the mRNA/tRNA movement on the small subunit at the cost of GTP
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hydrolysis (154). The peptidyl-tRNA is now located in the P-site and is ready for a
new elongation cycle. The tRNA that is now located in the E-site will spontaneously
leave the ribosome. However, it has been shown that tRNA exit of the ribosome is
also dependent on the arrival of a new aa-tRNA binding in the A-site in early cycles

of protein elongations (155).

1.5.7.4 Nascent protein folding

Nascent protein folding occurs as the mRNA is translated. At first, the nascent
protein chain is within the ribosome exit tunnel and the folding will be limited by
the lack of space within that tunnel. Indeed, the exit tunnel is only 10 nm long and
can accommodate only 30 to 40 amino acids. Once all domains emerge from the
ribosome, the final stage of folding can occur. It has been suggested a bridge
between ribosome speed and protein folding, where rare codons slow down the

translation, resulting in different folding of proteins (156—158).

1.5.8 Termination of translation

Termination will occur once the ribosome reaches a stop codon. Termination is
divided into three steps, the first one is the recognition of the stop codon, the
second is the hydrolysis of the ester bond of the peptidyl-tRNA and finally, the last
step is the dissociation of the release factors (159). Recognition of the stop codon
occurs through the release factor (RF) RF1 (UAG/UAA) (160,161) and RF2
(UGA/UAA) (162,163) and is due to the presence of conserved recognition motifs
which both have structures allowing specific recognition of the three bases.
Hydrolysis of the ester bond of the peptidyl-tRNA is catalysed by the peptidyl
transferase centre of the ribosome with the help of the GGQ motif of RF1 or RF2
which leaves the free peptide and deacylated tRNA (164). Once the hydrolysis
happens, RF3 will come to release RF1 or RF2 from the ribosome and finally, RF3
will hydrolyse its GTP to dissociate itself from the ribosome (165). To recycle the
ribosomes, bacteria use two proteins. The ribosome recycling factor (RRF)
occupies the A-site of the ribosome and it stabilizes a fully rotated state of the

ribosome, EF-G pushes the RRF against an inter-subunit bridge at the cost of a GTP
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hydrolysis, leading to subunit splitting and release of deacylated tRNA and mRNA
(166,167).

1.5.9 Cognate, near-cognate and non-cognate tRNAs

During codon-decoding, aa-tRNA will be presented to the A-site of the ribosome
by EF-Tu. Each aa-tRNA presented will be assessed by its capacity to decode the
codon. Codon nucleotides 1, 2 and 3 will be decoded by anticodon nucleotides 36,
35 and 34 respectively. There are three potential cases. Either the anticodon

corresponds to a cognate, near-cognate or non-cognate relative to the codon.

1.5.9.1 Cognate tRNA

A cognate tRNA is a tRNA that can base pair the A-site codon with its anticodon.
The two first bases of the anticodon will form a Watson-Crick base pair (A-U or G-
C) and the third base will either form a Watson-Crick or a wobble (G-U, I-U, I-A, or
I-C, | stands for Inosine) base pair (168,169). Interestingly, the | base is only found
in one E. coli tRNA (icctRNA?"8) reading three different codons (170). Wobble base
pairing allows for some flexibility in the pairing and enables the decoding of
several codons by the same tRNA (169) and explains why there are only 46 tRNA
and not 61 (for 64 codons, minus the stop codons). Wobble pairing is possible
because two Watson-Crick base pairings are enough to hold the tRNA in place
(171). This however comes at a cost as those wobble-base interactions will
proceed at a slower rate and will have a higher probability of being rejected than
the non-wobble ones (110,172). The rules of what is a wobble anticodon have

been changed over time as tRNA modifications have been shown to affect it.

1.5.9.2 Near-cognate tRNA

A near-cognate tRNA is a tRNA that carries a non-matching amino acid compared
to the codon, but that has some complementarity with it. A functional definition
has been put forward as near-cognate tRNA being capable of forming a
MRNA:tRNA mini-helix which is not the case for non-cognate tRNAs (173). Near-
cognate tRNA can do the same reactions as cognate tRNA but with less favourable

ratios of forward-to-reverse rate constants (174). Near-cognate can be misread by
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the ribosome, leading to the incorporation of the wrong amino acid into the
sequence. Interestingly, stop codons have near-cognate tRNA and it has been
shown that upon metabolic stress, stop codons can be read through resulting in
protein variants with extended C-termini. This results in heterogeneity between
cells that have the same genetic code and might be linked to adaptation to

environmental changes (175).

1.5.9.3 Non-cognate tRNA
A non-cognate tRNA is a tRNA that carries a non-matching tRNA and has not more
than one base of complementarity with the codon. It is not capable of forming

MRNA:tRNA mini-helixes in the A-site of the ribosome.

1.5.10 Ribosome speed

1.5.10.1 Importance of working on ribosome speed

Despite being extensively studied, Translation still has a lot of unknowns. In
industrial settings, codons of proteins are optimised to ensure an increase in
product yield in various expression systems (176—179). A better understanding of
translation will help further optimisation of medicine production, hence
decreasing production costs. Defects of various stages of translation elongation
have been shown to result in diseases in humans, from mutations in aminoacyl-
tRNA synthetases leading to genetic diseases (180,181), post-translational
modifications of the elongation factor eEF2 are involved in Alzheimer’s and
Parkinson disease (182,183) as well as cancer (184) and upregulation of tRNAs are
linked to an increase in mortality in prostate cancer (185). Those discoveries are
primordial as they highlight novel potential targets for therapeutic applications.
The study of prokaryotic translation also comes with therapeutic interests as many
antimicrobials are focused on translation. Notably within the elongation phase
with a few examples being chloramphenicol binding within the A-site of the
ribosome, preventing tRNA from presenting their anticodon, erythromycin binding
within the exit tunnel, or spectinomycin inhibiting translocation (98). Regulation

of ribosomal activity is at the convergence of modern therapeutics challenges,
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from the recent discoveries on implications in various diseases to antimicrobial
resistance. In-depth study of all translation processes is required to ensure better
understanding of their implication and potential neo-target for future therapeutic

treatments.

1.5.10.2 Impact of cognate, near-cognate and non-cognate populations of tRNA on
ribosome speed

Despite thoughts that regulation was occurring mostly during the initiation, more
and more evidence shows the importance of elongation and ribosome speed for
translational control (186,187). Ribosome speed is the speed at which the
ribosome processes the mRNA and produces the peptide. This speed is influenced
by several factors as illustrated in Figure 15. Most notably it is strongly affected by
the efficiency of the decoding process where the concentration of cognate, near-
cognate and non-cognate aa-tRNA as well as the base pair formed in the wobble
position play a major part in the elongation speed (108). 64 combinations of 3
nucleotides form the genetic code and will be translated into 20 amino acids using
46 different tRNAs. Each tRNA has different concentration and diffusion constants.
Most importantly each codon (excluding stop codons) will have from 1 to 3
cognate tRNA and from 0 to 8 near-cognate tRNA (in E. coli). Each near-cognate
tRNA binding to the ribosome will slow down the translation of the corresponding
codon resulting in a complicated network of relationships that links individual
tRNA concentration, diffusion constant, ability to act as near-cognate for specific
codons, and mRNA sequence. It was shown that the average synthesis rate at
24.5°C and 37°C are 4.4 and 12.9 amino-acids per second (188) and the average
time to insert an amino acid from a cognate aa-tRNA is 9.06 ms (174,189). Delays
induced by the binding of near-cognate and non-cognate amino acids are
estimated to be 10.48 ms and 0.5 ms respectively when using mathematical
models (189,190). This model uses only one set of data to get the rates of
elongation steps using phetRNAP™® and |e,tRNA®Y while assessing the codons UUU

(coding for phe) and CUC (coding for leu) (174). More data is required to have
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more precise models of ribosome speed. Especially assessing near-cognate rates

of more codons/tRNAs couples.

Trans-acting factors A-site amino acid chemistry
S MRNA secondary
Nascent peptide/ribosome structure
interaction /
N <

Codon/anticodon interaction

Figure 15: lllustration of the different factors acting on ribosome speed. Several factors
impact ribosome speed. From mRNA topology that slows or stops the ribosome, the slow rate
constant of peptidyl transfer reactions in the A-site, the action of trans-acting factors, the
interaction of the nascent peptide with the ribosome that can slow down or even stop translation
and finally the overall cognate/near-cognate tRNA concentration and the base pair formed in the

wobble position which both act as the principal factor of ribosome speed. Adapted from (108)

1.5.10.3 Impact of nascent peptide chain folding and sequence on ribosome speed
The composition of the Nascent peptide chain can have a big impact on ribosome
speed. As mentioned earlier, three consecutive prolines are sufficient to stall the
ribosome and some peptides are capable of doing the same (121-123).
Additionally, positively charged amino acids do interact with the ribosome exit

tunnel, slowing down translation (191,192).

1.5.10.4 Secondary mRNA structures
The topology of the messenger RNA can affect translation by slowing down
ribosomal speed. However, mRNA secondary structures have also been reported

to be correlated with higher protein expression in S. cerevisiae (193,194).
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1.6 PhD aim

It is thought that NER recognizes alterations in the structure of the DNA in
proximity to DNA lesions (195-197). However, this hypothesis was not totally
proven. We aim to understand how distortion of the DNA can impact the kinetics
of NER proteins. Insights on how NER proteins interact with damage sites is of
great interest as we also aim to assess if NER inhibitors could be used as a novel
family of antimicrobials. Antimicrobial resistance is in steep increase and it is
imperative to find new ways to defend ourselves against unfriendly germs. With
most antibiotics targeting the ribosome, we aim to deepen the understanding of
one understudied aspect of translation which is the impact of near-cognate tRNA

in the elongation.
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Chapter ll: General Materials and
Methods
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2.1 Lysate preparation

A plJB-derived plasmid with UvrA-mNeonGreen containing a His-tag on the C-
terminus, and driven by a T5 promoter and a resistance marker (CamR) (Error! R
eference source not found.A) was transformed into a BL21 E. coli expression strain
where the genes expressing UvrA and UvrB were deleted (BL21 AuvrA AuvrB). A
single colony was isolated and grown at 37 °C in a 1L LB flask supplemented with
chloramphenicol at 150 rpm. Once the ODego reached 0.4-0.6, 1 mM IPTG was
added, allowing the expression of the protein. The protein was expressed at 18 °C
overnight at 150 rpm. The cells were then spun down at 5000 rpm for 20 minutes.
The pellet was re-suspended in resuspension buffer (50 mM NaH;PO4, 300 mM
NaCl, 15 mM imidazole), supplemented with protease inhibitor (Pierce Protease
inhibitor tablets, A32963, Thermofisher). The cells underwent lysis by sonication
(12 minutes, 30 seconds ON, 59 seconds OFF, 55% amplitude). This is followed by
centrifugation at 20000 rpm for 30 minutes. The supernatant is then filtered and
aliquoted. Lysates for UvrA-mScarlet, UvrA-mScarlet x2 (meaning that the protein
is made of UvrA and two successive mScarlet proteins as shown in Error!
Reference source not found.C) and UvrB-mNeonGreen were prepared similarly.
Concentration of UvrA-mNeonGreen and UvrB-mNeonGreen within the lysate
were estimated by measuring absorbance at 506 nm (Extinction coefficient:
116,000 M1.cm™). Plasmid maps are presented in Error! Reference source not f

ound..
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Figure 16: Plasmid maps of proteins used. A: Plasmid map of UvrA-mNeonGreen, B: UvrA-

mScarlet, C: UvrA-mScarlet x2, and D: UvrB-mNeonGreen fusion proteins.

2.2 Protein purification
For protein purification, lysates are produced as previously described. Lysates are

filtered through a 0.2 um syringe filter and loaded onto a Proteus ‘1-step Batch’
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Midi plus spin Columns (GEN-1SBO8P) that were preloaded with cold Nickel-NTA
resin. Samples are left to incubate with the resin for 3 hours in a cold room on a
tube roller. After spinning the columns to get rid of unbound proteins, the column
is washed and the protein is eluted with different concentrations of Imidazole (90,
130, 160 or 500 mM) by mixing resuspension buffer with high imidazole buffer (50
mM NaH2PQO4, 300 mM NaCl, 500 mM imidazole). The elutions at 90, 130 and 160
mM are pooled together and the buffer is exchanged to the 2X UvrA storage buffer
(100 mM Tris pH 8, 1 M KCI, 0.2 mM EDTA, 2 mM DTT) or 2X UvrB storage buffer
(100 mM Tris pH 8, 200 mM KCl, 0.2 mM EDTA, 5 mM DTT) using Vivaspin® 20 (50
or 100 kDa molecular weight exclusion size, GE28-9323-62, or GE28-9323-63). This
also allows for concentration of the protein to a volume of less than a millilitre
which is subsequently mixed with glycerol 1:1 (V/V). The concentration of UvrA-
mScarlet x2 is estimated by measuring absorbance at 569 nm (Extinction
coefficient: 100,000 M1.cm™). The concentration of UvrB-mNeonGreen is
estimated by measuring absorbance at 506 nm (Extinction coefficient: 116,000 M~
L.em). All the steps of the purifications from the expression of the protein to the
elution steps are run in an SDS page gel shown in Error! Reference source not f
ound.A for UvrA-mScarlet x2 and Error! Reference source not found.B for UvrB-
mNeonGreen. The final purified proteins are shown in Error! Reference source not f
ound.C. Since those proteins were used for single-molecule experiments at

concentrations of in the order of nM, they do not require to be highly purified.
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Figure 17: SDS page gel of UvrA-mNeonGreen purification. 10% Acrylamide gels. A: Batch
purification of UvrA-mScarlet x2. Annotated are: pre (cells before induction), post (cells after
induction) Lys (supernatant after lysis and spin down), (L: Pageruler ladder (Fisher Scientific
11832124), FT (Unbounded to the column), wash (Wash step), 90,130,160 and 500 (Elutions at the
corresponding concentration of imidazole in mM). Expected molecular weight for UvrA-mScarlet x2
is 161 kDa. B: Batch purification of UvrB-mNeonGreen with similar annotations as for UvrA-
mScarlet x2. Expected molecular weight for UvrB-mNeonGreen is 105 kDa C: Purified proteins.
Annotated are UvrA and UvrB which are proteins purified from a BL21 AuvrA AuvrB background
and UvrA’ and UvrB’ which are proteins purified from a wild-type background. D: Lysate production
of UvrA-mNeonGreen. Expected molecular weight for UvrA-mNeonGreen is 135 kDa. E: Pageruler

ladder.
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2.3 UV damage to DNA

40 pL of 20 ng per pL biotinylated Lambda DNA is deposited on parafilm and DNA
damage is applied using a transilluminator (ANALYTIK JENA - CX-2000) which
allows UV irradiation at 254 nm (which is within UVC range). 40 J/m? is applied to
the DNA strands which are then aliquoted and kept frozen at -20 °C. The number
of CPD was calculated by applying the formula: 0.0221 CPDs/kbp/J.m? (198,199).
Using this formula, the number of CPDs was estimated to be around 43 per DNA

strand.

2.4 Data analysis

2.4.1 Kymographs

A kymograph is a 2D representation of a video. Kymographs were made in Image)
(FIJI package) by tracing a straight line on the DNA strand. The resulting image
shows each pixel along this line on the Y axis, and their progression in time is
shown on the X axis. A fluorescent binder will appear as a bright line alongside the
X-axis of a kymograph, with the length of the line representing how long the binder

stays bound to the DNA.

2.4.2 Trackmate

The Trackmate plugin of the Fiji package of Image) was used on videos to
extrapolate data for each binder on the DNA. Trackmate allows for the recognition
of spots on an image. A few parameters were used to recognize fluorescent
binders onto the DNA strand. First, the diameter of the binder was set to be
around 400 nm with a quality threshold that varied depending on the background
fluorescence of the video treated. Second, a LAP (Linear Assignment Problem)
tracker was used, The LAP tracker allows the linking of binders from one frame to
the next. The parameters used for the LAP tracker were a linking max distance of
144 nm (the equivalent of two pixels), a gap closing max distance of 144 nm and a

gap closing max frame gap of 2. The data extrapolated from Trackmate includes
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the coordinates in X and Y of the binders as well as a track ID that allows for the
calculation of how long each of those binders stayed on the DNA strand.
Coordinates were used to plot a 2D location map of binding events as shown in
Error! Reference source not found.. A line appears that shows the emplacement o
f the DNA strand. All events seen outside of this line were discarded as noise. Each
binding event shorter or equal to 2 frames was also discarded. This allows for the
calculation of the On-rate (also called the attachment rate constant or k;), the Off-
rate (also called the detachment rate constant or kg) and the Dissociation constant

(also called Kp).

2.4.3 Calculation of the On-rate

The On-rate is calculated by taking the number of binders per minute. It is
expressed as the number of binders per minute per kbp throughout this thesis as
shown in Equation 1. However, the rate that we observe “kobs” varies from the

theoretical On-rate “k,”

k n
obs_txl

Equation 1: On-rate calculation. Where n is the number of binders. t is the time during which

the binders are observed in minutes. | is the length of the DNA in kbp.

2.4.4 Calculation of the Off-rate

The Off-rate was calculated by first plotting the distribution of binders per time
spent on the DNA (example data shown in Figure 18). This fits to an exponential
(Error! Reference source not found.). Out of this exponential fitting, the d
etachment rate constant can be extrapolated. The reciprocal of the detachment

rate constant gives the lifetime (as shown in Equation 3).
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f(t) = A x e kxt

Equation 2: Exponential fit. Exponential equation. A represents the amplitude of the

exponential. k represents the rate of dissociation. t represents time in seconds. This equation is

used to determine the detachment rate constant of a protein from the DNA.

Dwell time = —
well time = -

Equation 3: Dwell time formula. This equation relates that the dwell time is one over the Off-

rate (k) from Equation 2.

2.4.5 Comparison of the affinity of UvrA to the DNA strand calculations

To calculate the affinity of UvrA to the DNA strands, we need to assess the
dissociation rate constant. This can be evaluated using Equation 4. However, we
only have the value of the observed attachment rate constant kops. To get a more
representative value for our data we incorporated Equation 5 which related the
observe attachment rate constant with the attachment rate constant into
Equation 4, resulting in Equation 6. Finally, to get the fold increase of the affinity
variations, we divided the observed dissociation constant under one condition by
the observed dissociation constant under another condition, resulting in a fold

increase in affinity Equation 7.

Equation 4: Dissociation constant formula. Where Ko is the dissociation constant, kq is the

detachment-rate constant and kq is the attachment rate constant.
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k.. =k, X[UvrA]

Equation 5: Relation between kops and k.. Where [UvrA] is the concentration of protein, here

for UvrA but could be replaced by any protein studied.

k,x [UvrA
KDzdk[W]

obs

Equation 6: Adaptation of the dissociation constant. Where Kpis now the observed

dissociation constant.

. . Kp
Affinity variation = —
D2

Equation 7: Calculation of the variations in affinity of UvrA to the DNA strand. Where
K1 is the observed dissociation constant under one condition, and Koz is the observed dissociation

constant under another condition.

2.4.6 Calculation of the distance to the transition state

The On-rate and the Off-rate can be plotted against the forces applied to the DNA.
This can be fitted to a Bell-fit (Error! Reference source not found.) which in turn a
llows for extrapolation of the distance to the transition state for the on-rate and
the off-rate. The Bell equation is a modified Arrhenius/Eyring equation that allows

to study how variations of forces affect a system.

—dXF
k=kyXe kT

Equation 8: Modified Bell equation. Where k: rate of the reaction. ko: rate of the reaction at O
forces. F: forces applied to the system. d: distance to the transition state. ks: Boltzmann constant.

T: temperature in Kelvin.
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Figure 18: Typical data analysis pathway. Where data is extracted from videos using

Trackmate. Such data include the x and y coordinates of each binder within the video, as well as

how long each of them stays on the DNA strand. Each binding event can be plotted according to its

X and Y coordinate. This is followed up by data cleanup in Excel where every “binder” not located
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on the DNA is removed. Then the distribution of dwell times is plotted and fitted to an exponential
giving the off-rate. Both the off-rate versus tension and the on-rate (binders per minute) versus
tension can now be plotted and fitted to the Bell relationship (200,201). Examples of data and fits

are shown in Figure 30 for lifetime extraction exponential fits and Figure 36 for bell fits.
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Chapter lll: Applying tensile forces to
DNA affects prokaryotic NER in vitro
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3.1 Introduction

3.1.1 The importance of forces within cells

In prokaryotic cells, DNA is subjected to many changes in its structure. Prokaryotic
chromosomal DNA is heavily condensed to be able to fit within the volume of a
prokaryotic cell. Such condensation is done by supercoiling the DNA (202). To
divide, the totality of the DNA is duplicated and the two resulting chromosomes
are segregated (203). Interestingly, DNA replication can be continuous in fast
replicating bacteria where they begin replicating DNA before the previous
replication is complete (204). DNA replication is performed by the replisome which
is composed of at least 14 different proteins in E coli (205). This induces local
changes in the structure of the DNA strand (206). Interestingly, it was shown that
the UvrABC system might be involved in the processing of Okazaki fragments
during the replication where the UvrABC system replaces DNA Polymerase I's
function by acting as a backup system, however no further evidence was brought
forward (207). Furthermore, during transcription, the presence of UV damage
stalls RNA Polymerase which recruits MFD, a transcription-coupled repair factor.
The interaction of RNA Polymerase with MFD induces a 90-degree bend of the
DNA strand. In turn, RNA polymerase dissociates and MFD recruits UvrAB directly
to the damage site (208). This is interesting because NER can recognize and
process a multitude of lesion types and it has been suggested that NER recognizes
local differences in the structure of the DNA proximal to the lesion more than the
lesion itself (196). Such disturbances can be a change in either the structure or the
flexibility of the DNA or both. It is important to note that supercoiling is altered
during both transcription and replication which makes DNA is a heavily structured
and versatile molecule that undergoes numerous structural changes in vivo
(209,210). How the UvrABC system interacts with those variations in structures is
unknown. In this chapter, the structure of DNA strands is altered by applying

stretching forces to the strands. The goal is to assess the effect of such structure
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modifications on UvrA and UvrB binding and relate those to UV and fluorescein

damage recognition.

3.1.2 Binding of proteins to DNA.

In undamaged cells there are around 20, 50 and 20 copies of UvrA, UvrB and UvrC
respectively, going up to 200, 500 and 20 copies when the SOS response is
triggered (211). However, a recent estimate showed an equal number of UvrA and
UvrB proteins in E. coli of around 85 copies per cell (13). This was done by replacing
the endogenous UvrA or UvrB genes by a functional C-terminal PA-mCherry fusion.
In both cases, the quantity of DNA binding protein in the cell is way too low
compared to the time each protein dwells on the DNA and the large quantity of
DNA that need to be checked in between each division. This cannot be explained
only through diffusion. Indeed it has previously been suggested that localisation
of damage happens in a two-step manner where the protein binds to unspecific
DNA with this first binding facilitating the scanning of other DNA regions, either in
proximity from the initial binding through DNA sliding and intradomain hopping,
or far, by intersegmental transfer and interdomain hopping (as illustrated in Figure
19) (212-214). Initial protein-to-DNA binding is hypothesised to occur through
diffusion and charge-based interactions between DNA phosphate (-) and basic
residues of the protein (+). While some damage repair proteins have been shown
to scan DNA using a sliding mechanism (215-217), this is not the case for UvrA. A
single molecule study showed that UvrA was capable of binding to DNA on its own
but did now show any sliding. However, UvrA could jump from one DNA strand to
the next going as far as a micrometre (15). Interestingly, it was shown that UvrA
dimers were capable of binding to two different DNA molecules at the same time
(218). The addition of UvrB to form UvrA;B, complexes doesn’t impact UvrA’s
attachment rate but shows complexes moving following a sliding movement,
hinting at UvrB molecules switching the search mechanism to a 1D diffusional
search (15). Furthermore, in vivo observation of UvrA’s 3D diffusion is slower than

modelled, hinting at transient interactions with DNA that are shorter than 15 ms
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(13). This was confirmed using an in vitro assay using iSCAT microscopy with a time
resolution of 40 ms that shows two modes of binding with a fast and a slow rate

of release (219).

Interestingly, an in vivo experiment shows UvrA localised mostly within the
nucleoid region, while UvrB doesn’t have a localisation preference, making it
difficult for UvrA,B; complexes to be formed in vivo (13). This is also confirmed by
their diffusion distributions being dissimilar in vivo (13). It was shown that UvrA
can bind to undamaged DNA without UvrB, and UvrB don’t associate with DNA in
the absence of UvrA, further confirming that UvrB is recruited directly from the

solution to the site of damage (13).

Intradomain
Hopping

N/
Sliding

> — /
Intersegmental _
Transfer Interdomain

Hopping

Figure 19: Different modes of DNA scanning by proteins. in blue is represented DNA within
a cell. DNA binding proteins are represented in yellow. Arrows represent different modes of DNA
scanning. Intersegmental transfer is the ability of the protein to transfer from one segment of DNA
to another by simultaneously binding to both. Once DNA strands start to move apart from each
other the protein will have a 50% chance of staying on its original segment or moving on to the

next. It does require the protein to have several DNA binding domains or to work as a dimer or
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more. Sliding is the ability of the protein to stay bound to the DNA strand and move in a one-
dimensional manner following a random walk behaviour. Hopping is a quick dissociation of the
protein, but the proximity of DNA allows for both intradomain and interdomain quick rebinding.

Adapted from (214).

3.1.3 UvrA and UvrB kinetics in single molecule studies.

In vivo, the dwell time of static E. coli UvrA-mCherry on DNA is 3 s and 12 s for
undamaged and damaged DNA respectively (13). Dwell time of static E. coli UvrB-
mCherry on DNA is 11.8 s and 15.6 s for undamaged and damaged DNA
respectively (13). Discrepancies of UvrA and UvrB dwell times in damaged DNA are
consistent with UvrB removing UvrA and staying on the DNA longer to allow
recruitment of UvrC (13). UvrA possesses two diffusion profiles where it is either
bound to DNA or slowly diffusing (58 %; 0.31 um?2.s’!) while UvrB possesses three
diffusion profiles where it is either bound to DNA, slowly diffusing (24 %; 0.41
um?2.s1), or quickly diffusing (61 %; 1.24 um?2.s) (13). Interestingly, the proportion
of DNA-bound UvrA goes from 42 % to 75 % upon the addition of UV damage.
Similarly, UvrB sees its DNA-bound population go from 15 % to 59 % upon the
addition of UV damage, most of it being taken from the quickly diffusing proteins
(23). In vitro experiments using OAF microscopy show that the lifetime of E. coli
UvrA-mScarletis 0.81 s and 2.43 s in the presence of undamaged and UV-damaged
DNA respectively (48). B. caldotenax shows even longer lifetimes with a lifetime of
7 s for UvrA and 40 s for UvrAB (15). UvrA has also been shown to hop between
close-by DNA strands, therefore performing a 3D search (15,48). However, despite
all those lifetimes showing discrepancies, it is clear that UvrA is not capable of
scanning the whole genome of E. coli in between each cell division (15).
Interestingly, in vitro experiments with an iSCAT microscope have shown E. coli
UvrA (labelled with a Qdot) binding to DNA with either a fast lifetime of 0.13 s or
a slow lifetime of 0.7 s in undamaged DNA and 0.128 s and 0.77 s for damaged
DNA when using fluorescein as damage (219). Fast lifetimes were predominant as
they represented 90 % of binding events when using undamaged DNA and 78 % of

binding events when using damaged DNA. Those fast lifetimes were observed for
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the first time due to the very fast frame rate of the iSCAT technology and they
render the scanning of the totality of E. coli genome every cell division

mathematically possible (15,219,220).

3.1.4 Importance of single-molecule studies

Non-single-molecule studies have many purposes. However, their results are
representative only if the population studied is homogeneous. However,
individual protein might have different behaviours when observed individually.
Heterogeneity of a population can come in two different ways. It can be a static
heterogeneity, which relates to persistent differences in properties and
behaviours of individual proteins within a population. Or it can be a dynamic
heterogeneity, which relates to a variability in the properties and behaviours of
individual proteins within a population over time. Bulk methods cannot detect
those variations as they are averaged across the population (221). In this thesis,
we use optical trapping to capture DNA strands and apply load to them. Other
force-based approaches could have been used. The most common ones are
magnetic trapping and atomic force microscopy. All have pros and cons and they
all could have been used to answer some of our questions. The most convenient
ones to answer our question was either optical trapping or magnetic trapping.
They are both non-invasive technologies that would have allowed to capture DNA
strands and apply forces to it. Optical trapping comes with a big disadvantage
which is that it adds heat to the system. However, that heat is located where the
lasers are but have little impact on the rest of the DNA strand (we used DNA
strands that are around 17 um long). One advantage of optical trapping over
magnetic trapping is that it does have very good spatial resolution. Atomic force
microscopy have been used extensively to study NER (222,223). However, it does
have a very slow imaging speed. In this thesis we are looking at interactions that
occurs at the sub-second speed (it was shown that UvrA can have a fast dwell time

of around 140 ms (219)).
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3.1.5 Project aim

NER can repair a wide variety of DNA lesions. However, NER only has one protein,
UvrA, that is in charge of responding to damage. How one protein alone can
recognize a plethora of lesions is puzzling. It has been suggested that UvrA was
recognizing local disturbances on the DNA rather than the damages per se (196).
This chapter aims to assess the effect of structural changes of the DNA strand on
the binding of UvrA and UvrB and relating those to UV and fluorescein damage
recognition. To do so, the binding profiles of UvrA and UvrB will be assessed while
applying various loads to the DNA strand. In parallel, some DNA strands will be
damaged by being irradiated by UVs or by incorporating fluorescein which act both
as a localisation marker and as a DNA lesion recognized by NER. By comparing both
the DNA binding behaviour of NER protein in presence of damaged and stretched

DNA we will be able to assess how changes of DNA structure relate to damage.
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3.2 Material and methods

3.2.1 The C-Trap system.

The bulk of this thesis was performed on a Widefield C-Trap® Optical Tweezers
manufactured by Lumicks (Netherlands). This system is equipped with four optical
traps with a force resolution of 0.1 pN and a distance resolution of 0.3 nm at 50
Hz. The optical traps are generated by a 1064 nm laser and allow for the trapping
of small beads, as illustrated in Figure 20B (224). The microscope is equipped with
a p-flux system (in green in Figure 20A) which allows regulation of the flow within
a chamber containing six channels (Figure 20D). This flow cell chamber contains 5
input channels and 1 output channel. Each input channel can be provided with a
different buffer or sample. Typically channel one, two and three will contain
beads, DNA, and buffer respectively while channel four and five will contain
protein. Laminar flow ensures the different buffers or samples do not mix when
the flow is turned on as illustrated by the different colours in Figure 20D. The C-
Trap is equipped with multiple modes of image acquisition (widefield,
fluorescence, total internal reflectance microscopy). For this thesis, the
fluorescence camera was used extensively for image acquisition. This is facilitated
by the C-Trap being equipped with three lasers with wavelengths of 488 nm, 532
nm, and 635 nm which allows for the imaging of several fluorescent proteins at

the same time.
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Figure 20: The C-Trap system A: Picture of the working station of the C-Trap. In red is presented
the objective and the condenser that allows for imaging, optical trapping, and force measurement
(in green is the u-Flux™ microfluidics system where different buffers/samples can be added to
different syringes.). B: Illlustration of four beads that have been captured by the four optical traps
installed in the C-Trap. C: Close-up of the microfluidic cell chamber where the different input
channels allow the creation of a D: laminar flow where the components of those different channels

don’t mix when the flow is on. Channels numbers are annotated.

3.2.2 Optical traps

Optical trapping, also called laser tweezers, is a technology that allows for the
capture of small particles within the focus of a laser. An optical trap is obtained by
focusing a gradient laser with an objective lens of high numerical aperture
(224,225), producing an hourglass shape as represented in Figure 20B and Figure
21. As a result, the photon density will increase closer to the centre of the
hourglass shape. This allows for the capture (or trapping) of dielectric particles.
Dielectric particles are particles that do not allow the flow of electrical currents
(insulators). It was shown very early on that optical traps were able to capture
small particles from individual atoms to 10 um polystyrene latex spheres, to
bacteria or yeast cells, to organelles within a living protozoan (224,226-228). In
this thesis, we capture exclusively polystyrene beads. A bead near the focus of the

laser beam experiences two forces. First, photons hitting the bead are refracted
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and reflected at the surface of the bead. This corresponds to a shift of momentum
of photons. Newton’s third law states that for every action, there is an equal and
opposite reaction. As such, this shift of momentum of photons on the beads
induces an equal and opposite momentum applied to the bead. This is the
scattering force applied to the bead.Figure 21A illustrates the scattering forces
applied to the bead when the bead is positioned in the center of the laser beam,
where “A” are the incident rays and “Fa” are the resulting forces from the two
optical paths drawn. Those forces are proportional to the light intensity. Since the
photon density is higher in the centre part of the hourglass shape of the laser
tweezers, a higher density of photons will hit the part of the bead that is closer to
the centre of the trap (as represented in Figure 21B, which focuses on the effect
of the gradient of photons present within the laser beam). As such, there is an
offset in the amount of forces applied to the bead, leading to a net momentum
acting on the bead that pushes the bead towards the denser part of the gradient,
here toward the centre of the trap as represented by the green arrow in Figure
21B. This is the second force applied to the bead, called the gradient force.
Altogether, the scattering force and the gradient force can efficiently trap beads

(224).

The force and the displacement are measured by assessing how much the trapping
laser is deflected by the bead. This is assessed by using a position sensitive
detector that detects changes in scattered light intensity. The position sensitive
detector converts the position of the particle into an electrical signal. The resulting
voltage depends on the Brownian motion of the bead within the trap, as well as
the response of the position sensitive detector to the incident light (229). Since
the light beam as a gaussian profile, the optical trap functions as a spring. This
means that the forces can be easily calculated following Equation 9 where the

force depend on both the trap stiffness and the bead displacement.

The trap stiffness is calculated from the power spectrum (Figure 22). On this power

spectrum is plotted the power spectral density P (V2/Hz) over the frequency (Hz).
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It is possible to fit the power spectrum to a Lorentzian model which allows to
determine the corner frequency (frequency at which the power spectrum drops

off), which in turn provides information on the trap stiffness(229).

F =KX Ax

Equation 9: Force calculation. With F: Forces applied to the bead. K: trap stiffness. Ax: bead

displacement.

Bead

Gradient Laser -

Figure 21: Schematics of an optical trap. A: When a gradient laser is focused with a high
numerical aperture lens, it creates an optical trap that applies forces to dielectric particles. Here is
represented a bead that is subjected to those forces. “A” represents the incoming rays. “A””
represents the refraction of the ray “A” through the bead. “R1” and “R2” represent the reflection of
the ray “A” at the two points of contact with the bead. The refracted (mostly) and reflected (less so)
rays are responsible for the momentum transfer from photons to the bead. This causes the bead to
be pushed towards the beam propagation. A gradient force is also applied, which pushes the bead
in the direction of the field gradient. With the intensity of the laser gradient being the greatest at
the centre of the hourglass shape, the bead is pushed towards it. “Fa” represents the resulting
forces of the combinations of both the scattering and the gradient forces. This is highlighted in B:
where the bead is slightly offset from the centre of the laser beam. As a result, a higher density of
photons hit the bead on the side closer to the centre of the laser beam. As the scattering force is
proportional to the optical intensity (224), there is an offset of the momentum transfer, pushing the
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beads toward its centre. This offset is represented here by the difference in size between the arrows
representing the rays of light. In black are represented the incident rays of light and refractions. In
blue are represented the resulting forces. In green is represented the net momentum acting on the

bead. In red is represented the hourglass shape of the optical trap (Inspired by (224,230)).

Corner frequency (Hz) 20227
Diode frequency (Hz) 15533
Displacement sensitivity (um/V) 1.3780
Force response (PNV) 690.46
Trap stiffness (pPN/nm) 0.5010.

Cormner frequency (Hz) 1955.1
Diode frequency (Hz) 15870
Dbaplacemanlsensm’vily(um’\/) 13114
Force response (pN/V) 635.08
Trap stifiness (pN/nm) 0.48420

Figure 22: Example of calibration curve. This is the calibrations curves in the X and Y axis of a

4.7 um bead.

3.2.3 Laser tweezers allow for the tethering of DNA strands.

Laser tweezers have been used extensively to study many molecular mechanisms.
A few examples would be the folding and unfolding of proteins, DNA or RNA

structures, the self-folding forces that nascent protein chains exert while exiting

the exit tunnel of ribosomes, how protein stops stalling of RNA polymerase, the
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accurate step size of molecular motor or even the stretching of chromatin (231-
236). In this thesis, laser tweezers have been used to capture and stretch DNA
strands. The DNA used originated from the E. coli bacteriophage lambda and is a
linear double-stranded DNA strand of 48,502 base pairs. 4.8 um streptavidin-
coated polystyrene beads are captured then DNA is tethered in between those
beads by moving the captured beads to a channel containing biotinylated Lambda
DNA under flow. Thanks to the strong interaction between biotin and streptavidin,

the DNA is bound to the beads as illustrated in Figure 23.
5
OO
\
5

Figure 23: Schematic of a strand of biotinylated DNA tethered to streptavidin beads,
captured by optical traps. 3’ Biotinylated Lambda (in dark and light blue, red circle represents

biotin) is bound to streptavidin-coated beads (in grey, green shape represents streptavidin). Each
bead is captured within an optical trap (red gradient) resulting in a single double helix DNA strand

tethered in between two beads.

Increasing the distance between the beads increases the forces applied to the
DNA. When a DNA strand is stretched, it follows a worm like chain model (WLC),
this means that if the DNA has to bend, it will spread the bending over large
distances in opposition to bending sharply at a smaller number of locations
(237,238). But as DNA reaches around 65 pN of tension, it will start to overstretch
and deviate from the WLC model where very little increases in forces are required
to increase DNA length (Figure 24). It overstretches and follows the worm like

chain model for single-stranded DNA. This overstretching could be due to two
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events. A torque motion within the dsDNA unfolds the two strands resulting in the
formation of S-form DNA or the two strands of the DNA are directly disconnected
from each other, resulting in an increasing portion of the DNA being single-

stranded (239-241).

The WLC model is a model that encapsulate both the entropic and the enthalpic
characteristics of many system and can be applied to double-stranded DNA. It
considers the persistence length of the DNA (length at which, if bellow it, the DNA
act like a rod, and if above it, the DNA behave like a three-dimensional random
walk) and the contour length (total length of the DNA molecule). The DNA has a
conformational entropy which is the entropy associated with the different
conformations the DNA can adopt. If you pull the DNA into an extended chain, you
would slowly diminish the number of possible conformations with a final unique
possibility at maximum extension (237). The DNA is also subject to thermal
fluctuations which contribute to its entropy. The DNA has enthalpic properties
(measure of the total energy in a system) like the bending energy, which is the
energy required to bend the DNA, as well as the elastic deformation, which is the
property of the DNA to absorb energy when a force is applied resulting in a change
in its shape. When the force is removed, the DNA returns to its original shape,
hence the use of the word “elastic”. An extended WLC model exist that more
accurately represents the behaviour of DNA, especially at high tension. This model
incorporate the stretch modulus, which is the intrinsic stretch elasticity of the DNA
backbone, as well as force dependant stretching to account for the fact that under
heavy load, DNA stops behaving as a bendable rod and starts behaving as an

extensible one (239).
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Figure 24: Representation of a Force Distance (FD) curve for dsDNA. When forces are
applied to dsDNA, the DNA strand will at first follow a worm like chain model (represented in red
dots here) where no forces will be required to increase the length of the dsDNA until it reaches its
contour length. Then the forces required to increase the length of the dsDNA will increase until it
reaches ~65 pN where the dsDNA will start to overstretch until forming S-form DNA or single-
stranded DNA.

In this thesis, stretching of the DNA is used extensively. This implies that in some
experiments the forces applied to the DNA vary. How variations of forces affect a
system can be studied through a modified Arrhenius/Eyring equation also called

the Bell equation shown in Error! Reference source not found. (201,242):

From this equation can be extrapolated the distance to the transition state. What
the distance to the transition state means varies depending on the system studied
and the rate used. In our case, the distance to the transition state is the distance
required to observe a difference in either the on rate or the off rate of the protein
binding to the DNA. In other words, how much the DNA must be stretched to
facilitate or impede protein/DNA interaction, respectively. The free energy
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landscape of UvrA binding with DNA can be represented in a simplistic way as
shown in Figure 25 where collisional binding occurs resulting in UvrA-ATP
molecules binding to the DNA (On-rate). This is followed by hydrolysis of ATP
which helps UvrA to release from the DNA (Off-rate) (48). Unbinding of UvrA-ADP
from the DNA is very quick and therefore not rate-limiting. Both the on-rate and

the off-rate require different energies to reach the transition state.

If by applying different conditions to our system there is a reduction or an increase
in the distance to the transition state for the on-rate, it means that the transition
barrier to binding is altered, which means that there has been a change in the
amount of energy required for the protein to cross upon binding to DNA. The same
goes for a reduction or an increase in the distance to the transition state for the

off-rate.
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Figure 25: Simplified free energy landscape of UvrA binding to DNA. The binding of
UvrA to DNA is a complex phenomenon. Its free energy landscape can
be approximated as presented here in black where collisional binding
occurs resulting in UvrA-ATP molecules binding to the DNA (On-rate).
This is followed by hydrolysis of ATP which helps UvrA to release from
the DNA (Off-rate) (48). Unbinding of UvrA-ADP from the DNA is very
quick and therefore not rate-limiting. TS1 and TS2 are the two
transition states that divide the free energy landscape.3.2.4 Medial

and lateral flow affects the DNA strand.
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Throughout this thesis, flow is used sometimes to impact the binding of proteins.
The different possibilities are shown in Figure 26 where at low tension and in the
absence of flow the DNA strands stay straight in between the beads. However,
when a flow is applied at an angle of 90° with the DNA, this will induce the DNA to
adopt a curved confirmation as shown in Figure 26B. This curvature is not visible
anymore as the tension increases (Figure 26C). This kind of flow angle will be
subsequently called “Medial flow”. However, when a flow Is applied in the same
direction as the DNA strand, there aren’t any changes in the DNA strand curvature

(Figure 26D). This will be referred to as “Lateral flow” for the rest of this thesis.

A B
No flow
Low tension -
Medial flow
Low tension
C D
Medial flow Lateral flow
High tension Low tension

Figure 26: Difference between Lateral and Medial flow. A: When no flow is applied to low-
tension DNA strands, the DNA is straightened in between the beads that have captured it. B:
However, when medial flow is applied, it induces the DNA strand to curve in the sense of the flow.
C: The DNA strands appear straight again once higher tensions are applied. D: When lateral flow is

applied, there are no differences in the DNA strand appearances.

3.2.5 Widefield, Total Internal Reflection Fluorescence, and Oblique

Angle Fluorescence microscopy

The C-Trap system can switch from Widefield epi-fluorescence mode to Total
Internal Reflectance Fluorescence (TIRF), which allows for illumination only in the

evanescent field (Figure 27). Widefield is ideal for imaging anywhere in the flow
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cell height-wise, but it comes at the cost of increased background fluorescence
where all the fluorescent proteins within the flow cell will be excited and
participate, despite being out of focus, in the information received by the camera.
This will dim the signal and can in extreme cases lead to loss of signal. This can be
measure as the signal to noise ratio. Several factors participate in the signal to
noise ratio. Those includes the intensity of the fluorescent signal emitted by our
fluorescent protein, intrinsic noise from the detector, scattering light, illumination
intensity, and exposure time. Raman scattering happens when a photon is
scattered by a water molecule and gain or lose energy corresponding to the
vibrational energy levels of the water molecule. This can participate in the
background noise by producing a range of non-fluorescent wavelengths that
overlap with the emission spectrum of the fluorophore. Altogether, reducing the
illumination volume (laser power and exposure time) usually results in a slight
reduction of the signal fluorescence while it also results in a great reduction of the
background fluorescence. This often leads to an increase of the signal to noise

ratio.

A built-in alternative to widefield is TIRF. This requires having the laser go at a
specific angle which is reflected back through the objective. This will create an
evanescent field at the surface of the flow cell which allows for excitation only at
proximity to the surface (less than 100 nm). The Snell law (Equation 10) states the
relationship between the angles of incidence and refraction when a light beam
goes from one medium to another. When 03 is 90°, we call it the critical angle
(Equation 11). When the angle of incidence exceeds the critical angle, total
internal reflection occurs, which means that all light is reflected back into the
objective, as represented in Figure 27. This creates the evanescent field which has

a penetration depth within the second media which depends on the angle of
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incidence the wavelength of the light in the first medium and the refractive indices

(Error! Reference source not found.Equation 12)(243).
n, X sinB; =n, Xsin0,

Equation 10: Snell's law. Where n; represents the refractive indice of the first media. n

represents the refractive indice of the the second media. 91 is the angle of incidence. §; is the angle

n
1 (T

0, = sin™1 (—)
ny

Equation 11: Critical angle. 9. represents the critical angle which is the angle of incidence at

of refraction.

which the angle of refraction O is equal to 90°.

A
d, = _
41 X VYn.? X sin?0, — n,?

Equation 12: Evanescence depth (d,) formula. Where A is the wavelength of the light.

This is ideal for surface assays and prevents most of the background fluorescence.
However, the beads used in this thesis are 4.8 um in diameter, meaning that
captured DNA can only be as close as 2.4 um from the surface, far from the 100
nm range of the evanescence field. By tweaking the angle of the mirror that allows
it to go from Widefield to TIRF, the system was put in Oblique Angle Fluorescence
(OAF). This allows for the illumination of a partial portion of the flow cell, which is

sufficient for imaging the DNA strand, but also greatly reduces background
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fluorescence. The work presented in this thesis exclusively uses the microscope in

the OAF configuration.

Flow cell

Widefield TIRF OAF

Figure 27: Difference between Widefield, TIRF and OAF microscopy. Images can be
acquired through different optical paths by changing the angles of mirrors within the system.
Represented here are the different optical pathways leading to different laser exposures. Widefield
corresponds to a straight vertical path that goes through the entire flow cell. This leads to a lot of
background fluorescence. If the laser comes in with a TIRF angle, it will lead to reflection of the
laser ray but will create an evanescence field at the surface with a height of less than 100 nm
(Black arrow). This is optimal for surface assay and greatly reduces background fluorescence.
Finally, if you tune your optical path to be in OAF, only parts of the flow cell will be illuminated,
leading to reduced background fluorescence. The work presented throughout this thesis used the

OAF configuration of the optical path.

3.2.6 Lysate preparation

Lysate was prepared as described in chapter Il. 3.2.7 Protein
purification

Proteins were purified as described in Chapter Il

3.2.8 UV damage to DNA

DNA was damaged as described in Chapter II.
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3.2.9 Nick translation

Nicking was performed on 1 ug of biotinylated Lambda DNA with 20 units of
NtBspQl nicking enzyme. This was done in a total volume of 60 uL containing 6 L
of 10x NEB 3.1 buffer. The reaction was incubated at 37 °C for one hour. The
enzyme was then inactivated at 80 °C for 20 minutes; then the reaction was
gradually cooled to 4 °C. After cooling down, 0.8 ug of freshly nicked Lambda DNA
was mixed with 40 uM of each dNTP at the exception of dTTP which was replaced
with Fluorescein-12-dUTP (thermoscientific R0101), 10 units of DNA Polymerase |
(thermoscientific EP0041), 10X Pol | reaction buffer up to a final volume of 60 L.
The reaction was incubated for 12 minutes at 37 °C. 25 uL of the reaction mix was
supplemented with 8 mM ATP and 10 units of T4 DNA ligase in NEB buffer 2.1
overnight at 16 °C. This resulted in the incorporation of fluorescein to the DNA

strand as shown in Figure 28.
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Figure 28: Nt.BspQl nick translation result and corresponding Lambda map. On the top is

the map of Lambda’s expected nick locations. On the bottom, each dot is fluorescein-dUTPs which
have been incorporated through nick translation. Different quantity of dUTP is present resulting in

different fluorescence intensity. (Scale bar: 5 um)

3.2.10 General Data analysis

General Data analysis was performed as described in Chapter Il.
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3.3 Results

3.3.1 UvrA-mNeonGreen binds to tethered DNA

Biotinylated Lambda DNA was tethered to streptavidin-coated beads as previously
described. Then the DNA strand was moved to a channel containing 5 nM UvrA-
mNeonGreen (lysate) in solution within ABC buffer (50 mM Tris pH 7.5, 50 mM
KCl, 10 mM MgCl;) supplemented with 1 mM of ATP and 1 mM DTT. It is important
to note that fusion proteins of NER proteins with fluorescent tags have been
shown to not affect the function of the NER proteins both in-vivo and in-vitro
(13,48,198). The 488 nm laser was turned ON at 30 % power while a video was
recorded (exposure time: 200 ms with exposure synchronisation, framerate: 4.42
Hz) with great signal to noise. One frame of this video is shown in Figure 30A where
bright spots are single binders of UvrA-mNeonGreen. The same video is
represented as a kymograph in Figure 30B, highlighting that the proteins stay on

DNA for a varied amount of time each.

Video without
synchronisation

Video with
synchronisation

Time

Laser ON Laser OFF Time at which frame is captured

Figure 29: Exposure synchronisation: Allows to reduce the amount of light that hits a sample
before capturing a frame. In red is represented the time at which the frame is captured. In green is
the time during which the sample is under light exposure. If we turn on the exposure

synchronisation, the sample will be exposed to light for a shorter amount of time before the frame

is captured.
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Time

Figure 30: UvrA-mNeonGreen binds to tethered DNA. A: Picture extracted from a video
where a tethered DNA strand was moved to a channel containing a final concentration of 5 nM of
UvrA-mNeonGreen after the lysate was diluted with ABC buffer. Red and yellow arrows point to
single UvrA-mNeonGreen binders (white scale bar = 5 um). B: kymograph of the video shown in A
where the same UvrA-mNeonGreen molecules are shown (red and yellow arrows) while evolving
with time (White scale bar = 20 seconds; black scale bar = 5 um). Beads are visible on the top and

bottom of the image as a slightly lighter band.
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3.3.2 UvrA binding is influenced by the flow

Now that it was shown that UvrA-mNeongreen was capable of binding to the DNA
strand, a few technical checks had to be done. First, it was necessary to check the
effect of the flow to the binding of the protein to the DNA. This was needed as the
system allows for imaging either with the flow turned on or turned off. A helpful
finding was that the flow affects greatly the propensity of UvrA-mNeonGreen
proteins bound to the DNA strand. To demonstrate that, DNA strands were
tethered as previously described and put under 35 pN of tension with or without
0.1 Pa of lateral flow. The DNA strand was within a channel containing 5 nM of
UvrA-mNeonGreen (originated from lysate) in ABC buffer supplemented with 100
mM DTT, 1 mM ATP and protease inhibitor to a final concentration of 0.07 mg per
mL. Videos were recorded (100 ms exposure, 2 Hz) with 488 nm laser exposure
(30% laser power). Lifetimes and attachment rate constants were calculated as
previously described. As a result of the change of flow conditions, the number of
binders per minute increases from 0.66 + 0.18 binders per minute per kbp to 1.86
t+ 0.44 binders per minute per kbp when using 0.1 Pa of lateral flow when
compared to a strand observed under no flow, resulting in an increase of 2.8-fold
(Figure 31F) (P-value: 0.02). While the lifetime goes from 2.40 £+ 0.11 sto 2.76 +
0.10 s (Figure 31E) (P-value: 0.004). As a result, there is a 3.5-fold increase of the
affinity of UvrA to the DNA in presence of flow. (P-value: 0.11). Altogether this
strongly suggests that the binding of UvrA-mNeonGreen is strongly affected by the
addition of flow. However, the difference in binding behaviours is mostly seen for
the attachment rate constant. A potential explanation is that underflow there are
some movements of the DNA, making it more likely to get into contact with
passing by UvrA. At the same time, UvrA movement is no longer limited by it’s
diffusion constant, but is increased by the speed of the current within the flow.
These were not investigated further and most experiments were carried out
without flow. However, in some cases there was a need to increase the decoration

of UvrA on the DNA strand. In those cases, flow was used.
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Figure 31: The presence of 0.1 Pa of flow greatly increases the binding of UvrA to the
DNA strand. A: When strands that were under 35 pN of tension were put under 0.1 Pa of lateral

flow, UvrA-mNeonGreen shows a high decoration of the DNA strand as seen in this kymograph. B:
Gathering the dwell time of all binders onto the DNA allows for the plotting of the distribution of
the number of binders per dwell time. This fits to an exponential from which the lifetime can be
extrapolated (R?: 0.96). C: In the absence of flow, there is lower decoration of the DNA strand. D:
Exponential fit is done similarly (R?: 0.94). E: The lifetime seems to be slightly affected with its
lifetime going from 2.40 + 0.11 s to 2.76 + 0.10 s (R?: 0.94 and 0.96 for the fits of dwell time of
UvrA-mNeonGreen in the absence and presence of flow respectively; P-value: 0.004). Error bars
represent the error of the exponential fit. F: However, the average number of UvrA-mNeonGreen

binding to the tethered DNA increases from 0.66 + 0.18 binders per minute per kbp to 1.86 + 0.44
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binders per minute per kbp when compared with strands that were under no flow (n no flow: 5
strands, 781 binders; n flow: 3 strands, 1228 binders) (P-value: 0.02). The error bars represent the
standard error of the mean. As a result, there is a 3.5 fold increase of the affinity of UvrA to the

DNA in presence of flow.3.3.3 UvrA-mNeonGreen binding is affected by time and protease inhibitor

As we use lysate and not purified protein, we were worried about the effect of
potential proteases within the lysate. This is why we used a protease inhibitor mix.
We wanted to check if the protease inhibitor mix was having an effect on the
binding of UvrA-mNeonGreen to the DNA strand. We also observed in this
experiment that UvrA-mNeonGreen binding to tethered DNA in a time-dependent
manner. This was demonstrated by placing a tethered Lambda DNA strand within
a channel containing 5 nM of UvrA-mNeonGreen lysate in ABC buffer
supplemented with 1 mM of ATP and 1 mM of DTT under 0.1 Pa of lateral flow.
The DNA strand was put under 50 pN of tension and left under those conditions
for 2 minutes. Then a 488 nm laser was turned on with exposure synchronisation
(30% power, 200 ms exposure). The tethered DNA was immediately put in the
channel containing only ABC buffer and the video was recorded (4.3 Hz framerate)
for 200 frames (roughly 46 seconds). This is followed by relaxation of the DNA
strand and the same DNA strand was used until the connection between the beads
was lost. A piece of code was written to avoid human variations when performing

this experiment (Appendix 1).

To analyse the data, a kymograph along the DNA strand was extracted for each
video using the FlJI package of Imagel. Those kymographs were exported as text
files and imported into Excel where the average fluorescence over time was
calculated. This fits to an exponential and the amplitude was extrapolated. This
amplitude was plotted against the time (Figure 32) at which the corresponding

video was captured, relative to the time at which the protein mix was done.

As represented by squares in Figure 32, the binding of UvrA-mNeonGreen is time-
dependent where binding is very limited for the first 150 minutes and then greatly

increases. Interestingly, the addition of protease inhibitors (Pierce, Thermo
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Scientific, reference A32963) has an impact on the time-dependent binding of
UvrA-mNeonGreen. A protease inhibitor mix was added by crushing a tablet and
diluting the obtained powder in ABC buffer at various concentrations. Notably,
when protease inhibitor is added to a final concentration of 0.07 mg per mL, there
is still that time dependency where binding is very limited for the first 70 minutes
and then greatly increases (as represented by triangles in Figure 32). When the
protease inhibitor concentration is increased to a total of 0.35 mg per mL, there is
limited binding for the first 40 minutes, followed by a great increase in the
decoration of the DNA strand (as represented by circles in Figure 32). When a large
excess of protease inhibitor is added, to a final concentration of 7 mg per mL, there
is very limited binding of UvrA-mNeonGreen to the DNA strand (data not shown).
Altogether, this shows that there might be some proteases within the lysate. To

balance this, protease inhibitor will be used in subsequent experiments.
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Figure 32: Impact of time and protease inhibitor on the binding of UvrA-mNeonGreen.
A: Workflow of the experiment where DNA tether is moved to a protein channel under 0.1 Pa of
flow and 50 pN of tension for 2 minutes. Then a 488 nm laser is turned ON, and the strand is
instantly moved to a protein-free channel. Video is recorded which allows quantifying the overall
fluorescence of the DNA strand coated with UvrA-mNeonGreen. B: Amplitude of exponential fits
over time where squares represent the amplitude of exponential fits in the absence of protease
inhibitor; triangles represent the amplitude of exponential fits in the presence of 0.07 mg per mL of
protease inhibitor and circles represent the amplitude of exponential fits in presence of 0.35 mg per

mL of protease inhibitor.
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3.3.4 Increases in tension show higher decoration of UvrA-

mNeonGreen to the DNA strand.

The C-Trap allows to increase the tension applied to the DNA strand by separating
the two beads connected to the DNA. Interestingly, increases of tension did affect
the binding of UvrA-mNeonGreen. To illustrate this effect, DNA strands were
captured as previously described. The tethered DNA was moved to a channel
containing 5 nM of UvrA-mNeonGreen lysate within ABC buffer and was
supplemented with 1 mM of ATP, 100 mM of DTT and protease inhibitor to a final
concentration of 0.07 mg per mL. DNA strands were subjected to a distance
alteration from 19.1 to 16.9 um resulting in variations of tension between 50 and
8 pN while being under 0.1 Pa of medial flow, illustrated in Figure 33 . The
oscillation was as follow: 10 seconds of rest, 6.35 seconds of decrease in distance
at 0.26 um per second followed by 10 second of rest and 6.35 seconds of increase
in distance at 0.26 um per second. Interestingly increases in tension of the DNA
strand allow for higher decoration of UvrA-mNeonGreen to the DNA strand, as
shown in Figure 33 . It should be mentioned that DNA strands were under medial
flow when videos were recorded. This strongly suggests that the binding of UvrA
is affected by the tension. A higher decoration of the DNA strand could be due to
an increase in the number of binders per minute and/or an increase in the time
each binder stays on the DNA. This will be investigated further in the subsequent

sections.
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Figure 33: Kymograph of Increase of tension shows a higher decoration of UvrA-
mNeonGreen to the DNA strand. A: Variation of forces applied to the DNA strand. B:

Kymograph of a DNA strand under variable tension while medial flow is on. The pattern of tension
applied to the DNA strand is represented in blue where tension will be kept at 8 pN for 10 seconds,
then the DNA is stretched until the tension reaches 50 pN and kept at 50 pN for 10 seconds until it
is released back to 8 pN. The lighter part of the kymograph represents UvrA-mNeonGreen proteins
bound to the DNA strand. As the tension increases, more proteins bind to the DNA. Once the

tension decreases, the proteins leave the DNA strand.

3.3.5 Tensile force affects both the On-rate and the Off-rate of lysate
UvrA-mNeonGreen in the presence or absence of UV damage to the

DNA
To determine which of the On-rate or the Off-rate was being affected by the

changes of tension, the experimental set-up had to be altered in a way that
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allowed the gathering of quantitative data. To do so undamaged and UV-damaged
DNA strands were tethered as previously described. UV-damaged DNA strands
were produced by irradiating biotinylated Lambda with 40 J.m? of 254 nm UV and
tethered similarly to undamaged DNA. UvrA-mNeonGreen in lysate is mixed in
solution with ABC buffer to a concentration of 5 nM and supplemented with 1 mM
of ATP, 100 mM of DTT and protease inhibitor to a final concentration of 0.07 mg
per mL. A Python script (Appendix 2) made the same DNA strand go through
successive tensions (10, 15, 25, 35, 45 pN) as shown in Figure 34A while recording
UvrA-mNeonGreen binders on the DNA strand as shown in Figure 34B. The
minimal and maximal values (10 and 45 pN) were chosen as being the “low” and
“high” tensions. The reasoning for the 45 pN is to avoid stretching the DNA strand
too close to its overstretched transition. With hindsight, the “low” tension should
have been much lower (around 2.2 pN would have been more appropriate to

compare with literature (244)).

Force (pN) Force applied over time

45 pN

T S

» 25 pN F
&

i

400 600 800 1000 1200 1400 1600 1800
Time(second)

Time

D
On-rate (N /:f-rate (k)
O Number of binders per minute Q Q Q

How long the protein stays on
the DNA

Figure 34: Experimental set-up for tension dependency study. A: Measure of the force
applied to the DNA strand as the program is running where the tension is increased gradually from

10to 15, 25, 35, and 45 pN over time. B: Resulting kymograph from the experiment in A, red lines
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represent the time at which the different tensions are applied to the DNA. C: Visual representation
of the on-rate which is the number of binders per minute. D: Visual representation of the off-rate

which is the reciprocal of the attached lifetime.

Lifetime and attachment rate constants were calculated as previously described.
An increase of DNA tension from 10 pN to 45 pN induces the lifetime of UvrA-
mNeonGreen to go from 1.43 £ 0.04 s to 2.28 + 0.08 s in the absence of damage
(P-value: <0.0001) and from 1.07 + 0.02 s to 3.28 £ 0.10 s in the presence of UV
damage (P-value: <0.0001) as shown in Figure 35A and Figure 35B. Similarly, the
number of binders per minute per kbp increases by 135 % (P-value: 0.04) and 94
% (P-value: 0.01) in the absence and presence of UV damage as shown in Figure
35C and D. With both lifetimes and the attachment rate constant increasing when
the tension applied to the DNA goes from 10 pN to 45 pN, naturally there is a 3.8
fold increase of the affinity of UvrA-mNeonGreen to undamaged DNA and 6 fold
for UV-damaged DNA (P-values: 0.03 and 0.0006 respectively).

Plotting of the attachment rate constant, the detachment rate constant, and the
dissociation constant against the force applied to the DNA is possible. Such plots
allow for Bell fitting from which the distance to the transition state is extrapolated
as shown in Figure 36. The distance to the transition state is 0.05 nm and 0.16 nm
for the detachment rate constant of undamaged and damaged DNA strands
respectively (Figure 36A and B). The distance to the transition state of the
attachment rate constant is -0.10 nm and -0.06 nm for undamaged and damaged
DNA strands respectively (Figure 36C and D). The distance to the transition state
is an indication of how much the DNA must be stretched to affect the binding of
the protein. It is calculated for both the attachment rate constant (how much the
DNA must be stretched to facilitate the binding of the protein to the DNA), and for
the detachment rate constant (how much the DNA must be stretched to increase

the lifetime of the protein to the DNA).
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Figure 35: UvrA-mNeonGreen lifetime is affected by both tension and UV damage. Light
grey represents undamaged DNA and dark grey represents UV-damaged DNA. A: Lysate UvrA-
mNeonGreen lifetime increases from 1.43 + 0.04 s to 2.28 + 0.08 s when tension is increased from
10 pN to 45 pN (n binders: 170 and 422 respectively; n strands: 5 for both; R2: 0.97 and 0.96
respectively; P-value: <0.0001). B: Similarly, in the presence of UV damage, the lifetime increases
from 1.07 +0.02 s to 3.28 + 0.10 s when the tension is increased from 10 pN to 45 pN (n binders:
660 and 1352 respectively; n strands: 5 for both; R2: 0.99 and 0.98 respectively, P-value: <0.0001).
P-values between undamaged and UV-damaged strands are also <0.0001. Error bars represent the
errors of the exponential fit. C: The binding of UvrA to the tethered DNA strand increases from 0.15
+ 0.04 binders per minute per kbp to 0.36 + 0.08 binders per minute per kbp when going from 10
pN to 45 pN of tension in the presence of undamaged DNA, which accounts for an increase of 135
% (P-value: 0.04) and from D: 0.59 + 0.09 binders per minute per kbp to 1.15 + 0.15 binders per

minute per kbp in the presence of UV-damaged DNA (P-value: 0.01) which results in an increase of

9 |Page



94%. Error bars for the lifetime represent the error of the exponential fit. Error bars for the

attachment rate constant represent the standard error of the mean.
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Figure 36: Bell-fits of k4, k, and Kp of the binding of UvrA-mNeonGreen to undamaged
and UV-damaged DNA under various forces. A: The Bell-fit of the detachment rate constant

of lysate UvrA-mNeonGreen highlights a distance to the transition state of 0.05 nm when using

undamaged DNA as a substrate and B: a distance to the transition state of 0.16 nm when using

UV-damaged DNA as a substrate. C: Similarly, the Bell-fit of the attachment rate of lysate UvrA-

mNeonGreen highlights a distance to the transition state of -0.10 nm when using undamaged DNA

as a substrate and D: a distance to the transition state of -0.06 nm when using UV-damaged DNA

as a substrate.

3.3.6 UvrA-mNeonGreen’s binding is affected by fluorescein-damaged

DNA.

Fluorescein on DNA has been extensively described as a lesion that is recognised

and repaired by NER (59,245). Fluorescein was incorporated into biotinylated

Lambda using nick translation. It allows for nicking the DNA at specific places which

in turn allows for priming of DNA polymerase | to the DNA. Synthesis of DNA at the

location of the nicks permits incorporation of Fluorescein by only providing ATP,

GTP, CTP and Fluorescein-12-dUTP (And not providing dTTP), as shown in Figure

28. Fluorescein-Biotinylated-Lambda was tethered in-between beads as described
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for undamaged DNA and put under 10 pN of tension. A snapshot of the location
of the fluorescein alongside the DNA strand was captured (488 nm, 30% power) in
a buffer channel which allows for mapping of the damage sites as shown in Figure
28. Fluorescein is a fluorophore that photobleaches very quickly, once
photobleached, the DNA strand was cautiously moved to a channel containing 5
nM of UvrA (lysate) within ABC buffer, supplemented with 1 mM of ATP, 1 mM of
DTT and 0.07 mg per mL of protease inhibitor mix. The two traps were kept at the
same distance from each other to make sure that the localisation of the
photobleached fluorescein stays put. This was necessary as both fluorescein and
mNeonGreen are excited by the 488 nm laser and result in similar fluorescent
spots. Then a 488 nm laser is turned on and a video is recorded (200 ms exposure,
2 Hz, exposure synchronisation ON, 30% laser power). The videos containing UvrA-
mNeonGreen are also analysed with Trackmate as shown previously (Error! R
eference source not found.). Individual binder proximity to lesion sites was
evaluated. Binders within 72 nm of the localisation of a lesion were grouped
together (named proximal to the lesion) while the ones that weren’t within that
window were put in another group (named distal to the lesion). This was also done
for other distances with an increment of 72 nm for a total of six distances to the
lesion. The lifetime (Figure 37A) and attachment rate constant (Figure 37B) were
calculated for binders proximal and distal to the lesion for each of those six
distances. Since the attachment rate constant is expressed in binder per second
per kbp, it considers the difference in DNA size. Interestingly, both the attachment
rate constant and the lifetime proximal to the lesion are greater than those distal

to the lesion at all the distances evaluated.

To choose a distance to the lesion that is representative of how UvrA behaves near
a lesion site, several aspects must be considered. First, the number of lesion sites
per DNA strand was variable, from three to six. Some of those lesion sites were
relatively close with the smallest distance observed being between two lesion sites
being 556 nm. This means that any distances above 278 nm will induce biases in

the analysis. Second, the DNA strands were moved in between the acquisition of
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the lesion site localisation and the imaging of UvrA-binding. This could induce
some small displacement of the damage sites, which in turn could cause a bias in
the data analysis if the distance to the lesion site chosen for the analysis is too
small. As such, the distance to the lesion site can only be 144 or 216 nm to be both
large enough to ensure small displacements do not affect the analysis and small
enough to differentiate distances from different lesions that are close to each
other. The distance chosen to be representative of the behaviour of UvrA-
mNeonGreen binding at proximity to the lesion is 144 nm as it is the one that
shows the highest difference for both the lifetime (Figure 37C) and the attachment
rate constant (Figure 37D). As such, there is an increase in the lifetime of UvrA-
mNeonGreen from 1.19 + 0.03 s when the binding occurs distal to the lesion, to
1.62 +0.06 s when the binding occurs proximal to the lesion site (P-value: <0.0001)
(Figure 37C). The number of UvrA-mNeonGreen binders increases from 0.27 + 0.05
binders per minute per kbp proximal to lesions to 0.37 = 0.10 binders per minute
per kbp distal to the lesion (Figure 37D). However, this variation is not statistically
significant (P-value: 0.41). As a result, there is an increase of the affinity of UvrA-
mNeonGreen to the DNA of 1.8-fold when proximal to the lesion (P-value: 0.09).
It is important to note that we are not looking at colocalization between UvrA-
mNeonGreen and one fluorescein molecule, but rather at the difference of binding
of UvrA-mNeonGreen at proximity to the lesion. This is exacerbated by the
presence of a multitude of fluorescein tags at every lesion site. This is why we

didn’t take into account the diffraction limit uncertainty in this study.
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Figure 37: Fluorescein dffects the lifetime of UvrA-mNeonGreen but not its on-rate.

Using fluorescein-labelled DNA as a template for UvrA-mNeonGreen binding allows for localisation
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of UvrA’s binding with DNA damage lesion sites. The lifetime and the attachment rate constant of
UvrA were assessed depending on the distance of each individual binder relative to the lesion. Data
analysis was performed with a distance incrementally increasing by 72 nm (72 nm being the width
of a pixel on the C-Trap) from 72 nm to 360 nm (one to five pixels).The A: lifetime and B:
attachment rate constant are plotted against the distance to the lesion. C: Notably, there is a
significant difference in the off-rate with lifetimes reaching 1.62 + 0.06 seconds within 144 nm to
the lesion and 1.19 + 0.03 seconds outside of this 144 nm windows (R2: 0.98 and 0.99 respectively;
n binders: 206 and 1646 respectively, n strands: 7; P-value: <0.0001). D: Binders proximal to the
lesion (within 144 nm of damage sites) show no statistically significant differences in their
attachment rate constant compared to binders distal from the lesion (ka proximal to the lesion:
0.36 #+ 0.10 binders per minute per kbp; ka distal from lesion: 0.27 + 0.05 binders per minute per
kbp; P-value: 0.41). Error bars for the lifetime represent the errors of the exponential fit. Error bars

for the attachment rate constant represent the standard error of the mean.

3.3.7 Effect of Tension and UV Damage on UvrB’s Recruitment by UvrA.
As changes in tension affect the binding of UvrA to the DNA, it raises questions on
how it affects the binding of the next protein involved in NER: UvrB. To assess this,
5 nM of purified UvrA-mScarlet was used with 10 nM of lysate UvrB-mNeonGreen
in ABC buffer supplemented with 1 mM ATP, 100 mM DTT and 0.07 mg per mL of
protease inhibitor mix. Undamaged or UV-damaged DNA strands were tethered
as previously described. However, data collection was only performed at 10 pN or
45 pN of tension. Videos were recorded (200 ms exposure time, exposure
synchronisation ON, 2 Hz) under the excitation of a 488 nm and a 532 nm laser
(both at 30% power). Data was analysed as previously described to get the on-rate
and off-rate of both UvrA-mScarlet and UvrB-mNeonGreen (Error! Reference s
ource not found.) allowing us to relate the quantity of UvrB to UvrA. Under those
conditions, UvrA-mScarlet shows an increase in its lifetime from 0.42 + 0.01 s to
0.78 + 0.01 s as the tension of the DNA is increased from 10 pN to 45 pN when
using undamaged DNA as the substrate (Figure 39A; P-value: <0.0001). High
tension also increases the attachment rate constant of UvrA-mScarlet by 382 %
(Figure 39C; P-value: 0.008). However, using UV-damaged DNA as substrate shows
a lifetime for UvrA-mScarlet of 0.63 + 0.01 s at low tension and 0.72 + 0.01 s at

high tension (Figure 39B; P-value: 0.001), with an increase of the attachment rate
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constant not statistically significant (Figure 39D; P-value: 0.51). With both lifetimes
and the attachment rate constant increasing when the tension applied to the DNA
goes from 10 pN to 45 pN, naturally the affinity of UvrA-mScarlet increases by 9.1
foldwhile using undamaged DNA and by 1.7 fold while using UV-damaged DNA (P-

values: 0.0007 and 0.38 respectively).

A

| essseescon
5000 nm

Figure 38: Example of experimental data. A: In red is UvrA-mScarlet. In green is UvrB-

mNeonGreen. B: Kymograph of both UvrA-mScarlet and UvrB-mNeonGreen.

The lifetime of UvrB-mNeonGreen was not calculable at low tension due to the
small number of binding events (n binders: 7 and 19 for undamaged and
damaged DNA respectively; n strands: 2 and 2 respectively). The lifetime of UvrB-
mNeonGreen at high tension was 1.38 £ 0.06 s and 1.56 £ 0.07 s when using
undamaged and UV-damaged DNA strands as substrate respectively (Figure 40A)
(P-value: 0.02). However, UvrB’s attachment rate constant increases in a non-
statistically significant way (P-value: 0.09) from 0.05 + 0.02 binders per minute
per kbp when using undamaged DNA as substrate to 0.12 + 0.05 binders per
minute per kbp when using UV damaged DNA as substrate. As a result, UvrB’s
affinity for the DNA strand increases by 2.8 folds (P-value: 0.2). However, the

attachment rate constant, and therefore the dissociation constant of UvrB comes
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with a bias as UvrB’s recruitment to the DNA is dependent on UvrA. To take that
into consideration, the ratio of the number of UvrB binders to the number of
UvrA binders was assessed (Figure 41). As such, when undamaged DNA is used as
the substrate, thereisa4 +4 % to 17 £ 6 % of UvrB per UvrA increase between
10 pN and 45 pN, but this difference is not statistically significant (P-value: 0.12).
However, when using UV-damaged DNA, the ratio of UvrB per UvrA goes from 6
+ 3 % to 34 + 7 % with statistical significance (P-value: 0.02). Since only two

tensions were tested here, it is not possible to fit the data gathered to Bell-fits.
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Figure 39: UvrA's kinetic in the presence of UvrB. When 5 nM of purified UvrA-mScarlet is in

presence of 10 nM of lysate UvrB-mNeonGreen, A: UvrA’s lifetime increases from 0.42 + 0.01 s to
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0.78 + 0.01 s when the tension increases from 10 pN to 45 pN using undamaged DNA (n binders:
156 and 1196 respectively; n strands: 2 and 4 respectively, R2: 0.99 and 0.99 both; P-value:
<0.0001) B: while it increases from 0.63 + 0.01 s to 0.72 + 0.01 s when using UV-damaged DNA (n
binders: 443 and 1026 respectively; n strands: 2 and 3 respectively, R2: 0.99 and 0.99 both; P-
value: 0.0011). P-values between undamaged and UV-damaged DNA are <0.005. C: The binding of
UvrA to the tethered DNA strand increases from 0.06 + 0.02 binders per minute per kbp to 0.27 +
0.03 binders per minute per kbp when going from 10 pN to 45 pN of tension in the presence of
undamaged DNA, which accounts for an increase of 382 % (P-value: 0.008). D: However, no
statistically significant difference was found when using a UV-damaged DNA strand as a substrate
(ka 10 pN: 0.23 + 0.1 binders per minute per kbp, ka 45 pN: 0.34 + 0.10 binders per minute per kbp;
P-value: 0.51).Error bars for the lifetime represent the errors of the exponential fit. Error bars for

the attachment rate constant represent the standard error of the mean.

A 1.8 1 %k B 0.2 -
|
1.6 - o 0.18 A
3
0.16 -
1.4 - _I_ )
_— -'5
w £ 014
o 12 £
£ 5 0.12 A
=1 A o —
L v 2 01 -
— _ UV 2
0.8 o
“ £ 0.08 -
[an] e}
5 0.6 A e
3 ﬁ 0.06 - I
04 - 2 004 - l
3
0.2 ~ 0.02 -
0 0 .

OUndamaged DNA
B UV damaged DNA

Figure 40: Kinetics of Lysate UvrB-mNeonGreen at 45 pN in the absence or presence of
UV damage. The kinetic of UvrB was assessed when 10 nM of Lysate UvrB-mNeonGreen was in

the presence of 5 nM of purified UvrA-mScarlet. There were few numbers of UvrB binders at low
tension (10 pN) (n binders: 7 and 19 for undamaged and damaged DNA respectively; n strands: 2
and 2 respectively). Therefore, the lifetime, attachment rate constant and dissociation constant
were assessed only at high tension (45 pN). A: As such, UvrB lifetimes at 45 pN are 1.38 + 0.06 s
and 1.56 + 0.07 s for undamaged and damaged DNA respectively (n binders: 229 and 326
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respectively; n strands: 4 and 3 respectively; R2: 0.97 and 0.98 respectively; P-value: 0.02). B:
UvrB’s attachment rate constant goes from 0.05 + 0.02 binders per minute per kbp when using
undamaged DNA as substrate to 0.12 + 0.05 binders per minute per kbp when using UV-damaged
DNA as substrate. However, this difference is not significant (P-value: 0.09). Error bars for the
lifetime represent the errors of the exponential fit. Error bars for the attachment rate constant

represent the standard error of the mean.
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Figure 41: Recruitment of UvrB by UvrA depending on tension.

As UvrB is usually recruited to the DNA by UvrA, and UvrA is already tension dependent, it was
necessary to assess the evolution of the number of UvrB relative to the tension while taking into
account the evolution of UvrA. As such, the proportion of UvrB per UvrA increases from 4 +4 % to 17
+ 6 % when going from 10 to 45 pN using undamaged DNA but the difference is not significant (P-
value: 0.12). However, when using UV-damaged DNA, the proportion of UvrB per UvrA increases
from 6 + 3 % to 34 + 7 % (P-value: 0.02). There are no significant differences between undamaged
and damaged DNA (P-value: 0.33 for low tension and P-value: 0.06 for high tension). Error bars

represent the standard error of the mean.
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3.3.8 A high concentration of purified UvrA-mScarlet x2 shows little

difference in behaviours upon UV damage and tension changes

We wanted to assess if the use of purified protein showed different results than
the use of protein within the lysate. However, we stumbled upon few difficulties
that will be explained here. 25 nM of purified UvrA-mScarlet x2 was used in ABC
buffer supplemented with 1 mM ATP, 100 mM DTT and 0.07 mg/mL of protease
inhibitor mix. Other larger protein fusions have been previously used, such as
UvrA-mNeonGreen x3, without showing any difference in NER function in-vivo
(Alexandra Moores, unpublished data). Data collection and analysis were done as
previously described. Purified UvrA-mScarlet x2 didn’t seem to bind at 5 nM,
hence why the protein concentration was increased. Notably several proteins
were tested including UvrA-mNeonGreen and UvrA-mScarlet. However, UvrA-
mScarlet x2 is the one that showed the most useable qualities. The high
concentration of the protein resulted in videos with a lower signal-to-noise ratio.
Undamaged or UV-damaged DNA strands were tethered as previously described
and put under specific DNA tension (10 pN, 20 pN, 30 pN, 40 pN, and 50 pN. Each
tension was done with a newly captured DNA strand. The laser was turned on (488
nm at 30 % laser power) and videos were recorded (100 ms exposure time,
exposure synchronisation ON, 2 Hz, 1200 frames). Under those conditions, the
lifetime of UvrA-mScarlet x2 is very similar going from 0.67 £ 0.003 s to 0.65 + 0.01
s for low and high tension, using undamaged DNA as substrate (P-value: 0.02).
However, when using damaged DNA, the lifetime goes from 0.69 + 0.004 s to 0.91
+ 0.01 s (Figure 42A; P-value: <0.0001). Despite the data showing significance,
Figure 43 hints that the lifetime at 50 pN is an outliner and therefore not real.
There are no statistical differences between low and high tension for the
attachment rate constant of UvrA-mScarlet x2 (Figure 42B; P-value for untreated
DNA strands: 0.56; P-value for DNA damaged DNA strand: 0.85). In turn, it results
in no differences in the affinity of UvrA-mScarlet x2 to the DNA strand (P-value:
0.6 for both of them). It is notable to mention that due to the high noise-to-signal

ratio, gathering data for this experiment was challenging. It required pooling data
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from different days to have enough binding events to proceed with the data
analysis. With the time dependency of the binding of UvrA, it renders the
attachment rate unusable so this result must be taken with caution. Furthermore,
Bell fitting of the off-rate of UvrA-mScarlet x2 seems to be unaffected by the
tension as shown in Figure 42B with distances to the transition state of 0 nm and

of 0.02 nm when using undamaged and UV-damaged DNA as substrate.
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Figure 42: A high concentration of purified UvrA shows an unclear effect of tension and
UV damage on UvrA's binding. A: Purified UvrA-mScarlet x2 was used at a concentration of 25

nM and showed similar lifetimes when undamaged DNA was used with lifetimes of 0.67 + 0.003 s
and 0.65 + 0.01 s at 10 pN and 50 pN respectively (n binders: 763 and 463 respectively, n strands: 3
and 2 respectively; R2: 0.99 and 0.99 respectively, P-value: 0.02). When using UV-damaged DNA
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there is an increase of the lifetime from 0.69 + 0.004s to 0.91 + 0.01 s respectively (n binders: 939
and 313 respectively; n strands: 3 and 3 respectively; R2: 0.99 and 0.99 respectively,; P-value:
<0.0001). B: The number of UvrA binders per minute per kbp doesn’t show differences between low
and high tension, with the attachment rate constant going from 0.43 #+ 0.08 binders per minute per
kbp at 10 pN to 0.55 + 0.17 binders per minute per kbp at 50 pN when using undamaged DNA.
Similarly, when using UV-damaged DNA, the attachment rate constant goes from 0.54 + 0.06
binders per minute per kbp at 10 pN to 0.49 + 0.18 binders per minute per kbp at 50 pN (P-value
for untreated DNA strands: 0.56; P-value for UV-damaged DNA strand: 0.85) nor between
undamaged and UV-damaged DNA (P-value 10 pN: 0.37; P-value 50 pN: 0.87). Error bars for the
lifetime represent the errors of the exponential fit. Error bars for the attachment rate constant

represent the standard error of the mean.
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Figure 43: Effect of tension and UV damage to UvrA-mScarlet x2's dwell time on DNA.
A: Bell-fit of the detachment rate constant of UvrA-mScarlet x2 show a distance to the transition
state of 0 nm when using undamaged DNA as substrate and of B: 0.02 nm when using UV-
damaged DNA as substrate. However, the data point at 50 pN seems to be an outsider as is it
clearly standing out, with no curvature in the previous data points. This suggest that the distance
to the transition state calculated is probably wrong. Data for this experiment were pooled from two
different days of experiments rendering Bell-fits of attachment rate constants, and therefore

dissociation constants, impossible.

3.3.9 Purified UvrB-mNeonGreen behaviour with undamaged and UV-

damaged DNA substrates under various DNA tensions.

Even though the binding profile of purified UvrA-mScarlet x2 is different to the one

of UvrA-mNeonGreen within lysate, we wanted to assess the recruitment of UvrB-
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mNeonGreen to the system depending on differences in load. Although having
differences in the binding of UvrA is a nuisance to the data collected here, there is
still value in the data collected for UvrB. To assess the recruitment of purified UvrB
to the DNA, 25 nM of purified UvrA-mScarlet x2 was used in combination with 50
nM of purified UvrB-mNeonGreen in ABC buffer supplemented with 1 mM ATP,
100 mM DTT, and 0.07 mg per mL of protease inhibitor mix. UV-damaged and
undamaged DNA strands were tethered as previously described and put under
specific tensions (10, 20, 30, 40 and 50 pN). Undamaged or UV-damaged DNA
strands were captured and then moved to the protein-containing channel. Once
in the protein channel, the DNA strands were put under specific tensions (10, 20,
30, 40 or 50 pN), laser turned on (488 nm and 532 nm, both at 30% laser power)
and videos recorded (100 ms exposure time, exposure synchronisation ON, 2 Hz,
1200 frames). The Off-rate of UvrA and UvrB was assessed as previously described.
The On-rate of both UvrA and UvrB had to be adapted due to the high and variable
background noise. UvrA and UvrB binders per minute had to be normalised with
the background fluorescence. In each of the videos, a box of 68x120 pixels in frame
one was snapped and the intensity of the fluorescence on that frame was
averaged. Then the number of protein binding per minute was divided by that
background fluorescence and multiplied by the lowest measured background
fluorescence of that day. This was necessary to be able to solve the Bell-fit
equations. Otherwise, the values were too small, and Excel was unable to process

the fitting.

First, the kinetics of UvrA-mScarlet x2 were assessed. As such, UvrA’s lifetime is
0.54 £ 0.01 s and 0.61 £ 0.01 s between low and high tension when using
undamaged DNA as a substrate (P-value: <0.008) and 0.60 + 0.01 s and 0.53 + 0.01
s when using UV-damaged DNA as a substrate (Figure 44A; P-value: 0.0008). The
attachment rate constant of UvrA-mScarlet x2 didn’t show any statistical
differences between low and high tension as well as between undamaged and UV-

damaged DNA (Figure 44B). As a result, the affinity of UvrA-mScarlet x2 shows no
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differences between all conditions (P-value: 0.8 in the absence of damage and P-

value: 0.49 in the presence of UV-damage).

UvrB-mNeonGreen’s lifetime at low tension wasn’t calculated due to the too-low
number of binders (n binders: 14 for both undamaged and UV-damaged DNA).
However, UvrB-mNeonGreen lifetime at high tension had enough binders to
properly estimate the lifetime and resulted in a lifetime of 1.03 £ 0.05 s and 1.19
1 0.03 s when using undamaged and UV-damaged DNA respectively (Figure 45A;
P-value: 0.014). Furthermore, UvrB-mNeonGreen’s attachment rate constant
shows an increase of 458 % in the number of binders per minute per kbp when
increasing the tension from 10 pN to 50 pN using undamaged DNA as substrate
(Figure 45B; P-value: 0.07). A similar increase of 680 % is also seen when using UV-
damaged DNA as substrate (Figure 45B; P-value: 0.04). With the attachment rate
constant of UvrA-mScarlet x2 staying similar between low and high tension, the
ratio of UvrB per UvrA is increasing as the tension goes from low to high forces.
This increase is shown in Figure 45C where the number of UvrB per UvrA goes from
2+0.9%to 15 * 1.5 % when using undamaged DNA as substrate (P-value: 0.03)
and from 2 + 0.5 % to 31 + 2.8 % when using UV-damaged DNA as substrate (P-
value: 0.04).

Interestingly Bell fitting of the detachment rate constant of UvrB has shown a
distance to the transition state of 0.01 nm for both undamaged and UV-damaged
DNA substrates (Figure 46A and B). This is because there is little tension-
dependent variation in the lifetime. It is important to note that the lifetime at low
tensions fluctuates a lot due to the small number of binders. More interestingly,
Bell fitting of the attachment rate constant of UvrB-mNeonGreen shows a distance
to the transition state of -0.20 nm and -0.21 nm when using undamaged and UV-
damaged DNA as substrate (Figure 46C and D). Bell fitting of the ratio of UvrB per
UvrA shows a very similar distance to the transition state of -0.34 nm and -0.35
nm when using undamaged and UV-damaged DNA as substrate (Figure 47A and
B).
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Figure 44: Purified UvrA’s kinetics in the presence of purified UvrB. When 25 nM of
purified UvrA-mScarlet x2 is in the presence of 50 nM of lysate UvrB-mNeonGreen, A: the lifetime
of 25 nM UvrA-mScarlet x2 is not affected by the increase of tension from 10 pN (0.54 + 0.01 s) to
50 pN (0.61 + 0.01 s) for undamaged DNA (n binders: 567 and 876 respectively; n strands: 2 and 3
respectively; R2: 0.99 for both; P-value: 0.008) nor for increases of tension from 10 pN (0.60 + 0.01
s) to 50 pN (0.53 + 0.01 s; P-value: 0.0008) for UV-damaged DNA (n binders: 1197 and 608
respectively; n strands: 3 for both; R2: 0.99 for both). B: Similarly, UvrA’s attachment rate isn’t
affected by the increase in tension nor the presence of UV damage. The attachment rate goes from
0.38 #0.10 binders per minute per kbp (adjusted) to 0.41 + 0.21 binders per minute per kbp
(adjusted) when the tension increases from 10 pN to 50 pN while using undamaged DNA as
substrate. When UV-damaged DNA is used, the attachment rate goes from 0.33 #+ 1.13 binders per
minute per kbp (adjusted) to 0.24 + 0.09 binders per minute per kbp (adjusted). Error bars for the
lifetime represent the errors of the exponential fit. Error bars for the attachment rate constant

represent the standard error of the mean.
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Figure 45: Kinetics of purified UvrB-mNeonGreen. A: The lifetime of 50 nM of UvrB-
mNeonGreen at 50 pN shows a slight difference between undamaged DNA (1.03 # 0.05 s) and UV-
damaged DNA (1.19 + 0.03 s) (n binders: 128 and 186 respectively, R2: 0.96 and 0.99 respectively;
P-value: 0.01). However, the number of UvrB binders at 10 pN was too small to properly estimate

the lifetime resulting in poor exponential fits (n binders: 14 for both; R2: 0.81 and 0.86). B: The
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binding of UvrB binders per minute per kbp increases from 0.01 + 0.003 binders per minute per kbp

to 0.05 + 0.02 binders per minute per kbp when the tension goes from 10 pN to 50 pN using

undamaged DNA (P-value: 0.07), resulting in an increase of 458 %. A similar increase is observed

when using UV-damaged DNA where the number of UvrB binders per minute per kbp increases

from 0.01 + 0.01 binders per minute per kbp to 0.08 + 0.02 binders per minute per kbp, resulting in

an increase of 680 % (P-value: 0.04). C: The proportion of UvrB to UvrA increases from 2 + 0.9 % to

15+ 1.5 % when using undamaged DNA (P-value: 0.03) and from 2 + 0.5 % to 31 + 2.8 % when

using UV-damaged DNA (P-value: 0.04). Error bars for the lifetime represent the errors of the

exponential fit. Error bars for the attachment rate constant represent the standard error of the

mean.
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Figure 46: Effect of Tension and UV on UvrB-mNeongreen’s binding to DNA. A: Bell
fitting of the detachment rate constant of UvrB-mNeonGreen shows a distance to the transition
state of 0.01 nm when using both undamaged or B: UV-damaged DNA as substrate. C: Bell fitting
of the ka of UvrB shows a distance to the transition state of -0.20 nm when using undamaged DNA

and of D: -0.21 nm when using UV-damaged DNA as substrate.
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Figure 47: Effect of tension and UV damage on the recruitment of UvrB by UvrA.

A: Bell fitting of the ratio of UvrB-mNeonGreen per UvrA-mScarlet x2 shows a distance to the
transition state of -0.34 nm when using undamaged DNA and of B: -0.35 nm when using UV-

damaged DNA as substrate.
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3.4 Discussion

How NER recognizes a plethora of DNA damage types while having only a few
proteins involved is puzzling. It has been proposed that NER recognizes distortions
in DNA such as changes in structure and/or changes in flexibility (196). However,
no solid evidence has been put forward. The work presented in this chapter shows
several UvrA constructs in the presence or absence of various sources of DNA
damage and/or changes in tension to bring forward evidence on a mechanism of

action.

3.4.1 UvrA binding is influenced by DNA tension, UV damage and
Fluorescein lesions.

3.4.1.1 UvrA’s binding is influenced by DNA tension.

Change of DNA tension from low (10 pN) to high (45 pN) increases UvrA’s on-rate
by 135 % (P-value: 0.04) and lifetime from 1.43 + 0.04 s to 2.28 + 0.08 s (P-value:
<0.0001) when using 5 nM of purified UvrA-mNeonGreen (Figure 35). When 5 nM
of purified UvrA-mScarlet is used in combination with 10 nM of lysate UvrB-
mNeonGreen, there is also an increase of the on-rate of UvrA-mScarlet by 382 %
(P-value: 0.008) and of the lifetime from 0.42 + 0.01 s to 0.78 + 0.01 s (P-value:
<0.0001) (Figure 39). This shows a clear effect of the increase in tension of the DNA
strand on UvrA’s binding ability to DNA. This is in accordance with the changes in
decorations observed under flow in . Interestingly, this shows a difference
between the two constructs (UvrA-mNeonGreen and UvrA-mScarlet), but both
shows a significant increase of both lifetime and attachment rate constant in the
presence of tension. However, using a high concentration (25 nM) of purified
UvrA-mScarlet x2 shows no differences in either the on-rate or the lifetime when
going from low (10 pN) to high (50 pN) DNA tension (Figure 42). There are also no
differences in between low and high DNA tension when UvrA-mScarlet x2 is in the
presence of a high concentration (50 nM) of purified UvrB-mNeonGreen (Figure
44). This change of behaviour of UvrA at high concentration could either be due to

the increase of concentration of the protein which increases its ability to bind to
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the DNA, indeed UvrA is a dimer with a dimerization constant of 10 nM (50), which
is higher than what was used in our low concentration experiments (5 nM) and
much lower than what was used in our high concentration experiments (25 nM).
It could also be due to the different constructs that were used. Indeed, the data
that shows an effect of the tension on the binding ability of UvrA is the shorter
ones (UvrA-mNeonGreen or UvrA-mScarlet) while the one that doesn’t show an

effect is a longer construct (UvrA-mScarlet x2).

3.4.1.2 UvrA’s binding in the presence of UV damage shows conflicting results.

The effect of UV damage on the binding of UvrA shows conflicting results
throughout this thesis. The effect of UV on the lifetime of 5 nM of UvrA-
mNeonGreen from the lysate is unclear as it seems to have reduced the lifetime
from 1.43 £ 0.04 s to 1.07 + 0.02 s for low tension (10 pN; P-value: <0.0001) and
increased the lifetime from 2.28 + 0.08 s to 3.28 + 0.10 s for high tension (45 pN;
P-value: <0.0001) (Figure 35). When 5 nM of purified UvrA-mScarlet is used with
10 nM of lysate UvrB mNeonGreen, the lifetime increases at low tension (10 pN;
P-value: <0.002 from 0.42 £ 0.01 s to 0.63 + 0.01 s but slightly decreases from 0.78
+0.01s5t00.72 £0.01 s at high tension (45 pN; P-value: 0.0004) (Figure 39). Finally,
high concentrations of purified UvrA-mScarlet x2 alone or in combination with a
high concentration of purified UvrB-mNeonGreen show very little difference in
lifetime in-between undamaged and UV-damaged strands despite being

statistically significant (Figure 42 and Figure 44).

It is not possible to compare the on-rate between undamaged and UV-damaged
DNA when using 5 nM of lysate UvrA-mNeonGreen alone or 5 nM of purified UvrA-
mScarlet with 10 nM of lysate UvrB-mNeonGreen because those experiments
were performed on different days and UvrA’s on-rate varies too much from one
day to the next. However, it is still possible to assess the increase in the
attachment rate constant between low- and high-tension conditions on different
days, thereby allowing a comparison between undamaged and UV-damaged DNA.

As such the attachment rate of 5 nM lysate UvrA-mNeonGreen shows a significant
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increase of 135 % (P-value: 0.04) in the absence of DNA damage and 94 % (P-value:
0.01) in the presence of UV damage (Figure 35). This difference of 41 % might be
due to UvrA-mNeonGreen binding more easily at low tension because of the
presence of UV damage. Similarly, the attachment rate of 5 nM of purified UvrA-
mNeonGreen in the presence of 10 nM of lysate UvrB-mNeonGreen shows an
increase of 382 % (P-value: 0.008) in between low and high tension of undamaged
DNA and 26 % (P-value: 0.51) in-between low and high tension of UV-damaged
DNA (Figure 39). The lack of significance might also indicate higher recruitment of

UvrA to the DNA at low tension because of the presence of UV lesion sites.

It has previously been shown that UV damage induces UvrA to increase the
lifetime of UvrA (48). However, in that study 1000 J/m? was used on tightropes
while 40 J/m? was used here. This is a 25-fold difference in irradiation which
corresponds to an increase in the number of expected CPDs from 43 to 1,072 per
DNA strand. Therefore, the lack of consistent results in the lifetime might be due
to noise pollution of UvrA binding to undamaged DNA. However, irradiation of
DNA strands at 1000 J/m? resulted in DNA strands that disconnected from the
beads very easily, rendering experiments difficult. This is why a lower dose of

irradiation was used.

3.4.1.3 UvrA’s binding in the presence of Fluorescein shows an effect on the off-rate
but not on the attachment rate.

UV damage occurs randomly across the DNA strand. However, using nick
translation allowed for the incorporation of lesions at specific places on the DNA
strand. Fluorescein was the perfect candidate as it is a substrate of NER and is
fluorescent which allows for precise localisation of the lesions onto the DNA
strand. This allows for a comparison of UvrA’s DNA binding for both damaged and
undamaged DNA within the same strand. Binders within 144 nm of the lesions
show a longer lifetime compared to those outside of this 144 nm range from
lesions (lifetime proximal to the lesion: 1.62 + 0.06 s; lifetime distal from the

lesion: 1.19 £ 0.03 s; P-value: <0.0001) (Figure 37C). However, there is no statistical
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differences between the attachment rate constant of UvrA-mNeonGreen proximal
and distal from the lesion (P-value: 0.41). Fluorescein is a well-known target of
NER. We have shown earlier that the distortion to the DNA strand produced by
increasing the tension resulted in an increase in the lifetime and attachment rate
constant of UvrA. However, fluorescein lesions induced only an increase in the
lifetime. This could be due to the structural differences between DNA that is
stretched in one direction, and the unique distortion caused by the presence of

fluorescein on the DNA strand.

3.4.1.4 Bell fitting of UvrA-mNeonGreen’s binding.

Measuring both the attachment rate, the off-rate, and the equilibrium dissociation
constant of UvrA-mNeonGreen binding at different tensions allows for Bell fitting
and therefore for extrapolation of the distance to the transition state. The distance
to the transition state when using undamaged DNA as the substrate is 0.05 nm, -
0.10 nm and 0.19 nm for the off-rate, the attachment rate, and the equilibrium
dissociation constant respectively of UvrA-mNeonGreen. In the presence of UV

damage, those go to 0.16 nm, -0.06 nm, and 0.32 nm (Figure 36).

The work presented here shows that both the off-rate and the attachment rate
are affected by UV damage as the distance to the transition state for the off-rate
increases and the distance to the transition state for the attachment rate
decreases as illustrated in the free energy landscape in Figure 48. It was shown
that UvrA binds best to damaged DNA but is capable of binding to undamaged
DNA (12). Interestingly, it is not the protein that is subjected to the tension here
but the DNA. When forces are applied to the DNA, it changes the structure of the
DNA progressively as the tension increases. Our hypothesis is that it would reach

a theoretical optimal fit for the protein.

The distance to the transition state is a measure of how the rate constant
responds to load. A higher distance to the transition states for the on-rate or the
off-rate means that more work needs to be done on the molecule to get over the
transition barrier. In our case, UvrA’s binding to DNA is assessed by applying forces
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to the DNA and not to the protein itself. This means that we are assessing the
effect of the load applied on the substrate of UvrA on UvrA’s ability to bind to it.
However, UvrA has a complex binding behaviour. Simply, collisional binding allows
binding of UvrA-ATP to the DNA strand, which relates to the attachment rate
constant (illustrated in Figure 48). This is followed by hydrolysis of ATP which leads
the protein to unbind to the DNA (relating to the detachment rate constant) (48).
As load changes the structure of the DNA, we are assessing how much change is
required for the protein to optimally bind to DNA, which could be how much

change is required for the DNA to be recognized as damage.

In our case, the presence of UV damage alters the energy landscape by getting the
unbound UvrA-ATP state closer to the first transition state and the UvrA-ATP
bound state further from the second transition states (as illustrated in Figure 48).
By tilting of the axis of the free energy landscape, it relates to alteration of the

different energy barriers (Figure 48).

Bell fitting of the dissociation constant gives the change in the equilibrium position
of the UvrA’s molecule due to the application of load on the DNA (200). As such it

is the combined effect of load of the on-rate and the off-rate.
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Figure 48: Free energy landscape of UvrA-mNeonGreen lysate when using undamaged
or UV-damaged DNA as substrate. The binding of UvrA to DNA is a complex phenomenon. Its

free energy landscape can be approximated as presented here in black where collisional binding
occurs resulting in UvrA-ATP molecules binding to the DNA (On-rate). This is followed by hydrolysis
of ATP which helps UvrA to release from the DNA (Off-rate) (48). Unbinding of UvrA-ADP from the
DNA is very quick and therefore not rate-limiting. However, upon the addition of UV-damage (in
red here), the corresponding free energy landscape shows some differences. Since the distance to
the transition state for the attachment rate constant is lower than for undamaged DNA, it results in
a tilting in the y-axis of the energy barrier of the first transition state (TS1). Similarly, the distance
to the transition state for the detachment rate constant is higher in the presence of UV-damage,

resulting in a tilting in the y-axis of the energy barrier of the second transition state (TS2). Overall,
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upon the addition of UV damage, the protein binds faster to the DNA and stays on the DNA for a

longer amount of time.

DNA extension has been described as following a worm-like chain model
(237,238). This means that as tension is applied to the DNA, small changes in
structure will occur at many places on the DNA instead of acutely at a smaller
number of locations. It was suggested that DNA structural perturbations induced
by the DNA-damaging agents could be recognized by repair enzymes (196). We
hypothesize that the change in structure that happens when the DNA is stretched
resembles the changes that occur in DNA lesions that are recognized by UvrA and
therefore allows UvrA to bind to the DNA. It is also possible that the DNA might be
transiently opening into single-stranded DNA pockets as the DNA is stretched. It
was shown that UvrA has a greater affinity for single-stranded DNA than double-
stranded DNA (246). However, this still could be indicative of what is happening
with damage where slight changes of structures would resemble single-stranded

DNA and therefore increase binding of UvrA to the site.

UvrA recognizes a plethora of damage which alters the DNA in a plethora of ways.
Despite our experiments providing proof that DNA topology is simulating DNA
damage enough for UvrA to recognize it, the distances to the transition state give
just an approximation of what is the minimum DNA structure alteration to be
recognized as damage when the DNA is stretched linearly. As such the DNA only
needs to stretch an Angstrom to affect the attachment rate and of half an
Angstrom to affect the off-rate of UvrA’s binding to the DNA. UvrA has a footprint
of 33 bp (247). With 3.4 A per base pair, a modification in length at the resolution
of an Angstrom relates to a change of 0.9 % and 0.5 % of UvrA’s total footprint for
the attachment rate and the off-rate respectively. And we propose that is
sufficient to be recognized as damage. Interestingly, a change of 0.5 % and 1.4 %
is necessary for the recruitment of UvrA on UV-damaged DNA strands for both the
attachment rate and the off-rate respectively. Those numbers were expected to
be smaller than the ones for undamaged DNA. However, numerous UvrAs do bind

to the undamaged part of the DNA strand, reducing the signal to noise.
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Furthermore, the localised distortions of the UV damage might interact with UvrA

differently than the lateral stretching.

3.4.2 UvrB’s binding is influenced by DNA tension and UV damage.

UvrB has been used here under two different conditions. Either at low
concentration (5 nM purified UvrA-mScarlet with 10 nM of lysate UvrB-
mNeonGreen) or at high concentration (25 nM purified UvrA-mScarlet with 50 nM
purified UvrB-mNeonGreen). At low tension (10 pN) for both of those conditions,
when using either undamaged or UV-damaged DNA as substrate, the number of
UvrB-mNeonGreen binders was too low to properly estimate its lifetime. At high
tension (45 pN and 50 pN), the lifetime of UvrB at low concentration is 1.38 + 0.06
s when using undamaged DNA as the substrate to 1.56 + 0.07 s when using UV-
damaged DNA as the substrate (Figure 40A; P-value: 0.02). This increase was also
seen when using a high concentration of UvrB where the lifetime went from 1.03
+0.05st01.19 £ 0.03 s (Figure 45A; P-value: 0.014). However, those lifetimes are
much shorter than the one observed in literature with a UvrB lifetime of 12 s and
16 s for undamaged and damaged DNA respectively in vivo, and a UvrAB lifetime
of 40 s for undamaged DNA in vitro (13,15). This might suggest that UvrB is not

recruited to the damage properly.

UvrB can either be recruited to DNA by UvrA or bind as an already formed UvrA;B
or UvrA;B; complex (15,17,18). It seems clear that UvrB binding was influenced by
the tension as the number of UvrB binders increased greatly with increases in
tension. However, a big bias is UvrA’s recruitment to the DNA strand being already
affected by the tension. Therefore, to assess the effect of the tension on the
recruitment of UvrB, it is necessary to look at the evolution of the ratio UvrB to
UvrA as the tension increases. UvrB has been used in two conditions. First, 5 nM
of purified UvrA-mScarlet was used with 10 nM of lysate UvrB-mNeonGreen (That
lysate was produced in BL21 AuvrA AuvrB, therefore, no wild-type versions of UvrA
and UvrB were present within the lysate). In those conditions, the ratio of UvrB to

UvrA goes from 4 + 4 % to 17 £ 6 % (P-value: 0.12) when using undamaged DNA as
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substrate. The ratio of UvrB to UvrA goes from 6 £ 3 % to 34 + 7 % (P-value: 0.02)
when going from low- to high-tension; using UV-damaged DNA as substrate
(Figure 41). Similar increases in the ratio of UvrB to UvrA are seen when using 25
nM of purified UvrA-mScarlet x2 with 50 nM of purified UvrB-mNeonGreen.
Indeed, under those conditions, the ratio of UvrB to UvrA goes from 2 + 0.9 % to
15+ 1.5 % (P-value: 0.03) when using undamaged DNA and from 2 + 0.5 % to 31 +
2.8 % (P-value: 0.04) when using UV-damaged DNA (Figure 45B). Interestingly,
there are extremely similar values for both the low-concentration experiment
using lysate UvrB and the high-concentration experiment using purified UvrB. This
might suggest that the recruitment of UvrB to the DNA strand is indeed affected
by the tension. Furthermore, the lack of differences between the use of purified
proteins and lysate validates the use of lysate. The low number of UvrB binders
(n=23) at low tension when using a low concentration of UvrB is probably
responsible for the non-significance of the increase in the UvrB to UvrA ratio in the
undamaged DNA strand. It also suggests that this recruitment might be affected
by the presence of UV damage. Overall, it seems like the increase in tension might
help UvrB’s recruitment by UvrA to UV damage sites. However, the difference in
high tension from 17 £ 6 % to 34 £ 7 % at low concentration and from 15+ 1.5 %
to 31 + 2.8 % at high concentration when using UV-damaged DNA as substrate is
not statistically significant. It is important to note that those experiments had
some major variations between them. Indeed, the low-concentration experiment
was performed with lysate UvrB-mNeonGreen and purified UvrA-mScarlet while
the high concentration was done with purified UvrB-mNeonGreen and purified
UvrA-mScarlet x2. Another variation is that the “high tension” was done at 45 pN
for the low-concentration experiment while it was done at 50 pN for the high-
concentration experiment. Altogether, it is important to approach those results
with a critical eye. Further repeats need to be done to further assess UvrB’s
binding to DNA strands with both UV damage and tension changes. Bell fitting of
the ratio of UvrB to UvrA shows a distance to the transition state of 0.34 nm and

0.35 nm for undamaged and UV-damaged DNA respectively. UvrB’s footprint
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being 20 bp (248), those accounts for a decrease of 5 % and 5.1 % of the number
of base pairs that UvrB is covering when bound to DNA which accounts for the size
of a full base pair. The addition of load seems to be sufficient for UvrA to recruit
UvrB. However, as mentioned earlier UvrB dwell time on the DNA is much lower
than expected and could indicate that despite being recruited to the lesion, UvrB

doesn’t process the lesion correctly.

3.4.3 Kinetics discrepancies with literature.

UvrA kinetics have shown a lot of variability within this thesis. However, it has also
shown a lot of variabilities in literature. Most studies have been performed with
thermostable versions of the protein (15,244,249,250). Furthermore, the
attachment rate constant has not been the main focus of those studies which
preferred to focus on the detachment rate constant. This is because of the
experimental design of some of those studies that shows huge variabilities in
attachment rate constant. However, those studies also have disparities in the
values for their lifetime of NER proteins. For example, in vivo study of E. coli
proteins shows a lifetime of UvrA of 3 s with undamaged DNA and 12 s with
damaged DNA (13). This is much different to our lifetime values described in this
thesis which range from 0.42 s to 1.43 s when under no tension and no DNA
damage, depending of the experiments, and from 0.78 s to 3.28 s when under
tension and/or in presence of damage. Similarly, UvrB binding to the DNA strand
shows huge discrepancy with literature with lifetimes being around 1.38 s to 1.56
s while it was shown in vivo to be 11.8 s in absence of damage and 15.6 s in
presence of damage (13). Those discrepancies could be explained by the fact that
in single molecule experiments, each slight variations of the experimental design
can have huge impact on the outcome of the experiment. However, consistency
between experiments, and performing experiments in parallel on the same days

allows for results to be comparable with each other’s.
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3.5 Conclusion

NER can recognize and process a plethora of DNA lesions. Lesions induce DNA
distortions that change the structure and/or the flexibility of the DNA locally, and
it has been suggested that it is those changes that are recognised by NER instead
of the lesion itself (196). However, those claims have not been backed up. This
chapter put forward evidence that DNA changes of structures are indeed sufficient
to affect the recruitment of both UvrA and UvrB. It could be a universal mechanism

on how other DNA damage repair proteins recognize damage.

3.5.1 Future work
Further work is needed to properly assess the effect of tension on UvrB binding to

DNA. Indeed, the number of binders at low tension was too small to properly

assess its lifetime.

UvrA is a protein that has a complex behaviour. Much of UvrA’s complex behaviour
is due to the presence of proximal and distal ATPase cassettes that have an
important role in damage recognition. It would be interesting to see how mutants
of either or both ATPase cassettes would behave under various tensions. Such
mutants have been used extensively to try to decipher UvrA’s binding behaviour

(47).

Furthermore, it would be great to assess if UvrC, the subsequent protein involved
in NER, is also affected by changes in tension. UvrC is the protein that cleaves the

DNA both upstream and downstream of the lesion.

3.5.2 Future optimisations

The work presented here offers opportunities for improvement. Repeats of
experiments while addressing these areas would increase the quality of the data

acquired.

Firstly, most of the videos were captured at a rate of 2 Hz but the C-Trap is well

capable of going faster. Increasing the frame rate would allow to increase in the
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precision of the lifetime measurement, especially since the lifetime of some
binders was at their lowest around 0.42 s. It was also shown that UvrA has a fast
binding behaviour that we could not see at all using this framerate of 2 Hz (219).
However, increasing the framerate also induces anincrease in the photobleaching,
hence why it wasn’t done here. A solution would be to also diminish the laser
power and/or the exposure time. This could alter the signal-to-noise ratio and that
could have been a problem due to our experiment showing great variability in the
background fluorescence depending on the concentration of the protein used and

the flow applied.

Secondly, most experiments were performed using a protease inhibitor mix as it
was shown to help UvrA’s binding to DNA as shown in Figure 32. However, it will
be shown in Chapter IV that Aprotinin, one of the components of the protease
inhibitor mix is an inhibitor of NER by increasing UvrA’s ability to bind to DNA and
its lifetime (Figure 53, Figure 54C, Figure 55). Even though Aprotinin is in small

guantities in the protease inhibitor mix, it did introduce a bias.

Thirdly, UV damage to DNA might have been too light to assess its effect on UvrA’s
binding to DNA. Indeed, UvrA does bind to undamaged DNA and 40 J.m? of
irradiation with 254 nm UV might have been not enough to distinguish between
UvrA binding to undamaged DNA and UvrA binding to UV-damaged DNA. Previous
experiments were done with UV-damaged DNA tightropes that were damaged by
being irradiated with 1000 J.m? of 254 nm UV(48). However, a large proportion of
those strands were breaking prematurely when trying to tether them to the C-
Trap, hence the use of a lower dose of UV. Furthermore, 40 J.m? was previously

used by another laboratory when studying a eukaryotic NER protein (251).

Fourthly, binding events analysed at low tension are already at a significant
amount of DNA tension. Indeed, much NER data has been gathered using DNA
tightropes instead of DNA tethers. It was shown that such tightropes were at a

tension of 2.2 pN (244), much lower than our 10 pN “low tension” measurement.
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Chapter IV: Understanding the
mechanism of antimicrobial action: the
effect of NER inhibitors on UvrA’s DNA

binding ability
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4.1 Introduction

Cancer is one of the greatest challenges of modern medicine and is the second
most common cause of death worldwide (252). Cancer treatments usually target
fast-growing cells, which is ideal for hindering cancer growth. A classic cancer
medicine is cisplatin, a compound that is used to treat different types of cancers
like sarcomas, lung cancer, ovarian cancer, testis cancer, bone cancer, etc
(253,254). Cisplatin inhibits cell division by crosslinking purine bases on the DNA,
therefore interfering with DNA replication/repair mechanisms leading to
apoptosis (254). This was first shown in E. coli where cell segmentation was
inhibited leading to growth up to 300 times longer than normal (255). One of the
big risks of cisplatin chemotherapy is suppression of neutrophil number, leading
to severe neutropenia (256), which is highly detrimental to the immune system
(257,258). A direct link between the duration and severity of circulating white
blood cells and the risks of infections has be demonstrated (259). This is not
anecdotal. Despite causes of death for cancerous patients differ depending on the
type of cancer, patient age, follow-up time, etc., infection is one of the leading
causes of noncancer deaths after heart disease (260—262). This is partially due to
treatments causing physical barrier damage (261,263). For example, it was shown
that cisplatin treatment causes mucositis by reducing the quantity of mucin, a
component of mucus that is known to play an important role in physiological
defence (264). Furthermore, chemotherapy causes the thinning of the epithelium
by disrupting the basal cells and inducing apoptosis, therefore rendering this

physical barrier less effective at preventing infections (265,266).

Another danger is the rise of antibiotic-resistant bacterial strains that make for
tough challenges in patient survivability (262,267). Indeed, 25,000 patients die
every year in Europe only from multidrug-resistant bacterial infections (87). There
is a growing concern that antimicrobial resistance would become such a threat

that the world would effectively return to a pre-penicillin state where infections
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would get deadlier (88). The search for new antimicrobials is, therefore, a
necessity but is hindered by the extreme costs of developing new drugs, the high
risk of failure, and the speed at which antimicrobial resistance can be acquired by

bacteria (268-270).

To tackle antimicrobial resistance, we have proposed NER as a potential candidate
for an adjuvant antibiotic for cancerous patients (91,271,272). The reasoning is
that cisplatin-like compounds damage DNA, and said damage is repaired by NER
in both the patient and hazardous bacteria. By inhibiting prokaryotic NER, the
bacteria's ability to thrive when its DNA is damaged is hindered. However, NER is
not essential for bacteria when there is no damage to the DNA. It is important to
note that NER has a similar method of action for prokaryotes and eukaryotes, but
the proteins are not conserved (273). This means that inhibition of prokaryotic

NER does not affect the patient’s cells.

4.1.1 Project aim

This chapter studies how specific NER inhibitors affect the characteristic binding
of UvrA to undamaged DNA. The compounds used here originated from different
studies and experiments were performed in close collaboration with other
members of the lab. Notably, Lorenzo Bernacchia and Arya Gupta gathered
relevant data upstream and downstream of my implication in this project. This
work resulted in several publications (91,271,272). The use of the C-Trap was
essential as it allowed to give single molecule level intelligence of the molecular
mechanism behind the simple functional inhibition of NER that was observed in
vivo. Using an OAF microscope would have resulted in lifetime data but would
have lacked the on-rate data (which is more difficult to gather because of the
variability in on-rate between flow cells). Furthermore, the C-Trap allows for use
of the same DNA strand in both untreated and treated conditions by simply
moving the DNA strand from one chamber to another. Overall, other methods
could have provided interesting insights, but the C-Trap was an easy and simple

way to gather much data in a time efficient manner.
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4.1.2 Compounds background: ATBC

Prior to this study, ATBC (structure shown in Figure 49) was the only described
inhibitor of the prokaryotic UvrABC NER system after a screening of 38000 small
chemical compounds on Mycobacterium smegmatis (274). It was then further
confirmed as an inhibitor of UvrA’s function and shown to inhibit the growth of
bacteria in the presence of DNA-damaging agents (271). The localisation of ATBC's
binding to UvrA was checked using in silico docking and shown to be in the same
cavities as ATP, suggesting an effect on UvrA’s ATPase capabilities. It was
confirmed to be affecting UvrA’s ability to hydrolyse ATP as shown in Figure 50

(data gathered and analysed by Lorenzo Bernacchia).

4.1.3 Compounds background: L-Thyroxine, Dienestrol and Aprotinin

To find new NER inhibitors, a screen of more than 2700 FDA (Food and Drug
Administration) approved compounds was performed which highlighted L-
Thyroxine, Dienestrol and Aprotinin among others as compounds of high interest
(structures shown in Figure 49) (272). The three compounds show a great

reduction in the ATPase activity of UvrA as shown in Figure 50.

L-Thyroxine (for levothyroxine) is a synthetic isomer of Thyroxine (T4) that is both
biochemically and physiologically identical (275). It is commonly used as a
substitution for the naturally produced human thyroid hormone in the treatment

of subclinical hypothyroidism which is linked to cardiovascular diseases (276).

Dienestrol is a synthetic non-steroidal oestrogen. It is used to treat atrophic
vaginitis (thinning of the vaginal epithelium) and kraurosis vulvae (lesions of the
vulvae that can occur post-menopause) (277,278). Interestingly it was shown to
affect the genitals and fertility of the male offspring of treated gestating female

rats (279).

Aprotinin is an FDA-withdrawn drug. It is a serine protease inhibitor that was used
to reduce the risk of blood loss and the need for blood transfusion during surgeries

(280,281). It is only used now for research after it was shown to increase the risk
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of complications (282). Out of the different compounds tested in this work, it is
the only one that is a small protein and therefore the biggest compound overall

with a molecular weight of 6.5 kDa.

4.1.4 Compounds background: Bemcentinib

An in-silico approach was used to virtually dock more than 100,000 compounds to
UvrA’s ATPase cassettes, highlighting a high number of potential inhibitors (91).
As the structure of E. coli’s UvrA has not been solved, the structure used in this
study was generated by AlphaFold (283,284), and shows high similarity to the
known thermophilic UvrA structures. The first 50 hits with the highest binding
energy were assessed individually and of those hits, Bemcentinib was chosen for
further study. It was shown that Bemcentinib significantly decreased UvrA’s ability
to hydrolyse ATP as shown in Figure 50 (structure shown in Figure 49) (271).In a
medical setting, Bemcentinib is an AXL receptor tyrosine kinase inhibitor that is
under investigation in several phase Il trials in both cancer and COVID-19 studies
(285,286). AXL is a high-value target as it plays a central part in tumour cell growth,

metastasis, drug resistance, etc. (287).
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4.1.5 Structures of Compounds
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Figure 49: Chemical structure of ATBC, Bemcentinib, L-Thyroxine, Dienestrol and
secondary structure of the Aprotinin peptide. PubChem CID: 399112 (ATBC), 46215462

(Bemcentinib), 5819 (L-Thyroxine), 667476 (Dienestrol). CAS: 9087-70-1 (Aprotinin). Chemical
structures were drawn using the KingDraw software. Aprotinin’s drawing was adapted from Fisher

Scientific.

4.1.6 Effect of various compounds on the ATPase activity of UvrA

Proper hydrolysis of ATP by UvrA was previously shown to affect DNA binding
(48,219). ATPase assays were performed by Lorenzo Bernacchia to assess the
effect of those compounds on the ATPase capabilities of UvrA. As shown in Figure

50, all compounds show statistically significant inhibition of the ATPase
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capabilities of UvrA with the exception of aprotinin when used at 20 uM. When
used at 50 uM, aprotinin’s effect becomes significant (data not shown). The
reduction in ATP hydrolysis leads us to inquire how this decrease relates to UvrA’s

binding abilities.
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Figure 50: UvrA shows a reduction in ATPase activity when in the presence of various
compounds. Data for this figure was gathered and analysed by Lorenzo Bernacchia and used in

various publications (91,271,272). ATBC was used at a concentration of 50 uM while Bemcentinib,
Aprotinin, L-Thyroxine and Dienestrol were used at a concentration of 20 uM. Asterisks mark
significance: P-value < 0.05. n = 3 independent replicates for Bemcentinib, Aprotinin, L-Thyroxine,
Dienestrol and UvrA without compounds. For the ATBC to no ATBC comparison, n = 6 for ATBC and

n =19 for UvrA without ATBC. The error bars represent the standard error of the mean.
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4.2 Material and Methods

4.2.1 Origin and purity of compounds
ATBC was sourced from Green Pharma, Ambinter with a purity > 90 %.
Bemcentinib, L-Thyroxine, and Aprotinin were sourced from MedChemExpress

with a purity > 98 %. Dienestrol was sourced from Merck with a purity > 95 %.

4.2.2 Lysis preparation

UvrA-mNeonGreen lysate was prepared as described in Chapter Il.

4.2.3 DNA tethering

DNA tethering was performed as described in Chapter .

4.2.4 Video capture parameters

Videos were taken under the illumination of a 488 nm laser at 30% power with
exposure synchronisation. Data from the ATBC experiment was exposed for 200
ms with a framerate of 4.3 Hz while data for all the other experiments were

exposed for 100 ms with a framerate of 2 Hz.

4.2.5 Workflow for picture generation of the effect of compounds on

UvrA-mNeonGreen binding to DNA.

A variety of methods have been used to estimate the effect of compounds on
UvrA-mNeonGreen binding abilities. The methods vary per compound and are
shown in Figure 51. These methods allowed for the realisation of a “black and
white” picture shown in Figure 53. In all cases, the tethered DNA was subjected to
50 pN of force. UvrA-mNeonGreen lysate was diluted to a concentration of 5 nM
in ABC buffer supplemented with 1 mM of ATP and 0.07 mg per mL of protease
inhibitors as well as 1 mM of DTT for ATBC and Aprotinin and 5 mM of DTT for L-
Thyroxine, Dienestrol and Bemcentinib. The same mixture was prepared and split
into two parts. One part was treated with the tested compound, while the other
received an equivalent volume of DMSO (except for the Aprotinin experiment as

Aprotinin is dissolved in water). DMSO at high concentration (50 %) is capable of
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denaturing the DNA (288) and is capable of altering the double stranded structure
of the DNA at a concentration as little as 5 %. This is why the concentration of
DMSO was kept below 5 % in those experiments with a concentration of 1 % for
ATBC; 2 % and 0.8 % when L-Thyroxine was at 50 and 20 uM respectively; 0.5 %
and 0.2 % when Dienestrol was at 50 and 20 uM respectively; and 2.5 % and 1 %
when Bemcentinib was at 50 and 20 uM respectively. There was no noticeable
difference with samples that were not treated with DMSO (data not shown). It is
important to note that for those experiments, both the treated and the untreated

sample are in the presence of the same quantity of DMSO.

UvrA’s binding in the presence of 50 uM of ATBC has been imaged after putting
the DNA strand under lateral flow at 0.1 Pa for 2 minutes. Then the lateral flow
was stopped, and lasers and camera were turned on. The third frame was used to
generate the pictures. Imaging of the effect of 50 uM of Bemcentinib was done in
similar ways but under a medial flow at 0.3 Pa for 5 minutes instead. To assess the
effect of 50 uM of Aprotinin, 20 uM of L-Thyroxine or 20 uM of Dienestrol a slightly
different method was used where 0.3 Pa of medial flow was applied for Aprotinin
while no flow was applied for L-Thyroxine and Dienestrol. Videos were recorded
for 600 frames for Aprotinin and 1200 frames for L-Thyroxine and Dienestrol. They
were post-processed by z-stack (standard deviation) using the Fiji package of

Imagel resulting in the pictures presented in Figure 53.
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Figure 51: Breakdown of the workflows used to generate pictures of the effect of
compounds on UvrA-mNeonGreen binding to DNA. A: Workflow for picture generation of

the effect of ATBC on UvrA-mNeonGreen binding to DNA. Tethered DNA is put under 50 pN of
tension and 0.1 Pa of lateral flow for 2 minutes in the presence or absence of 50 uM of ATBC. Then
the flow is stopped, and the laser and camera are turned ON. The third frame was used to generate
the pictures. B: Workflow for picture generation of the effect of Bemcentinib on UvrA-mNeonGreen
binding to DNA. Tethered DNA is put under 50 pN of tension and 0.3 medial flow for 5 minutes in
the presence or absence of 50 uM of Bemcentinib. Flow is then stopped, and the laser and camera
are turned ON. The third frame was used to generate the pictures. C: Workflow for picture

generation of the effect of Aprotinin on UvrA-mNeonGreen binding to DNA. Tethered DNA is put

140 | Page



under 50 pN of tension and 0.3 Pa of medial flow in the presence or absence of 50 uM of Aprotinin.
Videos are recorded for 600 frames (2 Hz, 100 ms exposure time) while the flow is still ON. Z-stacks
(standard deviation) of the video were used to generate the picture. D: Workflow for picture
generation of the effect of L-Thyroxine or Dienestrol on UvrA-mNeonGreen binding to DNA.
Tethered DNA is put under 50 pN of tension in the presence or absence of 20 uM of L-Thyroxine or
20 uM of Dienestrol. Videos are recorded for 1200 frames (2 Hz, 100 ms exposure time). Z-stack

(standard deviation) of the video was used to generate the picture.

4.2.6 Workflow for quantification of the effect of ATBC on UvrA-

mNeonGreen binding

Using the C-Trap, DNA strands were put under 50 pN of tension in a microfluidic
channel containing 5 nM of UvrA-mNeonGreen in ABC buffer supplemented with
1mM ATP, 1ImM DTT and 0.07 mg/mL protease inhibitor mix, with or without 50
1M of ATBC. 50 pN was used because we have shown previously that high tensions
increase the decoration of the DNA strand with UvrA. Once at 50pN of tension the
tension feedback was stopped, and medial flow was turned on in the channel at
0.2 bar of pressure for 2 minutes. Then the flow was stopped, and the 488 nm
laser was turned on (30% power), followed by the recording of the video for 200
frames at 4.3 Hz with 200 ms exposure and with exposure synchronisation. This
was then repeated until the DNA snapped. Kymographs were generated using the
Fiji package, allowing manual counting of the number of binders per video. A

summary of the workflow is presented in Figure 52A.
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Figure 52: Workflow for quantification of the effect of compounds on UvrA-
mNeonGreen binding. A: Workflow of data collection in the presence or absence of 50 uM of

ATBC. Tethered DNA is put under 50 pN of tension and subjected to 0.2 Pa of medial flow for 2
minutes, then a laser is turned ON and video is recorded for 200 frames at 4.3 Hz with 200 ms of
exposure time. The same strands were used several times and, when possible, in both treated and
untreated conditions. B: Workflow of data collection in the presence or absence of 50 uM of
Aprotinin. Tethered DNA is put under 50 pN of tension. Videos are recorded while the strands are
under 0.3 Pa of medial flow, for 600 frames at 2 Hz, with 100 ms of exposure time. The same
strands were used in both treated and untreated conditions when possible. C: Workflow of data
collection in the presence or absence of 20 uM of Bemcentinib, L-Thyroxine and Dienestrol. DNA
tethers are put under 50 pN of tension and videos are recorded for 1200 frames at 2 Hz with 100
ms of exposure time. The same DNA strand was used in both the untreated and the treated

conditions, in this order or the other way around.
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4.2.7 Workflow for quantification of the effect of Aprotinin on UvrA-

mNeonGreen binding

Using the C-Trap, individual strands of DNA were put under 50 pN of forces in a
microfluidic channel containing 5 nm UvrA-mNeonGreen in ABC buffer
supplemented with 1 mM ATP, 1 mM DTT and 0.07 mg per mL protease inhibitor
mix, with or without 50 uM of Aprotinin. Tension feedback was turned off and 0.3
Pa of medial flow was applied to the DNA strand for the duration of the video.
Videos were recorded for 600 frames at 2 Hz with 100 ms exposure and exposure
synchronisation turned on using a 488 nm laser at 30 % power. Using the
Trackmate plugin of Imagel, the number of binders per strand was assessed,
allowing the calculation of the number of binders per minute per kbp. Those were
averaged for the strands in the presence or absence of Aprotinin respectively. A

summary of the workflow is presented in Figure 52B.

4.2.8 Workflow for quantification of the effect of Bemcentinib, L-

Thyroxine and Dienestrol on UvrA-mNeonGreen binding

Using the C-Trap, tethered DNA strands were moved into a microfluidic channel
containing 5 nM of UvrA-mNeonGreen in ABC buffer supplemented with 1 mM
ATP, 5 mM DTT and 0.07 mg per mL of protease inhibitor mix in the presence or
absence of 20 uM of compound (Bemcentinib, L-Thyroxine or Dienestrol). 50 pN
of tension was then applied to the tethered DNA strand, then the tension feedback
was turned off. Videos were recorded for 1200 frames at 2 Hz with 100 ms
exposure and exposure synchronisation using a 488 nm laser. Thanks to the ability
of the C-Trap to maintain different channels with different contents, the same
DNA strand was used in both conditions with and without the compound. The
tethered DNA strand was passed from the untreated channel to the treated
channel, or vice versa. The overall data were processed and analysed as previously
described for Aprotinin. A summary of the workflow is presented in Figure 52C.

The data presented in Figure 56 originated from the same experiments but all the
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strands were discriminated between those who had been in contact with the

compound first and those who hadn’t.
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4.3 Results

4.3.1 Snapshot of the effect of various NER inhibitors on UvrA’s binding

to undamaged DNA

As shown in Figure 50, various NER inhibitors affect the ATPase activity of UvrA
(271). As UvrA’s ability to recognize lesions is ATP-dependent, it was necessary to
assess the effect of those inhibitors on UvrA’s ability to bind to DNA. This was done
using the C-Trap. Those inhibitors are ATBC, Bemcentinib, Aprotinin, L-Thyroxine,

and Dienestrol.

The effect of those inhibitors on the binding of UvrA-mNeonGreen in lysate were
assessed in several steps with slight variations in protocols between compounds.
First, the overall effect of the compound on the binding was determined by the
capture of snapshots presented in Figure 53. This allows for a crude assessment of
the effect of a compound on the overall decoration of the DNA strand by UvrA. To
do so, 5 nM of lysate UvrA-mNeonGreen was mixed within ABC buffer
supplemented with 1 mM of ATP and protease inhibitor as previously described
and with 1 mM of DTT for ATBC and Aprotinin and 5 mM of DTT for Bemcentinib,
L-Thyroxin, and Dienestrol. The same mixture was prepared and halved with one
half receiving 50 uM for ATBC, Bemcentinib, and Aprotinin and 20 uM for L-
Thyroxine and Dienestrol. The other half received the equivalent volume in either
DMSO or water when appropriate. It is important to note that the pictures
presented in Figure 53 were issued from different protocols on the C-Trap and
those are described in detail in Figure 51. As such, ATBC’s and Bemcentinib’s
pictures are the third frames of one video while Aprotinin’s, L-Thyroxine’s and

Dienestrol’s pictures are a z-stack of a full video.

As a result, the untreated strand shows a complete coating of the DNA with UvrA-
mNeonGreen, while the treated one shows only occasional binders when under

treatment with ATBC, Bemcentinib, L-Thyroxine, or Dienestrol. However,
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Aprotinin shows a great increase in the decoration of the DNA strand by UvrA-

mNeonGreen, as illustrated in Figure 53.

Untreated Treated

Bemcentinib

Aprotinin

L-Thyroxine

Dienestrol

Figure 53: Compounds affect the binding of UvrA-mNeonGreen to the DNA. Scale bars =
5 um. The addition of 50 uM of ATBC (n strands untreated = 2, n strands treated = 3) or 50 uM of
Bemcentinib (n strands untreated = 3, n strands treated =3), 20 uM of L-Thyroxine (n strands
untreated = 6, n strands treated =6) or 20 uM of Dienestrol (n strands untreated = 6, n strands
treated =6) greatly diminished the decoration of UvrA-mNeonGreen to the DNA. However, the
addition of 50 uM of Aprotinin (n strands untreated = 3, n strands treated = 4) increases the

decoration of UvrA-mNeonGreen to the DNA.

4.3.2 Kinetics of UvrA while in the presence or absence of NER
inhibitors

As discussed earlier, differences in the decoration of the DNA strand can mean
either a change in the attachment rate constant and/or in the detachment rate
constant (Figure 34C and D). High decoration of DNA strands renders
guantification of the on-rate and the off-rate difficult. To calculate the kinetics of

UvrA-mNeonGreen under the effect of the different compounds, the workflow
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was adapted as presented in Figure 52. Data acquisition for Bemcentinib, L-
Thyroxine, and Dienestrol were done by applying 50 pN of tension on the DNA
strand under no flow, Then, videos were recorded for 10 minutes. The same strand
of DNA was used twice, once in the presence of the compound, and once in the
absence of the compound, and the order of which was varied. The addition of flow
was done to increase the number of binders as illustrated in Figure 31. Data
acquisition for Aprotinin was performed similarly with two variations: acquisition
under 0.3 Pa of medial flow (flow perpendicular from the DNA strand), and videos
were recorded for 5 minutes. Finally, data acquisition for ATBC was very different
because ATBC is prone to precipitation. DNA strands were put under 50 pN of
tension under a 0.2 medial flow (perpendicular to the DNA strand). Then the flow
was stopped and the videos were recorded for 46 seconds. Trackmate was used
to extract data from the videos as previously described. The attachment rate
constant, the detachment rate constant, and the dissociation constant were

calculated as previously described.

4.3.2.1 ATBC reduces the number of binders of UvrA to tethered DNA.

Under those new conditions, UvrA-mNeonGreen shows a ~7-fold reduction of the
number of binders per minute per kbp when comparing untreated samples with
ATBC-treated samples, as shown in Figure 54A. This confirms that the change in
UvrA’s ATPase ability translates to a change in UvrA’s binding ability. The effect of
ATBC on the lifetime of UvrA was not assessed as the number of binders was too

low (n binders: 64 for untreated, 5 for treated).

4.3.2.2 Bemcentinib decreases both the attachment rate and the lifetime of UvrA
on tethered DNA.

Bemcentinib however shows a reduction of around 11-fold in the number of
binders per minute per kbp when comparing treated samples with untreated ones,
as shown in Figure 54B (P-value: 0.0006). Furthermore, this decrease in the
attachment rate of UvrA is accompanied by a decrease of the lifetime that goes

from 2.18 + 0.1 s to 1.37 + 0.11 s when in the absence or presence of 20 uM of
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Bemcentinib (Figure 55) (P-value: <0.0001). As a result, the affinity of UvrA to the
DNA is decreased approximately 17-fold (P-value: 0.03) in the presence of

Bemcentinib.

4.3.2.3 Aprotinin increases both the attachment rate and the lifetime of UvrA on
tethered DNA.

UvrA shows a different behaviour when in the presence of Aprotinin. Indeed, the
attachment rate constant increases by around 12-fold when UvrA-mNeonGreen is
in the presence of Aprotinin, as shown in Figure 54C (P-value: 0.0007). The lifetime
is also affected with and goes from 2.34 + 0.11 s to 2.96 * 0.04 s respectively
(Figure 55) (P-value: 0.0008). As a result, the affinity of UvrA to the DNA is
increased by approximately 15-fold when in the presence of Aprotinin (P-value:
0.003). Interestingly, the DNA strand was more prone to break in the presence of

Aprotinin.

4.3.2.4 L-Thyroxine decreases the attachment rate of UvrA on tethered DNA.
Quantification of the number of binders per minute per kbp showed a decrease of
around 16-fold in the presence of L-Thyroxine as shown in Figure 54D (P-value:
1.34E-07). The lifetime of UvrA is not affected much by the treatment of L-
Thyroxine. Indeed, the lifetime of UvrA-mNeonGreen binding to DNA goes from
2.30+0.04 st0 2.17 £ 0.12 s for untreated and treated respectively (Figure 55) (P-
value: 0.03). As a result, the affinity of UvrA to the DNA strand is decreased by
approximately 17-fold (P-value: 0.0006).

4.3.2.5 Dienestrol decreases the attachment rate of UvrA on tethered DNA.
The attachment rate constant of UvrA in the presence of Dienestrol shows a
decrease of around 2.5-fold when compared with untreated samples, as shown in
Figure 54E (P-value: 0.04). However, the lifetime of UvrA-mNeonGreen doesn’t
show a difference between treated and untreated samples with a lifetime going
from 2.25 + 0.13 s to 2.4 + 0.28 s for untreated and treated respectively (Figure
55) (P-value: 0.26). Furthermore, the affinity of UvrA to the DNA strand is
decreased by approximately 2-fold (P-value: 0.02).
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Figure 54: UvrA-mNeongreen's attachment rate to DNA is greatly reduced in the
presence of ATBC, Bemcentinib, L-Thyroxine and Dienestrol, but not in the presence of
Aprotinin where the binding is increased. A: The addition of 50 uM of ATBC greatly reduces

the number of UvrA-mNeonGreen binding to the DNA strand by 6.89-fold (n untreated: 13 videos, 3
strands, 64 binders; n treated: 7 videos, 5 strands, 5 binders) (P-value: 0.00022). B: The addition of
20 uM of Bemcentinib greatly reduce the number of protein binding to the DNA strand by 10.67-
fold from 0.37 + 0.07 binders per minute per kbp to 0.03 + 0.01 binders per minute per kbp (n
untreated: 6 strands, 824 binders; n treated: 6 strands, 99 binders) (P-value: 0.0006). C: The
addition of 50 uM of Aprotinin greatly increases the number of UvrA-mNeonGreen to the DNA
strand by 11.97-fold from 0.27 + 0.05 binders per minute per kbp to 3.22 + 0.33 binders per minute
per kbp (n untreated: 3 strands, 194 binders; n treated: 4 strands, 1503 binders) (P-value: 0.0007).
D: The addition of 20 uM of L-Thyroxine greatly diminished the number of UvrA-mNeonGreen
binders on the DNA strand by 16.07-fold from 0.70 #+ 0.05 binders per minute per kbp to 0.04 +
0.008 binders per minute per kbp (n untreated: 6 strands, 2025 binders; n treated: 6 strands, 126
binders) (P-value: 1.34E-07). E: The addition of 20 uM of Dienestrol greatly decreases the number
of binders of UvrA-mNeonGreen to the DNA strand by 2.5-fold from 0.18 + 0.04 binders per minute
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per kbp to 0.07 + 0.01 binders per minute per kbp (n untreated: 6 strands, 513 binders; n treated: 6

strands, 206 binders) (P-value: 0.04). The error bars represent the standard error of the mean.
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Figure 55: Bemcentinib and Aprotinin affect greatly the lifetime of UvrA-mNeonGreen.
The lifetime of UvrA-mNeonGreen goes from 2.18 + 0.1 sto 1.37 + 0.11 s in the absence and
presence of 20 uM of Bemcentinib (n= 824 and 99 binders respectively; R?: 0.98 and 0.94
respectively; P-value: <0.0001) and from 2.34 + 0.11 s to 2.96 #+ 0.04 s in absence and presence of
50 uM of Aprotinin (n= 194 and 1503 binders respectively; R?: 0.95 and 0.99 respectively; P-value:
0.0008). The lifetime of L-Thyroxine and Dienestrol doesn’t appear to be affected much. Indeed, the
lifetime goes from 2.30 + 0.04 s to 2.17 + 0.12 s in the absence and presence of 20 uM of L-
Thyroxine (n=2025 and 126 binders respectively; R?: 0.99 and 0.96 respectively; P-value: 0.03) and
from 2.25 +0.13 s to 2.40 + 0.28 s in absence and presence of 20 uM of Dienestrol (n= 513 and 206
binders respectively; R?: 0.95 and 0.84 respectively; P-value: 0.26). Error bars represent the errors

of the exponential fits.

4.3.3 Differences in the data depending on the order of compound

exposition.

As previously shown, the various compounds affect the kinetics of UvrA’s binding
to DNA. In this dataset, videos were recorded within the untreated channel first
then the same strand of DNA was used again in the treated channel, or vice-versa.
This was rendered possible by the C-Trap which allows to have different work

conditions within the same flow cell. Interestingly, this dataset shows
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discrepancies between the data of the DNA strands going from an untreated to a
treated channel compared with the data of the DNA strands going from a treated
to an untreated channel. Those discrepancies affected Bemcentinib, L-Thyroxine,
and Dienestrol. It couldn’t be verified on the ATBC data because of the very
different experimental design and the low number of binders. It also couldn’t be
verified on the Aprotinin data as the DNA strands seemed to be more likely to
break in the presence of Aprotinin. Because we are dividing the original dataset
into smaller portions, only effects on the attachment rate constant will be

evaluated here.

4.3.6.1 The first use of a DNA strand has a higher attachment rate constant than
the second use of a DNA strand.

There are two possible origins for the untreated data. Either the DNA strand was
put first in the untreated channel, or the DNA strand was put first in the treated
channel and then moved to the untreated channel. The data shows that the use
of a DNA strand first in the untreated channel shows a higher attachment rate
constant than when a DNA strand was used in the treated channel first. As such,
UvrA within the untreated channel shows a reduction in its attachment rate
constant of 16 % after being put in presence of Bemcentinib (Statistically not
significant, P-value: 0.68), of 26 % after being put in the presence of L-Thyroxine
(P-value: 0.007), and of 66 % after being put in the presence of Dienestrol (P-value:
0.01) when compared with DNA that were put directly in the untreated channel

(Figure 56).

Similarly, there are two possible origins for the treated data. Either the DNA strand
was put first in the treated channel, or the DNA strand was put first in the
untreated channel and then moved to the treated channel. Here too, the data
shows that the use of a DNA strand first in the treated channel shows a higher
attachment rate constant than when a DNA strand was used in the untreated
channel first. As such, UvrA within the treated channel shows a reduction in its

attachment rate constant of 76 % when treated with Bemcentinib (however not
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statistically significant with a P-value of 0.23), of 46 % when treated with L-
Thyroxine (not statistically significant, P-value: 0.1), and 51 % when treated with

Dienestrol (P-value: 0.01) (Figure 56).

Altogether, this data indicates that the first use of a DNA strand always has a
higher attachment rate constant when in the same treatment condition. It can be
partially explained by the fact that the channels were not refreshed, and the flow
was kept turned off. This could indicate overall photobleaching of the flow cell or
diffusion of the channels into channel 3 (containing only ABC buffer). It was
expected that the decrease in the attachment rate constant would be of similar
amplitude for the different compounds as experiments were performed similarly

with the same concentration of UvrA.

4.3.6.2 The first exposure of the DNA strand shows the impact of the compound on
the binding.

Now that we know that there is an experimental bias, it is possible to re-assess the
effect of the various compounds by looking only at the first time a DNA strand is
used. This newly formed dataset is formed of the untreated data that was
gathered in the untreated channel first and the treated data that was gathered in

the treated channel first. This dataset is illustrated by the green bar in Figure 56.

There is a reduction of the attachment rate constant of UvrA to the DNA of 97 %,
93 %, and 64 % for Bemcentinib, L-Thyroxine, and Dienestrol respectively (P-value:
0.0006 for Bemcentinib; P-value: <0.0001 for L-Thyroxine, and P-value: 0.004 for
Dienestrol). This excludes the experimental bias and clearly shows that the

compounds inhibit the ability of UvrA to bind to DNA.

4.3.6.3 Binding of compounds to the DNA strand.
All the compounds used were shown to affect the ATPase activity of UvrA in the
presence and absence of DNA. However, the data presented in Figure 56 highlight

a potential other mode of action of Dienestrol.
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This other potential mode of action is highlighted by comparing two datasets. First,
when looking only at the untreated conditions, there is a reduction in the
attachment rate constant when the DNA strand is put in contact with the
compound beforehand. This reduction is of 16 % for Bemcentinib (P-value: 0.68),
26 % for L-Thyroxine (P-value: 0.007); and 66% for Dienestrol (P-value: 0.01). This

shows a great reduction in the attachment rate constant for Dienestrol (Figure 56).

The potential second mode of action is also seen when looking at the effect of
compounds when the DNA strand is put first in the channel containing the
compound, then in the untreated channel (blue bar in Figure 56). As such, UvrA
shows a reduction in its attachment rate constant of 76 % when in the presence
of Bemcentinib (P-value: 0.051), of 90 % when in the presence of L-Thyroxine (P-
value: 0.0002), and an increase of 5 % in the attachment rate constant when in

presence of Dienestrol (not statistically significant, P-value: 0.90) (Figure 56).

Altogether, this data suggests that Dienestrol has an effect that is carried over
from one channel to the next. Most likely Dienestrol binds tightly to the DNA and
prevents UvrA’s binding. It was however previously shown that Dienestrol reduces
the ATPase activity of UvrA even without DNA (Figure 50; (272)). This confirms that

Dienestrol has at least two modes of inhibition.
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Figure 56: Experimental set-up highlights potential carryover of compound on the DNA
strand. A: Schematics of the experimental setup. One strand of DNA is tethered and put under 50

pN of tension. Data is acquired first in a microfluidic channel lacking the compound and then in a
different channel containing the compound (Shown with the red arrow), or vice versa (shown with
the blue arrow). No flow is applied once the DNA is tethered. B: Mock example of the data
representation in this figure. The red line regroups data from the same strands of DNA in both
untreated and treated conditions, but that have been in untreated conditions first. The blue line
regroups the same strands of DNA in both untreated and treated conditions, but that has been in
treated conditions first. The green line regroups data from different strands on their first exposure
to UvrA-mNeonGreen, either in untreated conditions or in treated conditions. The orange line
regroups data from different strands on their second exposure to UvrA-mNeonGreen, either in

untreated conditions after having been exposed to treated conditions, or in treated conditions after

154 |Page



having been exposed to untreated conditions. C: When the DNA strand is put in contact with L-
Thyroxine in any order, there is a great reduction in UvrA-mNeongreen’s number of binders per
minute. D: However, when a DNA strand is put in contact with Dienestrol there is a great reduction
of the number of binders per minute when the same strand of DNA is used in the untreated channel
first (red bar). This reduction disappears when a strand of DNA is used in the treated channel first
(blue bar). Furthermore, the on-rate in the untreated channel is significantly lower when the strand
is used after being in contact with Dienestrol (P-value: 0.01). Altogether, this seems to advocate for
a different mechanism of action where Dienestrol is carried over on the DNA strand from the
treated channel to the untreated channel. E: Treatment with Bemcentinib shows similar results to
treatment with Dienestrol with one major difference. There is no significant difference between the
untreated strands conditions (P-value: 0.68). This seems to indicate that the carried-over effect of
Dienestrol is not present for Bemcentinib. The attachment rate constant, N binders, and P-values

are shown in table 1.

N binders N binders Fold

same strand, 4 44 0,02 0.03 £ 0,001 1162 2.01E-06 26.4%
Untreated first

same siand. 094004 0.06+0.01 863 82 0.000152 105%
Treated first

First exposure o 4 894 0,02 0.06 £ 0.01 1162 82 4.99E-06 142%
UvrA-mNeongreen

Second exposure to 0.59 +0.04 0.03 + 0.001 863 a4 0.0001 19.6%

UvrA-mNeongreen

N binders N binders Fold
m

Same strand,
Untreated first Bz 0.05550.01 0.001372
samestrand, 5094 0,03 0.09+0.01 130 138 0.896609 0.9%
Treated first
FIrst exposure 104 56 4 0,03 0.0940.01 383 138 0.003538 28%
UvrA-mNeongreen
Second exposure to DA GE 0.05 0,01 130 o 0256579 Lon

UvrA-mNeongreen

N binders N binders Fold

Same strand,

o m 0392005 0.01£0.003 s
same srand, g 3340.13 0.05+0.02 246 89 0.051 86 %
Treated first
Firstexposure 04 39 4 0,05 0.050.02 578 89 0.0006 88 %
UvrA-mNeongreen
SECONdEXPOSUIEto g a9, 0 93 0.01+0.003 246 10 0.6 97 %

UvrA-mNeongreen

Table 1: Associated values from Figure 54. Associated values, errors, and P-values. Colour
code is respected between the bar charts of Figure 54 and the table. In bold are represented P-
value that is above the 0.05 level of significance. Error bars represent the standard error of the

mean. N strands for Bemcentinib are 3 for the untreated data in the untreated first dataset; 2 for
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the treated data in the untreated first dataset; 3 for the untreated data in the treated first dataset;
and 4 for the treated data in the treated first dataset. N strands for each condition are 3 for L-

Thyroxine and Dienestrol.
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4 .4 Discussion

4.4.1 ATBC is inhibiting UvrA-mNeongreen’s ability to bind to DNA.

ATBC was the first and only prokaryotic NER inhibitor discovered prior to this work
(274). We show here that its ability to inhibit UvrA’s ATPase activity (Figure 50)
does translate into a decrease in the attachment rate of UvrA-mNeonGreen onto
tethered DNA (Figure 54A). However, due to the small number of binders, it was
not possible to assess if ATBC acts on the lifetime of UvrA-mNeonGreen. It was
however shown to inhibit bacterial growth in the presence of DNA-damaging
agent 4NQO or UV damage (271) demonstrating great potential as a new anti-
microbial. However, ATBC’s propensity to precipitate highlights the fact that it
needs chemical modifications to increase solubility before even being considered

as a potential therapeutic agent (271,274).

4.4.2 L-Thyroxine, Dienestrol and Aprotinin affect UvrA-mNeongreen’s

ability to bind to DNA.

L-Thyroxine, Dienestrol and Aprotinin were discovered in a recent in vivo screening
and have all been shown to inhibit UvrA’s ATPase activity. We show here that the
reduction of ATPase activity (Figure 50) does relate to a decrease in the
attachment rate of UvrA-mNeonGreen for both L-Thyroxine and Dienestrol (Figure
54D and E). Both of those compounds were found to bind within or in the
proximity of the ATPase cassettes of UvrA through in-silico docking (272).
However, neither L-Thyroxine nor Dienestrol seems to affect the lifetime of UvrA-
mNeonGreen onto DNA (Figure 55). Furthermore, Dienestrol appears to bind to
DNA, hindering UvrA’s ability to bind to the DNA (Figure 56D). This suggests that
Dienestrol might have several modes of inhibition against UvrA. One is to reduce
UvrA’s ATPase capacities and the other is to bind to the DNA, both resulting in a
reduction of UvrA’s ability to bind to the DNA.

Despite inducing a reduction in UvrA’s ATPase activity, Aprotinin did show an

increase in both the attachment rate (Figure 54C) and the lifetime (Figure 55) of
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UvrA-mNeonGreen to the DNA strand. Both of those resulted in an increase of the
affinity of UvrA to the DNA strand of approximately 15-fold of the (P-value:
<0.0001). It was however shown to inhibit the growth of an MG1655 AtolC strain
when in the presence of cisplatin (personal communication, Lorenzo Bernacchia).
Furthermore, incision assays show curved DNA bands when NER is used in the
presence of aprotinin (data not shown). We hypothesise that Aprotinin promotes
the binding of UvrA to DNA in a non-damage-specific manner, therefore
diminishing the quantity of UvrA in the cell available to be recruited at DNA
lesions. A notable fact is that most experiments done for this thesis were done
using a protease inhibitor (Pierce Protease inhibitor tablets, A32963,
Thermofisher) that contains AEBSF, bestatin, E-64, leupeptin, pepstatin A and
finally Aprotinin. Aprotinin concentration in the protease mix is between 10 and
800 nM before dilutions. We did show that increasing the concentration of the
protease inhibitor mix does increase UvrA’s binding to DNA in Chapter IIl.
However, this is very far from the 50 uM concentration used in this chapter. The

clear impact of using the protease inhibitor mix is still not certain.

4.4.3 Bemcentinib

ATBC, L-Thyroxine and Dienestrol were all shown to bind in the proximity of the
ATPase pockets using in-silico docking. By doing an in-silico docking screening
aimed at those ATPase pockets, we were able to find a plethora of potential
inhibitors for UvrA within days (91). One of them, Bemcentinib was tested and
showed ATPase activity reduction (Figure 50). We have shown here that the
reduction in ATPase activity did relate to a reduction of the attachment rate
(Figure 54B) and of the lifetime (Figure 55) of UvrA-mNeonGreen onto tethered
DNA decreasing by approximately 17-fold the affinity of UvrA to the DNA strand
(P-value: <0.0001). This compound was later shown efficient in reducing the
growth of EC958 when used in combination with cisplatin (91). EC958 is a clinically

relevant E. coli strain as it is a multi-resistant strain that infects urinary tracts (289).
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Altogether this highlights the potential of Bemcentinib as a prospective

antimicrobial.
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4.5 Conclusion

Altogether this work highlights single molecule change in behaviours in the binding
of UvrA-mNeonGreen to tethered DNA when in the presence of various
compounds, further confirming their activity as inhibitors of UvrA. It also indicates
that there is a strong link between the ATPase of UvrA and its ability to bind DNA,
making the search for inhibitors based on ATPase a relevant approach for the
future. Those compounds have further been shown to be able to alter growth in
different bacterial strains with the most impactful being Bemcentinib's ability to
reduce growth in a multidrug-resistant E. coli strain. It is a great proof of concept
and highlights the potential of NER as a target for the development of

antimicrobials.

4.5.1 Future work

The effect of Bemcentinib on inhibiting NER shows great promise. Indeed, we
show in this thesis that Bemcentinib is capable of inhibiting UvrA’s ability to bind
to DNA. The work done here was done in collaboration with Lorenzo Bernacchia
who also showed that treatment with sub-MIC quantities of Bemcentinib was
sufficient to reduce growth when combined with sub-MIC quantities of cisplatin in
a multidrug-resistant E. coli strain (EC958) (91). This is a great proof of concept of
the use of NER as a target for combinational therapy. It is notable to note that E.
coli is responsible for only around 15 % of bacterial infections in cancer patients
(290). Further work is needed to assess how other common bacterial strains react
to this kind of combinational treatment. It is also important to note that bacterial
infection represents only a portion of infections with viral and fungal infections
being very common in cancerous patients (263). However, given the similarities of
these NER systems to those in Humans it is not possible to ensure low off-target

effects.

Chemical variations of the compounds studied here could be made to both
increase their efficiency in inhibiting NER and increase their usability in patients.

This is particularly true for ATBC which is poorly soluble. The solubility of a
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compound can be increased by various means, a good example is the introduction

of hydrophilic groups into the compound (291).

Only a few newly found UvrA inhibitors have been tested on the C-Trap. However,
many promising inhibitors found during the various screenings could be tested.
Some of the potential inhibitors that have been highlighted with the virtual
screening show very tight theoretical binding with the ATPase cassettes of UvrA.
Those compounds have the potential to be the strongest inhibitors yet as only
Bemcentinib from the virtual screening was tested. Furthermore, random
chemical variations could be virtually added to each of our main compounds and
screened, which could lead to optimisation of the binding of the compounds to

their binding pocket within UvrA’s molecule (292).

A few intercalating compounds have been shown to have a NER inhibitor effect
such as Pirarubicin (272). However, using such compounds was difficult as they
greatly altered the structure of the DNA with distortion of the Force/Distance
curve. This renders comparisons between untreated and treated samples difficult.
Only a qualitative assessment of the effect of the different compounds on the DNA
itself was performed. Pirarubicin showed a massive difference in the structure of
the DNA. Such changes were not observed for neither L-Thyroxine, Dienestrol,
ATBC, Bemcentinib, nor Aprotinin. However, a more quantitative approach could
highlight the binding of the different compounds to the DNA. This would

particularly be interesting to assess if Dienestrol alters the structure of the DNA.

Aprotinin has a unique effect on UvrA and should be investigated further. It is the
only inhibitor found that seems to increase the number of binders to DNA. Its
mechanism of inhibition at the cellular level might be that aprotinin increases the
affinity of UvrA for undamaged DNA as well as UvrA’s lifetime onto undamaged
DNA, therefore diminishing UvrA’s ability to find lesions on the DNA. It is
interesting to note that incision assays show a decrease in incisions when NER was
in the presence of Aprotinin (Lorenzo Bernacchia, unpublished data). Therefore,
Aprotinin doesn’t seem to increase UvrA’s ability to recruit the rest of the NER
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machinery. This suggests that although binding is enhanced, discrimination of

damage is probably not affected.

Altogether, the C-Trap is an excellent choice to assess the effect of a few
compounds of high-interest thanks to its ability to have both untreated and
treated samples within the same flow cell. However, collecting data was complex
and required several hours to gather sufficient data. Furthermore, the flow cell
had to be cleaned between testing of different compounds which is a process that
could take 1-2 hours. The latter inconvenience can be tackled by using different
flow cells within the same day, but cleaning the flow cells requires being
connected to the u-flux system. Disconnections of the flow cell can also introduce
bubbles within the system which can be troublesome to get rid of. This means the
C-Trap is not the best tool for high throughput screening, however as a medium-

throughput mechanism testing system it is ideal.
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Chapter V: Stalling of ribosomes on
specific codons
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5.1 Introduction

5.1.1 Project aim

This chapter is focused on trying to get a better understanding of the translation
process, particularly on the tRNA-ribosome interface during the elongation. The
first aim of the project is to set a technique allowing the observation of ribosomes
at a single molecule scale. Several steps to reach that point are required. First, the
ribosomes need to be stalled at a specific codon. This would allow us to study
specific codons-anticodons interactions. Second, said stalled ribosomes need to
be visualized. Finally, the interaction of near-cognate aa-tRNA in combination with
EF-Tu interactions needs to be assessed. Fluorescently labelling ribosomes and
tRNAs would allow to study such interactions using single-molecule microscopy.
During this project, we made significant progress on the first two steps while laying

out the ground for the third.

5.1.2 Principle

Using an in vitro approach where transcribing then translating a DNA template
that contains a luciferase gene as a marker should allow for stalling of ribosomes.
Indeed, such transcription/translation kits allow for great control over translation
reactions. If the luciferase is correctly translated, there should be great luciferase
activity while if the ribosomes are indeed stalled, luciferase shouldn’t be
expressed and therefore, no luciferase activity should be observed, as illustrated
in Figure 57. The main idea to stall the ribosomes at a specific codon is to use an
amino-acid mix lacking the corresponding amino acid, therefore forcing the
ribosomes to dwell on that precise codon. A luciferase gene fusioned to a HIS tag
was chosen as it allows for both the stalling luciferase assay through the DNA
coding for the luciferase and for linking to the surface of a flow cell. The expression
of the luciferase was initially done in the TnT® Coupled Reticulocyte Lysate
Systems (L4600) by Promega but was later moved to the PURExpress E6840s
recombinated kit by NEB. The reasons for this change will be discussed in detail

within this chapter.
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Figure 57: Principle of ribosome stalling. A: schematic of the luciferase gene used. B: When a
transcription/translation kit is used in the presence of all amino acids, the protein will be expressed,
which is quantifiable by luciferase assay. Luminescence is expressed in arbitrary unit C: When a
transcription/translation kit is used with an amino-acid mix lacking one amino acid, the ribosome
won’t be able to decode the corresponding codon, which is expected to stall the ribosome on that
codon. As a result, the protein won’t be expressed, and the sample won’t show any luminescence

activity in a luciferase assay.

To link stalled ribosomes to the surface of a microfluidic chamber, a succession of
elements was used as shown in Figure 58. First, a mixture of biotin-mPEG and
regular mPEG would be used to cover the totality of the surface of the flow cell
chamber. Playing on the concentrations of biotin-mPEG and regular mPEG would
play a role in how much ribosomes would be bound to the surface of the flow cell
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as the linking of the ribosomes will happen through this biotin. To this would be
added streptavidin which binds very strongly to biotin. A biotinylated-anti-HIS
antibody would be used to link this streptavidin to the nascent protein chain of
the luciferase gene as its sequence starts with a HIS-tag. As the ribosome is in
principle stalled, the nascent protein chain should be linked through its tRNA to
the P-site of the ribosome. So, with this system, ribosomes should be able to
directly bind to the surface. Interestingly, a non-stalled ribosome would express
the protein and dissociate from it, therefore the non-stalled ribosomes shouldn’t
be bound to the surface through this system. The next step is to visualize the
ribosomes on the surface. To do so a combination of primary and secondary
antibody that specially recognize the ribosomes and are linked to a Qdot can be
used. There is also the need for a fluorescently labelled near-cognate aa-tRNA

bound to EF-Tu to study the near-cognate tRNA/ribosome interaction.
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Figure 58: Schematic of a single molecule experimental set-up: where a mixture of mPEG
and biotinylated mPEG is spread across the glass surface of a flow cell chamber. Adding
streptavidin allows connecting the biotinylated-mPEG with a biotinylated-Anti-HIS antibody which
recognizes the nascent protein chain and therefore the newly expressed HIS-tag. The nascent
protein chain is sticking out of the ribosome enough for the HIS tag to be recognized by the
antibody. Since the ribosome has been pre-emptively stalled, the nascent protein chain is bound to
a tRNA stuck in the P site of the ribosome. The dwell time of the tRNA to the ribosome can be
assessed if using a fluorescently labelled tRNA. To visualize where the ribosomes are located within
the flow cell surface, a primary anti-ribosome mouse antibody is used in combination with a

secondary anti-mouse goat antibody bound to a 655 Qdot.
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5.2 Materials and Methods

5.2.1 TnT® Coupled Reticulocyte Lysate Systems typical reaction

TnT® Coupled Reticulocyte Lysate Systems (Promega L4610) is an in vitro
transcription/translation coupled system that allows for the expression of proteins
by adding template DNA. This kit uses components extracted from rabbits and as
such possesses the eukaryotic machinery for transcription and translation and
therefore eukaryotic ribosomes (293,294). A typical reaction contains 12 pL of TNT
Rabbit reticulocyte lysate, 1 pL of TNT reaction buffer and 0.5 pL of TNT RNA
polymerase T7 (all the above are regrouped under “TNT mix” in the following
tables). This is complemented with 0.25 pL of 1 mM amino acid mix lacking leucine
and 0.25 pL of 1 mM amino acid mix lacking Methionine. This allows all amino
acids to be present in the reaction. Finally, a DNA template is added to start the
reaction. Water is added until the reaction reaches a volume of 25 plL. The
components are thawed and added in the same order as described above. The

reaction is incubated at 30°C for 90 minutes and stopped by placing tubes on ice.

5.2.2 PURExpress typical reactions

PURExpress (NEB E6840S) is an in vitro transcription/translation coupled system
as well. It has two main differences with the TNT-coupled Reticulocyte Lysate
System. Firstly, it is a prokaryote system and as such possesses the prokaryotic
transcription and translation machinery. Secondly, it is a recombinantly produced
system which means that components were individually purified and then put
back together. This has for effect that the precise concentration of each of its
components is known and easily manipulable (295,296). A typical PURExpress
reaction contains 7.5 pL of E6840S mix, which is composed of Solution A
(containing buffer systems and small molecules) as well as solution B (containing
all the proteins and ribosomes) and tRNA mix. 1.25 uL of amino acids are added to
a final concentration of 0.3 mM. The DNA template is added and finally, water is
to a volume of up to 12.5 uL. The reaction is incubated for 2 hours at 37°C and

stopped by placing tubes on ice.
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5.2.3 Amino-Acid mix preparation

Amino-acid mix was made in two different ways. At first, amino acids were
dissolved individually at a concentration of 1 M in 5 M KOH. Amino-acid mix was
then assembled in milliQ water to a final concentration of 3 mM. Then, to minimise
amino acid mix KOH concentration, the amino-acid mix was produced by
dissolving most amino acids in Milli-Q water altogether, apart from aspartic acid,
glutamic acid, tyrosine, and tryptophan, which were dissolved in 1M KOH and
added last to the mix. In both cases, the amino-acid mixes were assembled without
the amino acid of interest, then split in half and one of the amino-acid mixes
received the lacking amino-acid, resulting in a complete amino-acid mix and an

amino-acid mix lacking one amino-acid.

5.2.4 One-glo ™ luciferase assay

Luciferase activity was evaluated using the ONE-Glo™ Luciferase assay system
(E6110 Promega). This system uses a luciferin analogue that is more stable than
luciferin and allows the production of light when in the presence of Luciferase

(Figure 59) (297).

HOD[ Firefly Luciferase  ©- AMP + PP
> < + + PP,

\ j\ TATP+0 > ﬁ j\ igh
7N 2 i N/> <\N ot CO, + Light

COOH

5’-Fluoroluciferin Oxyfluoroluciferin

Figure 59: Luciferase reaction. Luciferase catalyses the oxidation of 5’-Fluoroluciferin into
Oxyfluoroluciferin. This produces light by converting the chemical energy of luciferin oxidation
through an electron transition. Adapted from Promega’s ONE-Glo™ Luciferase Assay System

protocol sheet.

Reagents are thawed at room temperature before use. Samples from the TNT
rabbit reticulocyte kit (25 pL) were mixed with 25 uL of the ONE-Glo reagent.
Samples from the PURExpress kit (12.5 pL) were diluted with 25 pL of water and
12.5 plL of the ONE-Glo reagent. In both cases, the reaction is mixed within a 1.5
mL Eppendorf tube and deposited in a 96-well plate. This allows reading of the

luminescence emitted using a FLUOstar Omega microplate reader.
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5.2.5 Gibson assembly of pls7

The DHFR gene from the DHFR plasmid provided with the PURExpress kit as an
expression control was replaced with a HIS-luciferase gene. It was done by using a
Gibson assembly master mix (NEB E2611S). Insert and vector fragments were
amplified by PCR using Q5°® High-Fidelity 2X Master Mix (NEB M0492). Forward
primer for the insert fragment: 5  TTAACTTTAAGAAGGAGATATACAT
atgggacaccatcaccatc 3’, reverse primer for the insert fragment: 5’
CTCCTGCAGGTTAACCTTACTCGAG ttactttccgeccttcttggee 37, forward primer for the
vector fragment: 5° CTCGAGTAAGGTTAACCTGCAGGAG 3, reverse primer for the
vector fragment: 5’ CATatgtatatctccttcttaaagttaaacaaaattatttct 3’. The PCR
product was run on a 1% agarose gel and the DNA bands of the appropriate size
were cut off. DNA was extracted from the gel using the QIAquick® gel extraction
kit (QIAGEN 28706X4). 5 pL of the Gibson assembly mix was mixed with 2 pL of
purified vector DNA (18.8 fmol) and 3.2 uL of purified insert DNA (37.7 fmol).

5.2.6 Colony PCR

A PCR master mix was assembled with 12.5 uL of Tag 2X Master Mix (#MO270S,
NEB) with 1.25 pL of T7 forward primer (TAATACGACTCACTATAGGG), 1.25 L of
T7 reverse primer (CTAGTTATTGCTCAGCGG ) and 9 ulL of water per colony that
had to undergo PCR reaction. Each colony was picked, streaked on a backup plate,
and put within 24 uL of the PCR master mix. The following PCR programme was
used to amplify the DNA: 30 seconds of denaturation at 95 °C, 60 seconds of
primer annealing at 45 °C and 130 seconds of extension time at 68 °C. This is
preceded by 30 seconds of initial denaturation at 95 °C and followed by a final
extension time of 5 minutes at 72 °C. The results of that colony PCR are shown in
Figure 60. The 7t" colony was chosen, and its plasmid was purified and sent for

sequencing.
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Figure 60: Colony PCR of Gibson reaction. 1% agarose gel. Most plasmids showed the
expected fragment size post-Gibson and colony PCR of 1921 bp. Colony 7 was chosen and led to the
purification of its plasmid which will be called pls7 for the rest of the thesis. The 5 colony don’t
show any amplification and the 4" colony shows the amplification of a fragment that corresponds

to the expected size for amplification from the DHFR plasmid at 697 bp.

5.2.7 Single-molecule glass slide and coverslip treatment

For single-molecule experiments that include the assembly of homemade flow-cell
chambers, both glass slides and coverslips must be cleaned before assembly. They
were first treated with acetone overnight on a shaker, followed by a 0.5 M HCI
wash for 1 hour. Then they were washed in ethanol for 1 hour and dried with
nitrogen. Then they were put in a 2% (3-Aminopropyl)triethoxysilane in acetone
for 10 minutes, washed with water and dried with nitrogen. In between each of
those steps, the coverslips and slides were washed with Milli-Q water. The slides
and coverslips are plasma cleaned (Harrick PDC-32-2) and are ready to be

assembled.

5.2.8 Flow cell chamber assembly

Flow chambers are assembled as shown in Figure 61. Glass slides are pre-drilled.
Both glass slide and coverslip are cleaned before assembly as described above. To
assemble the flow cells, tubes are inserted in the glass slide holes and maintained
in position using UV glue (Nordland Optical Adhesive 68). One of the extremities
of the tubes is widened using a hot air flux, allowing for easier placement of the
tubes and UV glue. A UV lamp is used to solidify the glue. Then, the gasket is

positioned on top of the glass slide. The gasket is made of double-sided adhesive
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which then allows the addition of the coverslip on top. The back of a scalpel is used
to apply pressure on the gasket to make sure that no leak will occur once flow is
applied to the flow cell chamber. The surface that is imaged is the inner side of the

coverslip.
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Figure 61: Flow chamber construction. A: Layout of the different elements of the flow

chamber. Dimensions of the glass slide are 26x76 mm with a thickness of 1.0-1.2 mm (Thermo-
scientific 12332098). Dimensions of the Coverslip are 24x40 mm with a thickness of 0.16-0.19 mm.
Dimensions of the gasket are 20x30 mm for the outer layer and 10x20mm for the chamber. Tubing
dimensions are 1.15 mm internal diameter and 0.2 mm wall (Gradko international, GE-0115-020).

B: Flow chamber assembled.

5.2.9 Flow cell chamber passivation

Flow cell chambers were passivated by incubating overnight with 0.1 mg/mL
biotin-mPEG + 25 mg/mL mPEG in 250 mM NaHCOs. Then the flow chamber was
treated with 2.5 % tween20 in water for 20 minutes, followed by treatment with
10 uM of BSA for 30 minutes followed by hybridized oligos. The purpose of the
oligos were to cover any spots where the ribosomes could bind non-specifically to
the flow cell chamber. Using the oligos resulted in better passivation (data not
shown). Finally flow chamber was washed with 200 pL of Milli-Q water. Washes
with 200 pL of Milli-Q water were performed in between each step. The hybridized

oligos were made using complementary 40 nucleotides long oligos (A:
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AGTTCTTCTCCTTTGGACATGTTTTT-GGCGTCTTCGGATC B:
GATCCGAAGACGCCAAAAACATGTCCAAAGGAGAAGAACT). 100 pL of each oligo
were mixed with 200 pL of annealing buffer (10 mM tris, 50 mM NaCl, 1 mM EDTA)

then placed on a heating block at 95°C for 5 minutes and left to slowly cool down.

5.2.10 Single-molecule sample preparation

1 uL of either the PURExpress reaction mix that has been used to stall ribosomes
or the PURExpress reaction mix that has been used to produce luciferase are mixed
with 1 uL of ribosome antibody (22B12B2, targeting 30S ribosomal protein S3) and
1 uL of ribosome antibody (193E11E5B11, targeting 30S ribosomal protein S13) as
well as 3 uL of anti-mouse antibody that is fluorescently labelled with Qdot 605.
2.5 plL of this reaction is diluted in 100 pL of Polymix buffer (50 mM Tris-OAc (pH
7.5), 100 mM KCl, 5 mM NH4OAc, 0.5 mM Ca(OAc)z, 5 mM Mg(OAc),, 6 mM 2-
mercaptoethanol, 5 mM putrescine and 1 mM spermidine) to a final concentration

of roughly 5 nM for the ribosomes and 7.5 nM for the Qdot.

5.2.11 Single-molecule experimental setup

Using an Aladdin SyringeONE Programmable Syringe Pump (World precision
instruments, AL-1000), samples are flowed in then retraction of the flow removes
the samples. This allows for the flow cell chamber to be filled with the sample for
around 25 seconds. Once the sample is retracted, the surface of the flow chamber

is imaged.
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5.3 Results

5.3.1 APCT2 allows expression of functional luciferase using a TNT

rabbit reticulocyte coupled system

To study the interaction of various near-cognate tRNA with a specific codon,
ribosomes must be stalled at that specific codon. Here is shown work that focuses
on stalling the ribosomes at a specific codon. The DNA used (and therefore the
mRNA associated) codes for a luciferase. A luciferase assay is performed to assess

if the translation goes through, and therefore if the stalling is happening.

An in vitro transcription/translation coupled system is used so that the expression
of the luciferase gene can be assessed quickly. In addition, the content of the kit
can be used directly within a flow-cell chamber without further steps. The gene
used is luciferase as luciferase expression is very easy and quick to assess through
a luciferase assay. First, the ability of the TNT rabbit reticulocyte kit to express
active luciferase protein from the HIS-luciferase construct was assessed. The TNT
rabbit reticulocyte kit comes with amino-acid mixes that are lacking one amino
acid each, either leucine, methionine, or cysteine. Using a combination of two
amino acid mixes ensures that all amino acids are present within the reaction. A
simple reaction in the presence or absence of the plasmid APCT2, containing the
luciferase gene, showed great luciferase activity (43064 AU) when the DNA
template was present, compared to the negative control (1400 AU). This shows
that the DNA template is capable of expressing active luciferase (Table 2). It is
notable to mention that the luminescence recorded for the negative control is way
higher than it should be. Because those two samples were put in two adjacent
wells on 96 well plates, it resulted in light pollution coming from the positive

control. A typical value for a negative control should be around 100 AU.
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TNT mix 14 14

AA mix -Leu 1ImM 0.25 0.25
AA mix -Met 1ImM 0.25 0.25
pAPCT2 0 1
Water To 25uL To 25puL
Luminescence 1400 43064

Table 2: TNT Rabbit Reticulocyte coupled system luciferase expression control. in the
presence of DNA coding for luciferase, there is luminescence while in the absence of DNA there is
little luminescence, confirming both the potency of the expression kit to express protein from DNA
and that the DNA constructs contain the genetic information necessary for luciferase expression.

Luciferase activity is assessed with a luciferase assay.

5.3.2 Removing one amino acid doesn’t prevent the expression of

luciferase

A similar experiment was done to try to stall the ribosomes, with a reaction mix
lacking one amino acid. Without that amino acid, the ribosome should not be able
to process the mRNA and should get stalled at the corresponding codon. However,
luciferase was expressed even though the reaction lacked leucine (Table 3). It
could be due to contamination of amino acids somewhere in the kit or the DNA.
Notably, the luminescence of the no DNA control is way lower than the one seen
previously (Table 2, Table 3) this was because of light pollution in between
adjacent wells within the plate. This time samples were separated by two empty

wells.
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TNT mix 14 14 28

AA mix -Leu ImM 0.25 0.25 il
AA mix -Met 1mM 0.25 0.25 0
pAPCT2 0 1 2
Water To 25uL To 25ulL To 50uL
Luminescence 96 62595 58909

Table 3: Removing one amino acid doesn’t prevent the expression of luciferase. The
sample lacks leucine in the mixture while both controls have a complete amino acid mix. In the
absence of DNA, there is no luminescence. In the presence of DNA, there is luminescence both
when using the complete amino acid mix and when using the depleted one. Luciferase activity is

assessed with a luciferase assay.

5.3.3 Using different amino acid mixes or different DNA doesn’t prevent

the expression of luciferase in the absence of one amino acid

Different combinations of DNA and amino-acid mixes were tried to check if there
was amino acid contamination in the amino-acid mix or the DNA. Table 4 and Table
5 show results using two different plasmid preparations while using two different
amino acid mixes lacking leucine or cysteine. It was expected that some of those
combinations would not be able to express luciferase. However, all those
conditions show luciferase expression similar to the positive control, as shown in
Table 4 and Table 5. This shifted the hypothesis from contamination in the DNA or
the amino-acid mixture to the contamination of another part of the kit. The kit
comes with 4 aliquots of lysate, and only one was used in those previous
experiments. The different aliquots had to be tested to see if the contamination

of amino acids was coming from the first aliquot.
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TNT mix

AA mix -Leu ImM
AA mix -Met 1mM
AA mix -Cys 1ImM
pAPCT2

Water

Luminescence

14
0.25
0.25

0
0

To 25uL

135

14
0.25
0.25

0
ik

To 25uL

5005

14
0.5
0
0
1

To 25puL

7583

14

0.5
1
To 25puL

8346

Table 4: The use of a different amino acid mix doesn’t change the outcome of
luciferase expression. Negative and positive controls were made as previously described. The

samples without leucine or cysteine show similar luciferase expression to the positive control.

Luciferase activity is assessed with a luciferase assay.

TNT mix

AA mix -Leu ImM
AA mix -Met 1mM
AA mix -Cys 1ImM
pAPCT2v2

Water

Luminescence

14

0.25
0.25

To 25ul

135

14

0.25

0.25

To 25uL

7942

14
0.5

To 25uL

14764

14

!5

To 25uL

10714

Table 5: Use of a different plasmid miniprep with different amino acid mix doesn’t
change the expression of luciferase. Using a newly miniprep plasmid shows similar results as

in Table 4 where the lack of an amino acid doesn’t lead to a defect in luciferase expression.

Luciferase activity is assessed with a luciferase assay.

5.3.4 Amino-acid contamination is present in all the lysate aliquots

Previous experiments were done using the aliquot Lysate 1, so are both the

negative and positive controls shown in Table 6. Both lysates 2 and 3 show

expression of luciferase in the absence of an amino acid mix. This suggests that

the lysates contain endogenous amino acids in sufficient quantity to have a great

expression of luciferase.
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TNT mix 14 14 14 14

AA mix -Leu ImM 0.25 0.25 0 0
AA mix -Met 1ImM 0.25 0.25 0 0
pAPCT2 0 1 1 1
Water To 25puL To 25uL To 25pL To 25uL
Luminescence 91 16250 15015 17438

Table 6: The different lysates don’t affect luciferase expression in the absence of amino
acids. This suggests that there is already an excess of endogenous amino acids within the lysates.

Luciferase activity is assessed with a luciferase assay.

5.3.5 Exhausting the amount of amino acids doesn’t show an increase

in luciferase expression when complemented with said amino acid

To deal with the endogenous amino acids within the TNT kit, an exhaustion
experiment was conducted with the aim of exhausting one amino acid in the
solution. To do so, the reaction was done using an amino-acid mix lacking leucine
and the reaction was allowed to proceed for 90 minutes, then leucine was added,
and the reaction was allowed to pursue for a further 90 minutes. As shown in Table
7, there is almost no difference in-between pre- and post-exhaust luminescence,
suggesting that the endogenous amino acids are present in quantity greater than
what can be exhausted in 90 minutes. The level of luciferase expression in
between a reaction with or without added amino acids shows similar expression
levels, further hinting that the endogenous amino-acid content is too great to deal

with and highlighting the need for a different approach.

TNT mix 14 14 14 42

AA mix -Leu ImM 0 0 0.5 3

AA mix -Cys 1ImM 0 0 0.5 0 +1pl
PAPCT2 0 3 1 3

Water To 25uL To 25ul To 25uL To 75uL

Luminescence 204 147379 125504 618866 579174

Table 7: The exhaust experiment doesn’t show differences in luciferase expression. Both
controls in the presence of DNA with and without amino acids show similar levels of luciferase

expression. Furthermore, if a reaction mix containing all amino-acids but leucine is incubated for 90
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minutes, and then leucine is supplemented and the reaction runs for 90 minutes more, there is no
increase in luciferase expression in-between before and after the addition of leucine. Both of those
observation highlights the need to use a different approach. Luciferase activity is assessed with a

luciferase assay.

5.3.6 APCT2 doesn’t allow the expression of functional luciferase when

using the PURExpress kit

As the TnT® Coupled Reticulocyte Lysate Systems proved itself unusable for
stalling ribosomes, the PURExpress recombinated kit (NEB E6840s) was used
instead. They both are transcription/translation in vitro coupled systems, but the
TnT® Coupled Reticulocyte Lysate Systems is acquired by lysing of cells while the
PURExpress kit is acquired by purifying all the necessary elements for transcription
and translation and assembling them together. The version of the kit that was used
has both the amino acids and tRNA not already pre-mixed with the rest of the kits,
which allows us to have better control of reaction contents. One big difference is
also that the TnT® Coupled Reticulocyte Lysate Systems is a eukaryotic system
(rabbit) while the PURExpress kit is a prokaryotic system (E. coli), which means that
the ribosomes and other translation elements within them are different. The gene
coding for the luciferase that was being used beforehand (APCT2) was moved by
Gibson into the DHFR control plasmid provided by the PURExpress kit. This newly

built construct will be called pls7 and will be used for all subsequent reactions.

To check that our newly built DNA construct could express luciferase, two
reactions were performed. One with a homemade amino-acid mix containing all
20 amino acids required for translation, the other with the exact same mix but
lacking leucine. Unexpectedly, none of them showed luminescence when tested
with a luciferase assay, suggesting that luciferase wasn’t expressed, as shown in
Table 8. This needed further controls to assess which part of the reaction mix was

troubling the proper expression of luciferase.
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E6840S mix iS5 75 755

AA mix -Leu 0 0 1.25
AA mix complete 0 1.25 0
DNA template il 1 il
Water To 12.5uL To 12.5ulL To 12.5uL
Luminescence 95 78 88

Table 8: The PURExpress kit doesn’t express luciferase. Despite the addition of a DNA
template and amino-acid mix, there was no expression of luciferase, suggesting that there is an
issue with at least one of the reaction components. Here the only elements that are not from the kit
are the miniprepped DNA and the amino-acid mix. Luciferase activity is assessed with a luciferase

assay.

5.3.7 The PURExpress kit doesn’t allow expression of luciferase using
the pls7 construct but does allow expression of the DHFR control

plasmid

To check if the kit could use our homemade amino-acid mix to express the protein,
an expression assay using the provided DHFR plasmid with the homemade or
provided amino-acid mix was performed. It shows that expression of DHFR is only
occurring when using the kit’s amino-acid mix as shown in Figure 62. In parallel
with the DHFR expression, a luciferase assay was performed using the pls7 plasmid
and the kit’s amino-acid mix, showing that expression of luciferase doesn’t happen
when using the pls7 plasmid as shown in Table 9. Both of those highlight issues in
both the DNA template and the homemade amino-acid mix preparation. Issues
within the DNA template could be due to several problems. Despite having been
sequenced, there could be a mutation within the sequence of the luciferase gene.
There could also be issues in the way that the plasmid was purified including

RNAse contamination.
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| Components ___|_Control() | A | 8 | __c |
755 7'5

E6840S mix 0 7.5

AA mix kit 0 1.25 495 0
AA mix homemade 0 0 0 1.25
DNA template (1pL) 0 Pls7 DHFR DHFR
Water 25

Luminescence 84 93 NA NA

Table 9: PIs7 doesn’t show luciferase expression in the presence of the kit’s amino-acid
mix. Despite using the kit’s amino-acid mix, there is no expression of luciferase when using

miniprepped pls7. This seems to suggest that there is an issue within the miniprepped plasmid.
Shown in this table are preparations B and C for Figure 62. Luciferase activity is assessed with a

luciferase assay.

kDa
kil E

120 - .y
v

85 = ..

Figure 62: Expression control of DHFR. 10 % SDS Page gel. L: Molecular weight marker (Pierce
26612) E: PURExpress reaction without DNA template. B: PURExpress reaction with control DHFR
plasmid and using the kit’s amino acid mix, showing expression of DHFR at the estimated size

molecular weight size of 18 kDa (within the red square). C: PURExpress reaction with control DHFR

181 | Page



plasmid and using homemade amino acid mix showing no expression of DHFR. This highlights an

issue within the amino acid mix.

5.3.8 PIs7 plasmid does allow expression of luciferase when using the

TNT rabbit reticulocyte kit

First, the pls7 plasmid capacity of expressing luciferase was assessed using the TNT
rabbit reticulocyte kit using a standard reaction. As shown in Table 10, there is
luminescence, and therefore luciferase expression, when using either the APCT2
plasmid or the pls7 plasmid. This means that at least the luciferase sequence was

still coding for an active luciferase and that the issue lies somewhere else.

TNT mix 14 14
AA mix -Leu ImM 0.25 0.25
AA mix -Met 1ImM 0.25 0.25
DNA template 1 1
Water To 25pL To 25pL
Luminescence 450499 251348

Table 10: TNT rabbit reticulocyte luciferase activity check. Both the APCT2 and the pls7
DNA constructs are sufficient to express active luciferase when using the TNT rabbit reticulocyte kit.

Luciferase activity is assessed with a luciferase assay.

5.3.9 RNAse contamination in miniprepped samples prevents the

expression of protein

It was proven that the newly constructed pls7 plasmid could express luciferase
when used within the TNT rabbit reticulocyte kit. It leaves the hypothesis that the
issue could be coming from the way that the plasmid was prepared. Therefore, the
DHFR control plasmid was transformed into a DH5 cell and purified by miniprep.
Both the miniprepped and the control plasmid were used within the PURExpress
kit as previously described and as shown in Figure 63A. Expression of DHFR was
only seen using the provided DHFR plasmid while the newly prepped plasmid

didn’t allow for expression as shown in Figure 63B. This suggests that there might
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be RNAse co-purified with the DNA during the miniprep (RNAse A is present within
one of the miniprep buffers). This also suggests that the PURExpress kit is more
sensitive than the TNT rabbit reticulocyte one because the latter could express
luciferase while using the miniprepped luciferase plasmid. To tackle this issue, 10
U of murine RNAse inhibitor was added to the reaction as described in Figure 64A.
The addition of the RNAse inhibitor did allow the expression of DHFR even when
using our own plasmid, confirming that the DNA issue was RNAse contamination

as shown in Figure 64B.
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A

comporems |1 |2 |

E6840S mix 7.5 7.5
Kit AA mix 1.25 1.25
DNA construct Kit DHFR Miniprepped DHFR
Water To 12.5uL To 12.5ulL
B
kDa

120-

85— e

50—

35— s

25— .

20— -

Figure 63: Miniprepped pDNA doesn’t allow for the expression of DHFR within the
PUREXxpress kit. A: Table of the different reaction mixes. B: 15% SDS Page gel. L: Molecular

weight marker (Pierce 26612) E: PURExpress reaction without DNA template. 1: PURExpress
reaction using the kit’s DHFR plasmid. 2: PURExpress reaction using miniprepped DHFR plasmid.

Expression of DHFR only occurs when using the provided DHFR control plasmid.
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A
Components |1 | 2 | 3 |
75 7.5

E6840S mix 75
DNA construct Miniprepped DHFR Kit DHFR Miniprepped DHFR
Water To 12.5pL To 12.5uL To 12.5uL
RNAse | 10U
Water To 12.5pL To 12.5uL To 12.5uL
B
kbaj L. E 1. 2 3
120 —

85—

35—

20~

Figure 64: The addition of RNAse Inhibitor allows for miniprepped DHFR expression
within the PURExpress kit. A: Table of the different reaction mixes. B: 15% SDS Page gel. L:

Molecular weight marker (Pierce 26612) E: PURExpress reaction with no template DNA. 1:
PURExpress reaction with miniprepped DHFR plasmid 2: PURExpress reaction with kit’s DHFR
plasmid. 3: PURExpress reaction with miniprepped DHFR plasmid supplemented with 10 U of RNAse
l'inhibitor. Expression of DHFR only occurs when using the provided DHFR plasmid or with the
addition of RNAse inhibitor.
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5.3.10 Stalling of ribosomes is possible when using an amino-acid mix

with a minimized amount of KOH in the absence of one amino acid.

Now that the DNA issue was resolved, there is still an issue with the use of
homemade amino-acid mixes. First, it was shown that the PURExpress kit was able
to express active luciferase using the kit’s amino-acid mix as shown in Table 11
column A. Then, it was shown that our amino-acid mix couldn’t express luciferase
as shown in Table 11, column B. The homemade amino-acid mix was made by
dissolving each amino acid at a concentration of 1 M in 5 M of KOH and then
pooling together to a final reaction concentration of 0.3 mM. To remedy this issue,
the new amino-acid mix was made by dissolving all amino acids together directly
in water except for leucine which was added last, and aspartic acid, glutamic acid,
tyrosine, and tryptophan which were dissolved in 1 M KOH and added to the
amino-acid mix. This was necessary due to their poor solubility. Using this new
amino acid mix resulted in the expression of luciferase as shown in Table 11
column C, proving that the excess of KOH was the reason why the expression
wasn’t occurring. Using the exact same homemade amino-acid mix but lacking
leucine, the expression of luciferase was prevented as shown in Table 11 column
D, suggesting that the ribosomes might be stalled onto the mRNA. Another
explanation would be that the lack of that amino acid is sufficient to stop
translation and that the ribosome detaches from the mRNA or that the sub-units

dissociate.

186 | Page



E6840S mix

Kit AA mix

Homemade AA mix
Minimized KOH AA mix

Minimized KOH AA mix without Leucine

7.5 7.5 7.5 7.5
1.25
1.25
1.25

1.25

pls7 (DNA) 1 1 1 1
RNAse Inhibitor 10U 10U 10U 10U
Water To125uL Tol125uL Tol125uL To12.5uL

Luminescence 111342 96 92120 81

Table 11: The use of a minimized KOH amino-acid mix lacking leucine allows for
stalling of ribosomes within the PURExpress kit. A succession of experiments where each

column shows important conclusions. Column A: miniprepped pls7 allows for the expression of
luciferase when supplemented with RNAse inhibitor. Column B: This expression of luciferase is
hindered when using a homemade amino-acid mix. Column C: Reducing the amount of KOH within
the final amino-acid mix results in the PURExpress kit being able to express luciferase once again.
Column D: Finally, by using the exact same amino-acid mix, but lacking leucine, the expression of
luciferase was completely stopped. This seems to suggest that the ribosomes are stalled.

Luminescence is assessed with a luciferase assay.

5.3.11 Stalled ribosomes seem to bind to the surface

Now that stalled ribosomes have been produced, single-molecule confirmation of
the stalling is necessary. To do so flow cell chambers were passivated and
prepared as described in Figure 58. In short, the flow cell chamber surface was
coated with a mixture of mPEG and biotinylated mPEG. Streptavidin bridges the
biotinylated mPEG with biotinylated anti-HIS antibody which in turn recognizes
the HIS tag of the nascent protein chain sticking out of the ribosome. Since the
ribosomes are stalled, this connects the ribosomes to the surface. To visualize the
ribosomes, anti-ribosomes mouse antibodies were coupled with a fluorescently
labelled anti-mouse goat antibody. All of this allows for the visualisation of
ribosomes at the surface of flow cell chambers. Despite efforts to passivate the

flow cell chamber, there was a high number of binders (297) when the antibodies
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and the Qdot alone were flown in (Figure 65A). There is also a higher number of
binders (435) when the PURExpress reaction mix containing ribosomes that are
not stalled (Figure 65B) is added. Finally, there is another increase in the number
of binders (859) when the PURExpress reaction mix containing stalled ribosomes
(Figure 65C) is used. This seems to suggest that despite the passivation being
insufficient, there is indeed stalling of ribosomes and that the defect in luciferase

expression is caused by the stalling.
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D E68440S kit

Number of gDOT binding to the
surface

1000
900
800
700
600
500
400
300
200

100

Control (-) E6840S kit E6840S kit stalled

E68440S kit with stalled

Figure 65: Flow cell surface passivation. A, B and C are pictures of three different flow
chamber surfaces that have been passivated with mPEG/biotin-mPEG overnight, followed by 2.5 %
tween20 treatment for 20 minutes, BSA for 30 minutes and oligos for 1h, then the addition of
streptavidin, biotinylated anti-HIS antibody. A: Anti-ribosome mouse antibody with anti-mouse
goat Qdot 605 without the addition of ribosomes are flown in the flow cell chamber. The presence
of surface binders indicates that the passivation is still insufficient. B: Anti-ribosome mouse
antibody with anti-mouse goat Qdot 605 with ribosomes (PURExpress reaction mix with complete

amino-acid mix) are flown in the flow cell chamber. C: Anti-ribosome mouse antibody with anti-
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mouse goat Qdot 605 with stalled ribosomes (PURExpress reaction mix with incomplete amino-acid
mix) are flown in the flow cell chamber. D: Number of binders on the flow cell after the flow was
retracted. The great increase of binders in the presence of stalled ribosomes confirms that the

ribosomes are stalled.
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5.4 Discussion

Although the idea of stalling the ribosomes by providing all amino acids excluding
one is simple, it turned out to be difficult and troubleshooting was lengthy. This is
due to several factors. Both the rabbit reticulocyte kit and the E6840s kit are
expensive. Troubleshooting using those kits had to be done cautiously to avoid
waste. Furthermore, the presence of endogenous amino acids within the rabbit
reticulocyte kit, and the sensitivity to KOH of the E6840s kit greatly hindered the
troubleshooting. Despite those obstacles, we managed to successfully stall

ribosomes as shown in Table 11.

Visualisation of the stalled ribosomes using single-molecule was also challenging
with the presence of a sizeable amount of non-specific binding. Indeed, the Qdot
used for visualisation was binding to the flow-cell surface despite having no
ribosome present. It is non-specific as the Qdot is bound to an anti-mouse
antibody that targets a secondary anti-ribosome mouse antibody and therefore
should bind to the surface only in the presence of ribosomes. Furthermore, the
ribosome was only supposed to bind to the surface if they were stalled with a
nascent protein chain containing an HIS tag. However, we see an increase in the
number of Qdot bound to the surface when using non-stalled ribosomes.
Altogether, this result is mitigated and requires further optimisations before

assessing ribosome/tRNA interactions.

It is important to note that stalling of ribosomes can happen due to a wide variety
of reasons ranging from the effect of antibiotics (298,299), to the effect of
aberrant mRNAs (300), nascent protein chain interacting with the ribosome (301),
or use of specific codons (302). As such a wide variety of techniques are used to
stall and study the ribosomes, both in-vivo, in-vitro, and using single-molecule.
However, those are not always relevant to study the elongation. The technique
that we put forward here should allow us to have the freedom to change the
codon of interest easily by either cloning a different codon at the same location or

by changing the content of the amino acid mix if possible. Other laboratories have
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used similar single-molecule surface-based assays, but to study different aspects

of translation (303—305).
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5.5 Conclusion

By being able to visualize stalled ribosomes on a flow cell surface we achieved two
things. First, we confirmed that the ribosomes were indeed stalled and that the
defect in luciferase expression wasn’t due to other factors. Secondly, this will allow
for further study of elongation events at a single molecule scale where
fluorescently labelled aa-tRNA dwell time will be assessed depending on the codon
and anticodon sequences. This will bring knowledge on specific near-cognate
dwell times that are still to this date poorly understood. However, this was only
partially successful as we didn’t add tRNAs to the equation so we were not able to
visualize ribosome/tRNA interactions. Further work is required to assess the
biological question of interest to us which is to which extent different near-

cognates affect the ribosome speed.
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Chapter VI: Discussion
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6.1 Mechanism of action of UvrA and UvrB recognition

of DNA damage

Achievements:

- Showed for the first time that NER protein shows different binding behaviours
depending on DNA load, proving that it is changes in DNA structure changes that
are recognized as damage instead of the damage itself.

- Incorporated DNA damage at known locations on the DNA (Fluorescein) and
correlated them with preferential UvrA binding to the DNA strand, which allowed
for comparison with the load dependency.

NER can recognize a plethora of damages ranging from CPDs to cisplatin adducts
and peptides covalently bound to the DNA(19,44,211). How NER is able to treat
such a wide range of lesions is puzzling. It was speculated that instead of
recognizing the lesions per se, NER was recognizing alterations of DNA structures
and/or DNA flexibility locally at the perimeter of the lesions(196). However, this
theory wasn’t proved until now. Indeed, the work presented in Chapter Il of this
thesis highlights that changes in DNA structure are sufficient to be recognized as
damaged by NER. The DNA structure was changed by pulling both ends of the DNA
strand, hence stretching the DNA(306). Interestingly, different types of damage
affect NER in different ways. Both the attachment rate and the lifetime of UvrA
seem to be increased by distortions induced by DNA stretching when compared to
unstretched DNA, while fluorescein shows only an increase in UvrA’s lifetime. But
UV damage had conflicted results on UvrA’s recruitment to the DNA strand. UvrB
however shows an increase in the recruitment of UvrB by UvrA to the DNA strand.
How tension affects the lifetime of UvrB wasn’t assessed. However, UV damage

seems to increase the lifetime of UvrB on the DNA strand.

Altogether this indicates that DNA distortions due to changes in tension are
sufficient to be recognized as damage by NER. However, different types of lesions
affect the attachment rate and the off-rate of NER components in different ways.
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It can be explained by the distortion caused by DNA damages will be unique for

each lesion type and each distortion will interact uniquely with NER.

Although we proved here that UvrA was indeed recognizing changes in DNA
structures instead of the lesion per se, many questions remain unanswered. First
more data needs to be gathered for UvrB as the number of binders at low tension
was too low. Second, the binding of UvrA to the DNA strand is a very complex
phenomenon, due to the presence of two proximal and two distal ATPase
cassettes per UvrA dimers. Mutants of each, or both of those ATPase cassettes
have been used extensively in literature to try to decipher UvrA’s binding
behaviour (47). It would be interesting to see how such mutants behave under

various loads.
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6.2 Effect of various inhibitors on UvrA’s binding to

DNA

Achievements:

- Successfully assessed the effectiveness of newly found NER inhibitors on
altering the binding behaviour of UvrA. Such inhibitors could have some medical
applications to reduce the risk of infection-related death in cancer patients.

Antimicrobial resistance has been declared by the World Health Organisation as
one of the biggest public health threats facing humanity (88,269). There is an
urgent need for new antimicrobials. Works done here in Chapter IV were
performed in collaboration with other members of the laboratory to put forward
NER as a potential target for new antimicrobials (91,271,272,307). NER is a
mechanistically conserved process between eukaryotic and prokaryotic cells, but
they use different proteins (19). This means that inhibitors of prokaryotic NER cells
shouldn’t affect eukaryotic NER cells. This could be taken advantage of by
bombarding patients with DNA-damaging agents that are repaired by NER while
treating the patients with a prokaryotic NER inhibitor. DNA damaging agents are
however dangerous for DNA integrity. However, a very common cancer treatment
is Cisplatin, which attacks quickly dividing cells by crosslinking to the DNA. Cisplatin
abducts are repairable by the NER pathway. By inhibiting prokaryotic NER, we
ensure that the cisplatin abducts that are forming within bacterial cells are not
repaired, therefore interfering with cell fitness. Targeting DNA damage repair
pathways to affect the growth or the survivability of bacterial cells is not a new
idea (92—-95,308). However, until now only one inhibitor of prokaryotic NER was
discovered (274). Both an in vivo and an in vitro screening took place in the lab
which highlighted numerous compounds as potential inhibitors. Some of the most
promising compounds were tested in this thesis. We decided to assess the effect
of those compounds on UvrA’s ability to bind as the first inhibitor described, ATBC,

was suspected to act on UvrA. This compound is very insoluble and aggregates
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easily and rapidly, making it difficult to work with. Due to the very low number of
UvrA binders when treated with ATBC, the lifetime of UvrA’s binding to DNA
wasn’t calculated. However, the four other inhibitors could be categorised by their
effects as shown in Table 12. Bemcentinib reduces both the attachment rate and
the lifetime of UvrA on the DNA. Aprotinin increases both the attachment rate and
the lifetime of UvrA on the DNA. Finally, both L-Thyroxine and Dienestrol reduce

the attachment rate of UvrA on the DNA but don’t influence the lifetime.

Aprotinin increases the decoration of UvrA to the undamaged strand. It was also
shown that aprotinin inhibits NER in an incision assay. It is possible that the
increase of affinity of Aprotinin-treated UvrA to undamaged DNA causes
unspecific over-loading of UvrA to undamaged regions of the DNA and therefore

proteins are less likely to find DNA lesions.

Interestingly, Dienestrol seems to have several modes of action when inhibiting
UvrA. Firstly, it was shown that Dienestrol affects UvrA’s ability to hydrolyse ATP
as shown in Figure 50. This reduction in ATPase activity does relate to a reduction
in the attachment rate of UvrA. However, we also noticed that Dienestrol is very
likely to be able to bind to DNA on his own and prevent UvrA to DNA binding this

way as well.

Overall, those newly discovered NER inhibitors show great promises as potential
adjuvants for cancer patients to reduce prokaryotic infections. This is exacerbated
by the increase in antibacterial resistance and the fact that DNA damage repair is
a crucial factor in the development of resistances (96). However, some clinical data

is required to push those claims further.
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Table 12: Effect of compounds on UvrA's ability to bind to DNA.

Compound Effect on On- Effect on
rate lifetime

ATBC Literature

Bemcentinib  In silico screen \ \
Aprotinin In vivo screen el et
L-Thyroxine In vivo screen N @
Dienestrol In vivo screen N )
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6.3 Ribosome stalling

Achievements:

- Successfully stalled ribosomes at a specific codon. This technic could be used to
assess the dwell times of different combinations of near-cognates tRNAs/codons.

Ribosomes are involved in the translation of mRNA to proteins and are a very
common target for antimicrobials. Chapter V presents work that was performed
in anticipation of experiments that would help elucidate an understudied part of
the translation. The translation is divided into three major steps: initiation,
elongation, and termination. During the elongation phase, cognate aa-tRNA will
decode the codon and give its amino acid to the nascent protein chain. However,
when near-cognate tRNA are presented to the codon, they will stall the ribosome
for a set amount of time before being discarded. How much time will the near-
cognate aa-tRNA stay in the ribosome? It has been resolved for a few codons to
tRNA interactions (173,174,309). But to which extent the dwell time varies
between all the different combinations of codons and tRNAs is unknown. In this
thesis, we put the groundwork that would allow us to assess those dwell times
using single-molecule microscopy. Our proposed methods allow for ribosome
stalling at any codons onto the mRNA. From there. Future work aims at
deciphering the dwell time of many of those combinations. This will allow to feed
data in models which can be used to help optimize protein production, amongst
others, as well as providing a better understanding of how regulated some

translational events are (109,181).
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7.1 Appendix 1: Code for Impact of time and protease inhibitor on the binding of

UvrA-mNeonGreen

bluelake bl
bluelake trapl cap: S fluidics, microstage
nanostage, timeline, pause, res orc ce feedback

tension target=
date=

nstrand=

Number frame=
N=

Rest distance=
rer distanc

)

M=N+

hi pres

count=

distance byl.timeline [
1ce (target) :

distance = bl.timeline|
dx = distance.latest value - ta

flui
fluidics.i
pause (

fluidic
fluidics.decre
pause ( )

i press)
fluid
count<M abs est ve ) <break distance:
setpressure (hi press)
fluidics.open (

print (tension target)
force feedback.set target (tension target)
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tension export = str(tension target)+
+ str (count)
Name export = + date +

ion export +
Iigt(Nameiexport)
luidics.open (
l.excitation

)

pause (time in protein)

print (
bl.exc

pause

force feedback.
fluid .stop flow ()
goto distance (reco
pause (10)

count+=

c.set enabled(

str (nstrand)
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7.2 Appendix 2: Code for the tension dependency of UvrA-mNeongreen

bluelake bl
bluelake trapl, trap2, stage, fluidics, microstage
nanostage, timeline, pause, reset force, force feedback, trap2

date=

tension target=
force feedback.set device (
force feedback.set detector (
distance = bl.timeline]

goto distance (target) :

distance = bl.timeline][ 110
dx = distance.latest value - target

abs (dx) >
dx <=
bl.mirrorl.move by (dx=+

bl.mirrorl.move by (dx=- )
dx = distance.latest value - target

setpressure (pres) :
curpres=fluidics.pressure
curpres<pres:
fluidics.pressure < pres:
fluidics.increase pressure ()
pause ( )

fluidics.pressure > pres:
fluidics.decrease pressure ()
pause ( )

force feedback.set target (tension target)
tension export =
Name export = + date + + date + + tension export +

print (Name export)
bl.excitation lasers.blue =
goto_distance ( )

microstage.move to(
pause (3)
reset force ()

goto_distance (

reset force ()

pause (1)

print ( )

bl.widefield.start recording(Name export, frames=

bl.excitation lasers.blue =

print ( )
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ck.set target (tension tar
- k.enabled =
pause (30)
force feedback.enabled =
pause ( )

goto distance ( )
reset force()
xcitation lasers.blue =
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