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Abstract

The genetic information stored in DNA must be faithfully copied and transmitted to the
next generation of cells at every cell cycle. The replication of this genetic information is
performed by special multiprotein replication machinery, referred to as “replisome,” which
synthesizes both daughter duplexes simultaneously. At times, the accurate replication of
the genome can go awry, causing mutations that can lead to a collection of diseases. In
eukaryotic cells, detection and response to DNA damage during DNA replication is
performed by the DNA damage response (DDR) pathway. DDR uses exposed single-
stranded DNA as a signal for DNA damage and proceeds by activation of kinases that
transmit the signal and change the cell program to respond to the damage. The overall
purpose of this work is to understand how cells do this initial detection and how they make

the decision to activate the signalling pathway.

| used budding yeast (Saccharomyces cerevisiae), a unicellular model organism, to
understand the eukaryotic genetic architecture because it provides a framework to
develop and optimize methods to standardize the analysis. | focus on the study of
dynamics of DNA replication and DDR proteins of cells experiencing DNA damage or
replication fork stalling using single-molecule microscopy. Although this technique
provides a high signal-to-noise ratio for visualization while still retaining the integral
features in the physiological context of biological systems, various factors play a major
role in attaining such high-quality data for further analysis. In the first part of this work, |
provide an overview for optimizing the single-molecule techniques while considering
various factors involved. In the second section, | describe the initial work towards
visualizing the proteins involved in DNA damage response in HaloTag labelled S.

cerevisiae.
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Résumé

L’information génétique enregistrée dans I'ADN doit étre fidelement copiée et transmise
a la prochaine génération de cellules a chaque cycle cellulaire. La réplication de cette
information génétique est effectuée par un complexe multiprotéique spécial, hommé
«réplisome», qui synthétise les deux brins filles simultanément. Parfois, la réplication
précise du génome peut mal tourner, provoquant des mutations qui peuvent conduire a
un ensemble de maladies. Dans les cellules eucaryotes, la détection et la réaction aux
dommages a I'ADN pendant la réplication de 'ADN sont effectuées par la voie de réponse
aux dommages a 'ADN (DDR, DNA Damage Response). DDR utilise un bri simple d’ADN
exposé comme un signe de dommage a I'ADN et procede a l'activation de kinases qui
transmettent le signal et modifient le programme cellulaire pour répondre aux dommages.
L'objectif général de ce travail est de comprendre comment les cellules effectuent cette

détection initiale et comment elles prennent la décision d'activer la voie de signalisation.

J'ai utilisé la levure bourgeonnante (Saccharomyces cerevisiae), un organisme modele
unicellulaire, pour comprendre l'architecture génétique eucaryote, car cet organisme
fournit un cadre pour développer et optimiser des méthodes pour standardiser I'analyse.
Je me concentre sur I'étude de la dynamique de la réplication de I'ADN et des protéines
DDR de cellules présentant des dommages a I'ADN ou un blocage de la fourche de
réplication en utilisant la microscopie a molécule unique. Bien que cette technique offre
un rapport signal/bruit élevé pour la visualisation tout en conservant les caractéristiques
intégrales dans le contexte physiologique des systémes biologiques, divers facteurs
jouent un réle majeur dans l'obtention de données de haute qualité pour une analyse
ultérieure. Dans la premiére partie de ce travail, joffre un apercu de l'optimisation des
techniques a molécule unique tout en considérant les différents facteurs impliqués. Dans
la deuxiéme section, je décris le travail initial visant a visualiser les protéines impliquées

dans la réponse aux dommages a I'ADN chez S. cerevisiae marqué par HaloTag.
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pl: micro litre

pKm: micro meter (microns)

2D: 2 dimension

5-FOA: 5-Fluoroorotic Acid

ATP: Adenosine Tri Phosphate
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BP: Base Pair

CDCA45: Cell Division Control protein 45
CDK: Cyclin-Dependent Kinases

CHKZ1: Checkpoint Kinase 1

CMG: Cdc45-MCM-GINS complex

CoM: Center of Mass
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DAM: DNA Adenine Methyltransferase enzyme
DDK: Dbf4-dependent Cdc7 kinase

DDR: DNA Damage Response
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DNA: Deoxyribose Nucleic Acid

dNTP: deoxyribonucleotide triphosphate
dsDNA: Double-Stranded DNA

DUN1: DNA-damage UNinducible protein 1
eGFP: enhanced Green Fluorescent Protein
EMCCD: Electron Multiplying CCD(Charged Couple Device)
ER: Endoplasmic Reticulum

FATC: FRAP, ATM, TRRAP C-terminal domain



FCS: Fluorescence Correlation Spectroscopy

FRAP: Fluorescence Recovery After Photobleaching method
G1 phase: Gapl or Growthl Phase

GATC: Guanine Adenine Thymine Cytosine

GINS: 5-1-2-3 (Go-Ichi-Ni-San) for Sld5, Psfl, Psf2 and Psf3
gRNA: Guide RNA

H2B-GFP: H2B histone - Green Fluorescent Protein
HILO: Highly Inclined and Laminated Optical Sheet
HU: Hydroxy Urea

hygB: hygromycin B

ICGC: International Cancer Genome Consortium

ILE: Integrated Laser Engine

JF549: Janelia Farms 549

JF552: Janelia Farms 552

JF646: Janelia Farms 646

KAc: Potassium acetate

kan: Kanamycin

KB: Kilo Base

KOD: Potassium deuteroxide solution

LAP: Linear Assignment Problem

latA: LatrunculinA

LB: Luria-Bertani medium

Leu: Leucine

LoG: Laplacian of Gaussian

MCM: Minichromosome maintenance protein complex
min: minute

ml: Milli Litre

mM: Milli Molar



MNG: mNeonGreen

MRNA: Messenger RNA

ms: milli second

MSD: Mean Squared Displacement

MSE: Mean Squared Error

MT: Microtubule

NAG: N-acetylglucosamine

ng: nano gram

nm: nano meter

NT: Nucleotide

OD: Optical Density

ORC: Origin Recognition Complex
PA-JF549: Photo Activable-Janelia Farms
PA-JF646: Photo Activable-Janelia Farms
PAM: Protospacer Adjacent Motif

PCNA: Proliferating cell nuclear antigen
PCR: Polymerase Chain Reaction

PEG: Polyethylene Glycol

pH: Potential of Hydrogen

P13 kinase: Phosphoinositide 3-kinases
PIKK: Phosphatidylinositol 3-kinase related kinases
Pol a: DNA Polymerase Alpha

Pol &: DNA Polymerase Delta

Pol €: DNA Polymerase Epsilon

RFC: Replication Factor C

RNA: Ribo Nucleic Acid

RNase A: Ribonuclease A

RPA: Replication Protein A
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RPM: Rotation Per Minute

S. cerevisiae: Saccharomyces cerevisiae
S. pombe: Saccharomyces pombe

S/G2: Synthesis Phase and Gap or growth phase 2
SC: Synthetic complete

sec: seconds

sgRNA: single guide RNA

SIFT: Sorting Intolerant From Tolerant
SMM: Single-Molecule Microscopy
SPC42: Spindle Pole body Component 42
SPT: Single Particle Tracking

SptPALM: Single-particle tracking photoactivated localization microscopy

SSB: Single-Stranded Binding Protein
ssDNA: Single-Stranded DNA

TIRF: Total Internal Reflection Fluorescence Microscopy

Ura- : Uracil

URAS3: URAcIl requiring genetic region 3
UV: Ultra Violet Rays

WT: Wild Type

YPD: Yeast extract peptone dextrose
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Chapter 1: INTRODUCTION

Deoxyribonucleic acid, or DNA, is the double-helical hereditary material that stores the
genetic information within the cells of our body. The amount of DNA duplicated in an
organism directly relates to the transfer of genetic information. Inevitably the process of
accurate copying of this genome can go awry, yielding mutations that can affect our lives

and lead to a collection of diseases.

The DNA wraps itself around the histone proteins for compaction within the cell’s nucleus.
The copying process needs to deal with the fact that DNA is folded around these protein
complexes and cramped into a volume that creates spatial organization problems of
higher order. The DNA-binding proteins also need to be duplicated along with the copying
of DNA and the chemical modification concerning DNA and histones.

Several sub-processes combine to provide efficient genome replication. Central to this
process is machinery that copies the DNA with high fidelity, including the protein complex
that initiates the entire process and the protein complex that replicates one helix to two.
Superimposed to this fundamental process is the mechanism that detects and repairs
errors and damages to the DNA. In addition, specific specialized proteins in the replication
apparatus venture the efficient duplication of histone proteins and their chromatin
modification. Finally, another machinery cooperates with the replication apparatus to
ensure that the tethering of two sister chromatids together until the replication completes.
Only by combining these processes can genetic inheritance ensure that each cell has a

faithful copy of its parents’ genome.

Initiation of the DNA replication requires the opening of the double-stranded DNA for
loading of the replisome. In eukaryotes, this would require an origin of replication on DNA,
the protein complex ORC, and other initiation factors, ultimately loading the MCM. Then,
after unwinding the helix, the DNA polymerases responsible for DNA synthesis come into
the picture. Since DNA polymerase cannot initiate copying of the nucleic acid chain, DNA-

dependent RNA polymerase synthesizes primers. Following this, the DNA- dependent



DNA polymerase attaches to the 3’ end of this RNA primer and begins DNA replication.
Thus, the replisome, special multiprotein replication machinery, simultaneously
synthesizes both daughter duplexes. Replication machines have the same core
components in all cells: DNA polymerase, circular sliding clamps, a pentameric clamp

loader, helicase, primase and SSB (Single-stranded binding proteins) [1].

Eukaryotic fork

_ _other proteins

,."\ Pol a primase
[

RFC
Clamp Loader

Lagging
Strand

Figure 1.1: The proposed architecture of eukaryotic replisome. The helicase encircles the
leading strand; the CMG helicase complex is GINS and CDC45 with Mcm2-7 to aid the
unwinding. The RFC clamp loader repeatedly loads PCNA clamps onto lagging strand primers
formed by pol a-primase. Next, the leading strand polymerase (Pol €) is stabilized on DNA by

Mrc1. Finally, Pol & replicates the lagging strand [2].

Usually, when a replisome runs into DNA damage, a strand break, or a protein block, the
bacterial and eukaryotic cell employ a mechanism to activate stalled DNA replication

forks. Literature suggests multiple repair mechanisms, for instance, error-free and error-
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prone DNA synthesis at the DNA replication fork. In addition, post-replicative repair by
nucleotide excision repair or base excision repair is involved in repairing lesions not

directly blocking the replication fork [3].

Significant DNA damage occurring before or during replication in eukaryotes elicits the
activation of so-called checkpoint mechanisms, signalling to the cell cycle regulatory
machinery, principally the CDK and DDK protein kinases, that subsequent events in the
cell cycle should wait until the repair of DNA damage. The biochemistry of these varied
signalling events is still being worked out, but a standard signal early in the process is the
stable presence of RPA-coated ssDNA. Usually, ssDNA should be present in small
guantities in the cell, but its sustained presence signals that a stalled replication fork exists
due to damage or stress. Timely response to DNA damage is vital during DNA replication
when the progression of the replication machinery (the replisome) over DNA lesions can
result in the generation of life-threatening breaks on DNA. Consequently, some of the
mechanisms that coordinate DNA repair are directly associated with the replisome.
Research is focused on trying to understand how these two processes influence each

other.

The signalling cascade mediated by damaged DNA during fork stalling leads to activation
of checkpoint kinases, spreading the signals to several effectors that regulate various
aspects of cell physiology. Factors associated with sensing and transducing the
checkpoint signals generated at replication forks are highly conserved among eukaryotes.
At the centre of the checkpoint signalling cascade are the phosphoinositide 3-kinases
(P13)-related mecl and tell kinases. PI3-related kinases directly target the highly
conserved effector kinase rad53 and chkl. Thus, they are responsible for amplifying the
checkpoint signal and the phosphorylation of essential proteins that govern different

aspects of cellular physiology [4].

The project’s overall objective is to understand the relationship between DNA replication
and the DNA damage response in eukaryotes using S. cerevisiae as a model organism.
The project aimed to explore two aspects of this overarching question: the immediate
response of the replisome to DNA damage; and the dynamics of the proteins that regulate
DDR. With this intention, the single-molecule live-cell approach recently developed in the



Reyes lab was adopted to characterize the binding kinetics and infer the composition in
the DNA replication machinery of yeast cells.

RPA-ssDNA

P = - ,’i
- S
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Figure 1. 2: Checkpoint activation in response to replication stress. Upon replication fork
stalling, ssDNA is generated by the replicative helicase-DNA polymerases uncoupling. RPA-
ssDNA mediated the recruitment of the apical checkpoint kinase Mec1 to replication forks by the
action of its associated factor Ddc2. Mecl phosphorylates fork components, including the Mrcl
transducer and the Rad53 effector kinase. Mrcl serves as a scaffold promoting Rad53 trans-
autophosphorylation events and full kinase activation. Rad53 phosphorylates and activates

Dunl effector kinase [5].

Several replisome components, including a and & subunits of DNA polymerase and MCM
helicase complexes, are direct targets of Mecl and Rad53 phosphorylation. Furthermore,
the association of replicative polymerases and helicase complex to stalled replication fork
is impaired in checkpoint kinases mutants [6][7]. These observations led to the suggestion
that checkpoint kinases might regulate the tethering of essential replisome components

to the DNA. The loss of this tethering could be why the checkpoint mutants’ inability to



resume DNA synthesis. This hypothesis led to the project’s first aim to characterize the
immediate response of replisome to DNA damage (Described in Chapter 4).

Recent work from our lab has shown that most core subunits in the yeast replisome,
except the Pol a, which serves as a primase, are stably bound to chromatin during DNA
replication. This data was used as a starting point to study the replisome after DNA
damage. The following hypothesis was that the composition and dynamics of the
replisome change after cells are submitted to stress. Various literature reports
composition alteration of the replisome after blocking DNA replication that remains
controversial. The single-molecule approach is more sensitive and has a better time
resolution than other approaches used in the past to study this question. The dynamics
of the untreated and cells treated with UV were characterized as a part of aim1 for the

project.

As a second aim, | intend to characterize the dynamics of factors, like apical kinase and
effector kinases, involved in the DNA damage response (Chapter 4). The DNA damage
checkpoint pathways sense DNA lesions and remodel the signals into relevant biological
responses. Two key factors controlling this response are the checkpoint kinase, like
Mecl, and its effector kinase, like Rad53. The model is that Mec1 binds to stalled DNA
replication forks and mediates the phosphorylation of multiple targets, including Rad53.
Thus, the question aimed to characterize the binding dynamics of the kinases to

chromatin in actively growing and stressed cells.

Numerous pieces of literature articulate the development of fluorescence microscopy.
This technique has enabled us to study protein kinetics directly in the living cells, with the
most common techniques being single-particle tracking (SPT), fluorescence recovery
after photobleaching (FRAP), and fluorescence correlation spectroscopy (FCS). A
conclusion in the literature states that the data obtained from SPT makes qualitative and
guantitative interpretation much more effortless than other approaches [2].

However, various intrinsic factors constrain yeast’s microscopy, like nuclear movement,
thicker cell walls, and a higher endogenous fluorescence (compared to bacteria).
Furthermore, the type of dye could also play a significant role in visualizing the single

molecules required in the earlier stated hypothesis. Therefore, the study of these factors
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in single-molecule microscopy of yeast led to the extended third aim of my project. In
Chapter 5, | characterized different factors affecting the quality of the images obtained
by SPT. Meanwhile, in Chapter 6, | study the movement of the nucleus in yeast as a
factor that may impact the study of chromatin-bound proteins by single-molecule

microscopy.

Before describing the results obtained in my project, | first provide a literature review
focused on yeast and microscopy (Chapter 2) and provide details on the methods used
(Chapter 3). | provide a summary of my work in Chapter 7.



Chapter 2: LITERATURE REVIEW

Yeast biology and DNA Replication

Saccharomyces cerevisiae is a species of yeast well suited as a model organism
for biological research. S. cerevisiae is a unicellular organism of approximately 5-10 ym
in diameter with a short generation time and proficient gene editing by homologous
recombination. As a eukaryotic organism, its cellular complexity is closer to animal and
plant cells. All these features make S. cerevisiae a good model organism to study

eukaryotic cell biology.

The nucleus, one of the many membrane-bound organelles of eukaryotic cells,
contains most of the cell's genetic material and has several vital functions: regulating
gene expression, the transport of mRNA, separating chromosomes, and ribosome

assembly. In addition, the cell replicates the DNA and ensures its correct partitioning.

DNA replication is a complex mechanism that occurs in three main stages:
initiation, elongation and termination. During these steps, many proteins cooperate in
carrying out this process. One of the first steps is loading the DNA helicase onto the DNA;
in S. cerevisiae, this is the Mcm2-7 complex [8]. Six Mcm2-7 subunits form a structure
around the DNA and move in a 3' to 5' direction separating the double-stranded DNA [9].
Two essential proteins of the replisome associated with the Mcm2-7 complex are the
proteins Cdc45 and GINS that stimulate the helicase [10][11]. Next, replication protein A
(RPA) binds the single-stranded DNA, stabilizing it and removing secondary structures.
There are three different DNA polymerases present in the budding yeast replisome. Each
of these polymerases plays a different role in DNA replication [12]. Pol € is responsible
for synthesizing the leading strand, while pol & is associated with synthesizing the lagging
strand. Proliferating cell nuclear antigen (PCNA) clamps tightly to the polymerase and
serves as a processivity factor for Pol 6 [13]. PCNA is loaded onto the DNA by the clamp-
loaded Replication Factor C (RFC) [14]. Pol a has a primase subunit and can generate



and extend RNA primers but is not suited for extensive DNA synthesis [15]. Ctf4 connects

Pol a to the helicase [16], but the function of this coupling is still unknown.

DNA stress and DNA damage response

When a cell encounters stress, it initiates a repair mechanism to handle the
damage or stress. Various literature indicates that eukaryotic cells respond to DNA
damage and replication blocks by delaying cell cycle progression through a surveillance
mechanism known as the DNA damage checkpoint, providing the time to restore the
correct [63]. Furthermore, this DDR is an evolutionarily conserved process [58]. When
replication fork stalls, a signalling cascade mediated by damaged DNA leads to activation
of checkpoint kinases, spreading the signals to several effectors that regulate various
aspects of cell physiology. Factors involved in sensing and transducing the checkpoint
signals generated at replication forks are highly conserved among eukaryotes. At the
centre of the checkpoint signalling cascade are the phosphoinositide 3-kinases (PI3)-
related mecl and tell kinases. Pl3-related kinases directly target the highly conserved
effector kinase rad53 and chkl. Thus, they are responsible for amplifying the checkpoint
signal and the phosphorylation of essential proteins that attune various prospects of
cellular physiology [4].

Several replisome components, including DNA polymerase a and & subunits, as
well as MCM 2-7 helicase complexes, are direct targets of Mecl and Rad53
phosphorylation and the association of replicative polymerases and helicase complex to
stalled replication fork is impaired in checkpoint kinases mutants [6][7]. These
observations suggested that checkpoint kinases might regulate the tethering of essential
replisome components to the DNA. The loss of this tethering could be why the checkpoint
mutants’ inability to resume DNA synthesis. This hypothesis led to the project’s first aim

to characterize the immediate response of replisome to DNA damage.

Various literature describes the induction as conferred by reduced transcription of
histone genes and globally decreased DNA nucleosome occupancy [58]. This globally

altered chromatin structure increased the expression of genes encoding enzymes of the



tricarboxylic acid cycle, electron transport chain, oxidative phosphorylation, elevated
oxygen consumption, and ATP synthesis [58]. During the S phase or after DNA damage,
Dunlp phosphorylates and induces degradation of Smillp, a protein that binds and
inhibits the Rnrlp subunit [59][60][61][62]. The researchers describe a model for the role
of checkpoint kinases involved in DDR, as shown in figure 2.1 below. The figure also
demonstrates the role of RNR in the synthesis of dNTPs to handle the DNA damage

during DNA damage response.

DNA Damage
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Figure 2.1: Model depicting the role of checkpoint kinases in DDR, the RNR regulation,
and synthesis of dNTPs during DDR. DNA damage activates the cascade of checkpoint kinases
Meclp, Rad53p, and Dunlp. Dunlp phosphorylates and down-regulates three negative
regulators of the RNR complex: Crtlp, Smilp, and Diflp. Crtlp is a transcriptional repressor
recruited to the RNR2, RNR3, and RNR4 genes. Phosphorylation of Crtlp derepresses RNR2,

RNR3, and RNR4 genes by inducing dissociation of Crtlp from the corresponding promoters.

Smllp binds Rnrlp and inhibits RNR activity. Smllp phosphorylation promotes its
ubiquitylation and degradation by the 26S proteasome. Dif1p regulates nucleocytosolic
distribution of Rnr2p and Rnr4p. Dunlp-mediated phosphorylation of Dif1p leads to

redistribution of Rnr2p and Rnr4p from the nucleus to the cytoplasm, where Rnrlp resides,



resulting in the assembly of the active RNR complex. The cumulative effect of Dunlp activation

is increased RNR assembly and activity and increased synthesis of dNTPs [58].

The cells must be aware of the damage, and of when DNA repair is completed, to
terminate the checkpoint response and resume cell cycle progression [63]. Repair of DNA
damage might restore normal cell cycle progression, and/or active mechanisms might be

required to shut off the checkpoint. [63].

Importance of the study of DDR

DDR is responsible for maintaining the integrity of the DNA replication. The role of
DNA repair in the initiation, promotion, and progression of malignancy suggests that
deficiencies in DNA repair genes confer an increased cancer risk. Mutations in replisome
subunits are linked to developmental abnormalities, deficiencies of the immune and
endocrine systems and predisposition to tumour formation [42][43]. Concisely, failure of
DNA repair or checkpoint controls can lead to cell lethality, mutations, genome instability

and cancer [63].

Mutations in DDR factors are linked to many different diseases, including
neurological defects, infertility, immunological defects and premature ageing. DDR is also
implicated at all stages of cancer [44]. Understanding the relationship between DNA
replication and DNA damage will likely benefit the prevention and treatment of these

diseases [45].

How to study DDR in live cells?

Single-molecule experiments have become an important tool to study molecular
dynamics. Over the years, microscopy techniques have evolved to improve the signal-to-
noise ratio, resulting in clearer data. In addition, the use of genetically encoded
fluorescent tags facilitates the study of various proteins of interest [18]. The use of the

Total Internal Reflection Fluorescence (TIRF) microscopy technique, where only the
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surface close to the coverslip was exposed to excitation light by an evanescent wave,
helped to improve the signal-to-noise ratio. The evanescent wave occurs if the light is
internal reflected at the interface of the oil and the aqueous solution of the sample hence
the name total internal reflection microscopy. The oil has a higher refractive index and,
past a certain critical angle, reflects the light into the oil; Snell’'s law governs this
behaviour. When using TIRF, you can only excite a thin region of the sample adjacent to
the coverslip [19]. Since only a fraction of the fluorophores is excited, there is a low degree
of background fluorescence. Since the replisome proteins are in the nucleus - typically
deeper in the cell than 200nm that can be observed by TIRF - it is impossible to use TIRF
microscopy to study them. Instead, researchers use a technique derived from TIRF called
Highly Inclined and Laminated Optical (HILO) sheet microscopy [46]. To increase the
signal-to-noise ratio, the illuminating beam was inclined to minimize the area of
illumination. The inclination of the beam by refraction leads it to hit the sample as a thin
optical sheet. This sheet always passes through the center of the sample, so using this
technique, it is possible to image the components of the replisome. In combination with

photoactivatable fluorophores, this can be a powerful tool to study molecule dynamics.

Photoactivatable fluorophores are fluorophores that photons can activate with a
wavelength of 405 nanometers. By activating only a small number of proteins, you are
more easily able to detect single molecules. The photoactivatable fluorescent proteins

help measure the bound times of specific proteins of the replisome [20].
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Figure 2.2: (a) Schematic overview of the light traces while using TIRF and HILO
microscopy techniques (b) Schematic overview of the thin light sheet passing through a sample
[17]

Generating a protein with a fluorescent protein tag or performing
immunofluorescence are common ways to do this. A lesser-known way to tag a specific
protein is by combining HaloTag and HaloTag ligands [21]. The first thing to take care of
is the fusion of HaloTag and the protein of interest. Next, a synthetic ligand needs to bind
to the HaloTag covalently. For microscopy purposes, the most useful HaloTag ligands
are the various types of fluorescent dyes as listed in Appendix IV. This is a useful tool in
biology because sometimes it is necessary to image multiple proteins at the same time,
e.g. study co-localizations. When fusing a protein with HaloTag, a fluorescent dye can be
chosen so it does not interfere with the excitation-absorption spectra of the other protein
of interest [21]. This is a clear advantage because this HaloTag fused protein strain can
be combined with more strains than a regular fluorescent protein strain. Figure 2.3 below
depicts the interaction of HaloTag and how it helps the dye bond with the protein of

interest in microscopy.
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Figure 2.3: HaloTag Fusion with the protein of interest (a) s