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Table 1: DNA oligos used in the study

Name Sequence (5°-3°)
320F CGAGGGGTAGGCCGCATCCTAATGACCTAATCAGACCTGAGCCT
TCACACCG
329R CGAATTCGAGCTCGGTACCC
Cy5oligo-498-
CCCGTAGTGCTGTGCTGATAATCAGACCTGAGCCTTC
AdaptorF
CvS.F TGGACACGACTTGAGCCCTCCTCACTTTCTTCCTCACCCGTAGTG
- CTGTGCTGA
601R ACAGGATGTATATATCTGACACG
F1 overlap GCATCTGCATATGTATCCCGCCCTGGAGAATCCCGG
R1 overlap GGCGGGATACATATGCAGATGCACAGGATGTATATATC
LBAN-pHIS-F | CTTTAAGAAGGAGATATACATATGCGTCCAGAAAATGTTGTTG
CGCAGCAGCGGTTTCTTTACCAGACTCGAGTTATAGTCCCTGTAC
LB-PHIS-R TA
CTCTTG
T7-F TAATACGACTCACTATAGGG
T7-R GCTAGTTATTGCTCAGCGG
LB-N1017D-F || CCAATTACTGTAATTATGGGGGATCCACCCTATTCTGCAAAAC
LB-WalkerA-R | GACTAGTAAATGTTGCTCCTGTACCTGGTGC
LBdN- ATGACAAGCTTGCCCCCAAGAAGAAGAGAAAGGTGGGCAGAGG
pCMV10-F CCGTCCAGAAAATGTTGTTG

Table 1 — Oligos used in this study




Vii

LBdN-

GCGCGGATCCCTACTCTTGAATCTCAAATTC

pCMV10-R
HEXIMI-F | CCAAGAAGAAGCGGCATTGG
HEXIMI-R | ACTGCGTGGTGTTATAGGGC

HIST1H2BC-F

GTGACCAAAGCGCAGAAGAA

HIST1H2BC-R | TGGAAGAGATGCCAGTGTCG
ZXDA-F TGAAGATGCACCTGCTGACG
ZXDA-R CCGAAGGGCCGCAGTTTATC
SF3B5-F AGTCCAAGTACATCGGCACG
SF3B5-R CTCGCGCTTTGCTCTCATTC
RNF26-F ATGGCCATCCTCCTTTGGAC
RNF26-R AGTCCGGATGCAACACAGTC

ZNF830-F TTAAGAGCGAGCTCCTGTGG
ZNF830-R ACATCTTGGTCGTCTGCGTC
GAPDH-F CTGCACCACCAACTGCTTAG
GAPDH-R GTCTTCTGGGTGGCAGTGAT
SP1-F GGCTGGCAGATCATCTCTTC
SPI-R CACAACATACTGCCCACCAG

Table 1 — Oligos used in this study




viii

Synopsis

Chapter 1 — Introduction to restriction modification enzymes, chromatin remodeling

complexes and nucleoid associated proteins.

Bacteria are unicellular prokaryotes that are prevalent in nearly all ecosystems on earth. Their
occurrence is not without challenges from pathogens such as viruses called bacteriophages.
The bacteriophages infect bacteria and take over the bacterial cellular machinery to produce its
own copies ultimately Killing the bacterial cells. The bacteria have thus evolved various
strategies to evade bacteriophage attacks. Some are physiological barriers whereas some are
molecular barriers that prevent the phage genetic material to survive in the bacterial cells. One
such mechanism involves the restriction-modification (RM) systems which perform two major
activities — DNA methylation and DNA cleavage. Broadly these enzymes methylate the
bacterial DNA at specific target sites which allows these to be recognized as self-DNA and
cleave any foreign DNA that does not possess methylated bases at the specific target sites
(Dryden et al., 2001). The RM systems are composed of a methyl-transferase, that methylates
the DNA and a restriction endonuclease that nucleolytically cleaves an unmodified DNA.
These enzymes have a target recognition domain that recognizes and binds to a specific DNA
sequence called target site which allows activation of the methyl-transferase or nucleolytic
activity. Restriction enzymes have been categorized into four broad categories - Type I, Type
I, Type Il and Type IV - based on subunit composition, nucleoside preference, cofactor
requirements, preference for methylated or un-methylated target sequence and DNA cleavage
tendencies (Loenen et al., 2014a; 2014b).Type ISP is a sub-class of Type | RM enzymes, which
is made of a single polypeptide. We have focused on the Type ISP and Type Ill RM enzymes
in this study. Type ISP and Type I11 RM enzymes are ATP dependent enzymes and utilize ATP
for bringing about DNA cleavage. Both these categories of RM enzymes possess a highly
conserved ATPase motor domain that can hydrolyze ATP (Lapkouski et al., 2007; Loenen et
al., 2014b; McClelland S. E. and Szczelkun, 2004). Upon recognition of a specific
unmethylated target site the ATPase motor is activated and ATP is hydrolyzed which allows
these enzymes to move on the DNA away from the target site. Both Type ISP and Type 111 RM
enzymes recognize two head-to-head oriented target sites that can be separated by thousands

of base pairs of DNA, and cleave the DNA in between the two target sites. While the Type ISP

Synopsis



RM enzymes actively translocate DNA constantly hydrolyzing ATP (Chand et al., 2015;
Sisakova et al., 2013; Van Aelst et al., 2015), Type Il RM enzymes utilize ATP only in an
initial burst, following which they diffuse bi-directionally on the DNA (Ahmad et al., 2018;
Téth et al., 2015). The motor that facilitates the ATP powered movement on DNA belongs to
the superfamily 2 (SF2) of helicase-like proteins. Another subfamily of proteins classified
under the SF2 helicases are the eukaryotic chromatin remodelers. The chromatin remodelers
are multi-subunits complexes that are involved in maintenance of chromatin structure,
nucleosome occupancy and histone composition. Depending on the cellular ques, these
complexes regulate the nucleosome spacing, allow histone exchange and displace nucleosomes
to allow DNA binding proteins to access DNA wrapped around the nucleosomes (Clapier &
Cairns, 2009). At the core of the chromatin remodeling complexes is an ATPase motor similar
to that of the Type ISP and Type Il RM enzymes (Mueller-Planitz, Klinker, & Becker, 2013).
As these functionally distinct enzymes share the same evolutionarily conserved ATPase motor
which forms the core of these enzymes, we asked whether the RM enzymes can perform
nucleosome remodeling similar to the chromatin remodelers. To address this, we decided to
test nucleosome remodeling activity of the RM enzymes - LlaBIIl, a Type ISP RM enzyme

and EcoP1l, a Type Il RM enzyme.

Chapter 2 - LIaBlIl, a Type ISP RM enzyme, can displace mononucleosomes from their

positions on DNA

In order to test whether the Type | and Type 11l RM enzymes can remodel nucleosomes, we
sought to perform in vitro nucleosome remodeling studies. Therefore, we prepared stable
nucleosome complexes in vitro. First, we purified individual human histone proteins (H2A,
H2B, H3 and H4) to high degree of purity using the rapid histone purification protocol (Klinker
et al.,, 2014). Here the histones were purified under denaturing conditions throughout the
purification process, finally eluted with 15mM Tris Cl and stored as lyophilized powder. For
octamer reconstitution, the histone powders were reconstituted with an unfolding buffer
containing guanidium hydrochloride and mixed in equimolar ratio. The histone mixture was
dialyzed overnight against a buffer containing 2 M NaCl. This allowed the histones to refold
into an appropriately folded octamer complex which was then purified through size exclusion

chromatography. The fractions containing properly refolded octamer were pooled and
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concentrated for further use in nucleosome reconstitutions. Simultaneously the DNA required
for nucleosome reconstitution was generated through PCR amplification. The DNA was
designed to contain a single LlaBIIl target site upstream from a nucleosome positioning
sequence called 601or Widom sequence (Lowary & Widom, 1998). This allowed us to design
two types of nucleosomes, one with octamer positioned on the terminal end and other with a
centrally positioned nucleosome. The nucleosomes were reconstituted through salt dilution
method as given by Dyer et al (Dyer et al., 2003). Nucleosome remodeling by the Type | RM
enzyme, LIaBIIl was tested using the restriction enzyme accessibility (REA) assay. In short,
this assay utilizes the presence of the target site for a Type Il restriction enzyme (Hhal), in the
center of the 601 sequence. As the 601 sequence wraps around the octamer to form a
nucleosome, the Hhal site gets sequestered. Thus, Hhal cannot access its target site and cleave
the DNA until the octamer is displaced. The DNA fragments formed as a result of Hhal
cleavage can be tracked through polyacrylamide gel electrophoresis. When the nucleosome
was mixed with Hhal and LIaBIIl in absence of ATP, LlaBIlI binds to its target site upstream
of the nucleosome but cannot translocate DNA and thus cannot affect the nucleosome
positions. Upon addition of ATP, LIaBIIl translocates DNA directionally and encounters the
nucleosome downstream. We saw an increase in Hhal cleaved DNA fragments upon ATP
addition indicating LlaBIll could displace nucleosome and allow Hhal access to the DNA
wrapped around the octamer. We saw that both the terminally placed nucleosome and the
centrally positioned nucleosomes were remodeled efficiently by LlaBIll. Thus, LlaBllI
mediated nucleosome remodeling is not hampered by presence of a DNA overhang as that

present in case of centrally positioned nucleosome.

Chapter 3 — Nucleosome remodeling is exclusively the property of active DNA translocases

Having shown that LIaBIIl, a Type ISP RM enzyme can displace both terminally placed and
centrally placed mononucleossomes, we intended to increase the nucleosome substrate
complexity. For this we designed a dinucleosome substrate where in the 601 regions were
duplicated separated by a 22 bp linker DNA. Both the 5’ and 3 DNA overhangs were same as
those designed for the centrally positioned mononucleosome. A LlaBIIl target site was
positioned upstream of the first 601 region. Both the 601 regions had the Hhal target sites in

the center, whereas target sites for other Type Il restrictions enzymes were also present in the
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center of the linker DNA (Ndel) and at the beginning of the first 601 region (Notl). The
dinucleosome was assembled using the same protocols as used for the mononucleosomes. The
quality of the nucleosome positions in the dinucleosome was assessed using the Hhal, Ndel
and Notl target sites. The dinucleosome was exposed to these restriction enzymes individually
and the cleavage products were analyzed using polyacrylamide gel electrophoresis. If properly
assembled, the Hhal target sites were expected to be completely protected due its sequestration
in the nucleosomes, the Ndel being present in the linker region would be completely exposed
and the Notl site being present just at the beginning of the nucleosome wrap was expected to
be partially accessible. The outcomes of our assay with the dinucleosome and these individual
enzymes exhibited outcomes consistent with the above given expectations, hence we could
conclude that the dinucleosome was optimally assembled and we proceeded with REA assay.
The REA assay was performed similar to that performed with mononucleosomes and the Hhal
cleavage of dinucleosome DNA upon ATP addition in presence of LlaBlll was assessed
through polyacrylamide gel electrophoresis. We saw an increase in DNA cleavage by Hhal
indicating nucleosome displacement by LlaBIlIl upon ATP addition. We also observed
appearance of DNA fragments from cleavage at both the Hhal sites, suggesting stepwise
displacement of both the nucleosomes. Next, we tested nucleosome remodeling by a Type 111
RM enzyme called EcoP1I. EcoP1l also communicates between two unmethylated target sites
separated by thousands of base pairs to bring about DNA cleavage. Upon target recognition,
EcoP1I gets activated by an initial burst of ATP hydrolysis and begins bidirectional diffusion
on DNA (Schwarz et al., 2013). When one such diffusing enzyme encounters another activated
but target site bound EcoP1l, the nuclease domain of both enzymes gets activated causing each
enzyme to cut one DNA strand resulting in a double stranded break in the DNA (Ahmad et al.,
2018). EcoP1I diffuses on DNA rather than actively translocate DNA like LlaBIll. Hence, we
sought to test the nucleosome remodeling activity of this diffusing enzyme using the same
dinucleosome substrate in the REA assay. For the assay we used a nuclease dead but ATPase
active mutant, EcoP115°%6A as EcoP1l has been shown to catalyze the non-canonical single-
site DNA cleavage (Ahmad et al., 2018). In the REA assay, EcoP115°*6A was unable to displace
nucleosomes even in presence of ATP. This suggested that nucleosome remodeling required
an actively translocating enzyme and a diffusing enzyme cannot displace nucleosomes.
Additionally, we tested a nuclease truncated version of LlaBlll, LlaBlIl n-, for nucleosome

remodeling. We found that the truncation of LlaBIlll nuclease domain did not affect its

Synopsis



Xii

translocation activity and LIaBIIl n- could remodel the dinucleosome at par with the wild type
protein. An important motif in the LlaBIll motor domain is the motif V which has been
identified as a hot spot for cancer causing mutations in canonical chromatin remodelers
(Medina & Sanchez-Cespedes, 2008). Mutation of an arginine residue to alanine (R564A) in
LlaBIll has been shown to affect its translocation activity but not the ATPase activity (Chand
et al., 2020). LIaBIIIR%A was also found to be defective in displacement of triplex oligomer
(Chand et al., 2020). We thus tested its nucleosome remodeling activity and found that it could

displace nucleosomes at par with the wild type enzyme.

Furthermore, we tested the nucleosome remodeling by all of these enzymes with nucleosomes
prepared with methylated DNA. In mammalian cells, the nucleosomes are always associated
with cytosine methylated DNA. Hence, we sought to check if the cytosine methylation affects
nucleosome remodeling by LlaBIIl. We found that LIaBIll and its mutants, LIaBIll n- and
LIaBIIIR®A were able to efficiently displace nucleosomes even from methylated DNA

whereas EcoP115°%6A could not displace even the methylated nucleosomes.

Chapter 4 — Mechanism of nucleosome remodeling by LlaBI11

Our experiments so far have shown that LlaBIll can displace nucleosomes and open up the
wrapped DNA to allow DNA binding proteins access to the sequestered DNA sequences. It
was unclear how LlaBIll was able achieve this. The canonical remodelers either slide the
nucleosomes or eject the nucleosomes from their positions on DNA. So, we decided to
investigate if LIaBIlI utilizes either of these two mechanisms to displace nucleosomes. For this
we used two methods — time dependent electrophoretic mobility shift assay (EMSA) and time
dependent REA assay with Hhal and Ndel. The time dependent nucleosome remodeling
reactions with LlaBIll were performed in a staggered manner and the reactions for various
specific time points were stopped simultaneously with addition of excess unlabeled competitor
DNA and ADP. Further the reactions were split into three fractions, one processed for EMSA
and two fractions were individually treated with Hhal and Ndel followed by protein
denaturation and analysis of DNA cleavage products using polyacrylamide gel electrophoresis.
The assays were performed with both centrally placed mononucleosome and dinucleosome as

substrates. The nucleosomes have been shown to segregate into distinct bands based on the
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octamer occupancy on the DNA (Fan et al., 2003; Manelyte et al., 2014). When a nucleosome
sample is resolved on native polyacrylamide gel, based on octamer occupancy, the nucleosome
fractions migrate at different speeds. The most terminally positioned nucleosomes migrate the
fastest and the most centrally positioned nucleosomes migrate the slowest. Nucleosomes with
intermediate octamer occupancy assume intermittent positions accordingly. Using this
information, we tested whether LlaBIll ejected the nucleosomes, which would result in direct
conversion of the slow migrating centrally positioned species to fast migrating free DNA or
LlaBIll slides the nucleosomes, which would result in appearance of many fast-migrating
nucleosome species as the octamers are pushed to more terminal positions as the remodeling
reaction proceeds. We observed that upon ATP addition, the slow migrating centrally
positioned nucleosomes are gradually converted into fast migrating terminally positioned
nucleosomes with an increase in free DNA over time. Similar results were seen for nucleosome
remodeling with the dinucleosome substrate. This supported the nucleosome sliding

mechanism of nucleosome remodeling by LlaBIII.

Secondly, we performed time dependent REA with Hhal and Ndel with the dinucleosome
substrate and LlaBIIl. If the octamers are directly ejected from the DNA, both the Hhal sites
would be opened up instantaneously and the Ndel site would also remain open through the
process. Whereas if the octamers are slid, the Hhal sites would be opened up in a stepwise
manner whereas the Ndel site would be occluded as the first octamer gets slid over the linker
DNA. We found that upon ATP addition there is a sharp rise in DNA cleavage at both the Hhal
sites with a simultaneous decrease in cleavage at Ndel site. These observations again supported

the sliding model for nucleosome remodeling by LlaBIlI

Chapter 5 — Effect of LIaBI11 on protein-DNA interactions in bacterial and mammalian cells

Once established, the targeted nucleosome remodeling activity of LlaBlll could be used for
targeted chromatin manipulation in mammalian cells. This would also pave the way for use of
other actively translocating Type | RM enzymes to be used as tools for targeted chromatin
remodeling. Towards this goal we began testing the effect of LlaBIll on nucleoprotein
complexes in both prokaryotic cells (E. coli) and mammalian cells (HEK 293 cells). In E. coli,

the histone like protein, HU, has been implicated in maintenance of nucleoid structure and
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function. HU and other proteins similar in structure or function are collectively called nucleoid
associated proteins (NAPs). These proteins collectively function similar to eukaryotic
nucleosomes, and are directly or indirectly involved in nucleoid structure maintenance and
gene regulation in bacteria (Dillon & Dorman, 2010). We utilized an E. coli strain that
expressed HU-GFP fusion from its native promotor in the genome (Abebe et al., 2017). This
strain allowed us to visualize HU localization in E. coli cells through fluorescence microscopy.
For the in vivo experiments we used the nuclease truncated LIaBIII, LlaBIll n-. Furthermore,
we have found that LlIaBIlIl methylates its target site in vivo, in E. coli cells. Binding to a
methylated target site does not allow DNA translocation by LlaBlll and would therefore
prevent its nucleoprotein remodeling activity. Thus, we created a methyltransferase catalytic
mutant, LlaBIII"™2* which could does not methylate the LIaBIll target sites in E. coli.
Additionally, we also created an ATPase mutant, LIaBIlI"™? wherein the Walker A motif
was mutated such that the enzyme could not hydrolyze ATP even in presence of specific DNA.
We transformed the E. coli strain expressing HU-GFP with combinations of these mutants.
Cells from the overnight grown cultures were harvested and stained with Hoechst dye to stain
the nucleoid and visualized through epi-fluorescence microscopy. The nucleoid position and
HU-GFP localization was tracked for individual cells and the distance from the cell center and
between Hoechst and HU-GFP foci was plotted against the cell length. We found that as
compared to control cells, the cells expressing both LIaBIHI"™2* and LlaBIlI"™# affected HU-
GFP localization. In both the transformants, HU was localized in a sub polar region and it did
not co-localize with the nucleoid like the control cells. Hence LlaBIlI disrupted HU associated
with the nucleoid DNA but it is yet to be determined that this effect was the result of LlaBIlI
DNA translocation and not simply of its competition with HU for DNA binding as the ATPase
defective mutant also affected HU localization. The experimental protocols need to be tweaked
and effect of LlaBIll expression on HU and nucleoid need to be monitored as soon as the
mutants are introduced in the E. coli cells. Time dependent, phase wise tracking of HU
localization and nucleoid morphology would allow us to better gauge the effects of LlaBIll on

HU-nucleoid interaction.

Finally, we aimed to check if LlaBlIl could displace nucleosomes in mammalian cells and
affect transcription from gene loci in the vicinity of its target sites. So prepared mammalian
expression construct carrying LIaBI11"™2" and LIaBIl1"™# fused with an N-terminal 3x-FLAG

tag and a SV40-NLS sequence in frame with the coding sequence under the control of CMV
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enhancer and promotor. HEK293 cells were transfected with these plasmid constructs
individually and the cells were harvested 72 hours post transfection and processed for western
blotting, fluorescent in-situ hybridization (FISH) and total MRNA extraction for gRT-PCR. For
western blotting and FISH, we used anti-FLAG antibodies to detect LlaBlll. Western blot
analysis confirmed expression of full length LIaBIll mutants. FISH images also confirmed this
finding, although we could observe only ~10-15 percent cells expressing LI1aBIIl. Nevertheless,
when expressed LlaBI11 was localized in the nucleus of the cells indicating the NLS sequence
we had incorporated was functional. Next, we extracted total nRNA from the cell cultures (un-
transfected, LIaBI11"™™2" and LlaBII1"™2) and performed qRT-PCR to analyze effect of LIaBIlI
expression on gene transcription in these cells relative to un-transfected cells. We selected
single exon genes and mapped LIaBIII target sites in the 5’-UTR, upstream region, gene body
and 3°-UTR, downstream region. We did not observe any significant change in transcription
from the selected gene loci. Either LIaBI11 did not affect gene transcription at these loci in spite
of presence of multiple target sites in the vicinity or this lack of change in transcription could
be attributed to the low transfection efficiency wherein only 10-15 percent of the total cells
took up and expressed LlaBIIl at significant levels. We harvested total cell population for
MRNA extraction, which potentially diluted the effect of LlaBIlIl expression on gene
perturbation. In future experiments, the cells expressing LIaBIll need to be enriched either by
using a selectable marker or by expressing fluorescently tagged version of LlaBIll followed by
cell sorting. The enriched culture can then be processed for gRT-PCR to track transcription
perturbation at specific loci or for high throughput methods such as RNA seq correlated with
ChlIP seq. These techniques would allow us to correlate LlaBI1I translocation with nucleosome

occupancy and perturbation of gene transcription.
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Introduction
1.1 Bacteria and the bacteriophages

Bacteria are prokaryotic unicellular organisms that inhabit nearly every environment on earth,
from ambient surroundings like garden soil or forest floor to extreme conditions of the acidic hot
water springs or subzero temperatures of Antarctica (Capece et al., 2013; Rothschild & Mancinelli,
2001; Seckbach et al., 2013). The extensive prevalence of bacteria is not without challenges for
bacterial survival. In all the environments where bacteria are found, bacteriophages are also
common (Geslin & Prieur, 2006; Mya et al., 2004; Prigent et al., 2005; S&dwstrom et al., 2008;
Suttle, 2005). The bacteriophages are viruses that infect bacteria; they hijack and utilize the
bacterial cellular machinery for production of their own copies (d’Herelle, 1961; Sharma et al.,
2017). The bacteriophages adsorb onto the bacterial membrane and transfer its genetic material
across the bacterial membrane. Once inside the cell the viral components begin to transcribe and
translate the viral proteins required for replication of its genetic material (DNA/RNA) and the
proteins that make up the viral capsid. Once sufficient viral particles are assembled, the bacterial
membrane bursts open to release the mature viral particles in the cellular milieu (lytic cycle) (Fig.
1). These mature viral particles can now infect other bacterial cells in the vicinity and begin the
process again. Another infection mechanism used by the phages involves integration of the viral

genome into the bacterial genome so that the virus can propagate with its host bacteria (lysogenic

cycle) (Fig.1).
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Figure 1.1: Adapted from (Campbell, 2003). The life cycle of a bacteriophage. Bacteriophage
attaches to the bacterial cell surface and injects its genetic material inside the cell leaving the capsid
(protein shell) outside. The phage can enter into two different cycles — the lytic or the lysogenic
cycle. In the lytic cycle the bacterial DNA replication and protein synthesis machinery is hijacked
to replicate the viral genetic material and produce its capsid proteins. The phage genetic material
gets packaged into the capsids and the cell bursts open to release the mature phages in the
environment where it can infect other bacterial cells. In a lysogenic cycle phage replication is
suppressed and the phage DNA gets integrated into the bacterial genome. In this state it can
replicate indefinitely with the bacterial replication until it gets excised and the lytic cycle is

triggered.

Methylated
recognition site

i

Chapter 1: Introduction to restriction modification enzymes, chromatin remodeling complexes and
nucleoid associated proteins



Figure 1.2: Adapted from (Kommireddy & Valakunja, 2013). Restriction-modification systems —
Bacterial defense against bacteriophages. The restriction enzyme recognizes unmethylated phage
DNA and cleaves it while the methyl-transferase methylates the bacterial genomic DNA thereby

protects it from DNA cleavage.

While the viruses have evolved to invade and hijack bacteria, the bacteria too have co-evolved
various defense mechanisms to evade the attack by the bacteriophages. There are bacterial defense
mechanisms present at every stage of viral infection process (Abedon, 2012; Labrie et al., 2010).
These include phage encounter blocks such as bacterial capsules that act as physical barriers to
keep phage particles away from the bacterial cell surface. The phages that reach the bacterial
surface can face an adsorption block, wherein, the specific receptors that are necessary for phage
binding to the surface may be absent or modified. Next, there are penetration blocks that inhibit
injection of the genetic material in the bacterial cell. Upon successful infection of a bacterial cell
there can be multiple ways to contain the infection. In some cases, the self-destructing pathways
are activated that kill the infected bacteria thereby prohibiting further propagation of phage.
Alternately, the viral proteins and nucleic acids can be specifically targeted to save the infected
cell. The restriction-modification systems and the CRISPR-Cas system are the two DNA
endonuclease-based enzyme systems that target the invading phage DNA. While the CRISPR-Cas
systems form a pseudo-adaptive immune system of bacteria, the restriction-modification (RM)
systems are a major component of the innate immune system of bacteria (Abedon, 2012). The RM
enzymes are widespread and ever evolving class of enzymes that protect self-DNA whereas

recognize and cleave foreign DNA (phage DNA).
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Figure 1.3: Adapted from (Phillips et al., 2019). Restriction-modification (RM) enzyme families
and subunit compositions for methyl-transferase activity and DNA cleavage activity. Type I, 1l
and 111 RM enzymes cleave unmethylated DNA substrates whereas Type IV restriction enzymes

cleave methylated DNA substrates.
1.2.1 Restriction-modification systems

Restriction-modification enzymes are enzyme complexes that protect bacterial DNA and cleave
foreign DNA. The RM systems are composed of a restriction unit that cleaves DNA within or
away from a specific target sequence and a modification unit that methylates a DNA base within
the target sequence (Fig. 2). Based on subunit composition, nucleotide preference, cofactor
requirements, preference for methylated or un-methylated target sequence and DNA cleavage
tendencies, the RM systems are classified into four categories — Type I, Type II, Type Il and Type
IV (Loenen et al., 2014a; 2014b) (Fig. 3). The Type II restriction enzymes are nucleoside 5’-
triphosphate (NTP) independent enzymes that recognize short, mostly palindromic sequences and
in presence of cofactor- Mg2*, cut within or very close to the recognition site (Perona, 2002; A.
Pingoud & Jeltsch, 2001). These are the restriction enzymes that are most commonly used for in
vitro DNA manipulations in everyday molecular biology applications, example, Hindlll, EcoRl,

etc. The other three categories of RM enzymes, Type I, Type Ill and Type IV, are NTP dependent
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enzymes. These enzymes derive energy from NTP hydrolysis to catalyze DNA cleavage near or
thousands of base pairs away from their target site. The Type IV enzymes, also known as
modification dependent restriction systems (MDRS), recognize methylated DNA sequences and
utilize ATP or GTP for communication between enzymes units and DNA cleavage (Bourniquel &
Bickle, 2002; Dryden et al., 2001; Nirwan et al., 2019; Tumuluri et al., 2021). Whereas, the Type
I and Type Ill enzymes recognize and cleave unmethylated DNA while utilizing energy from ATP
hydrolysis for communication between target sites separated by thousands of base pairs. Enzymes
from both these categories communicate between the two target sites through ATP dependent
movement on DNA. The Type I and Type Ill enzymes are both powered by a common conserved

ATPase motor domain and function similarly to some extent.
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Figure 1.4: Adapted from (Chand et al., 2015). Structure of LIaBIIl in complex with a 28 base pair
DNA containing the specific target site. The domain organization shows an N-terminal nuclease,
a SF2 helicase-like ATPase connected via a coupler domain to the methyl-transferase and a C-

terminal target recognition domain (TRD). PDB accession humber - 4XQK.
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Figure 1.5: Adapted from (Chand et al., 2015). Model for loop-independent DNA translocation
and DNA cleavage by LlaBIll. (a) Pre-initiation complex where nuclease is in an inactive
conformation. (b) ATPase activation leads to change in conformation which releases the grip on
TRD. (c) The enzyme moves downstream from the target site (red) (d) Convergence of two
translocating enzymes brings the nucleases in close proximity. (e) The nicking of one DNA strand

by each of the two enzymes leads to DNA shredding. Numbers are the order of the nicking events
1.2.2 Type I restriction enzymes

Historically, the Type | RM enzymes were the first RM systems to be discovered and characterized
(Arber & Dussoix, 1962; Dussoix & Arber, 1962a). These enzymes were found to be responsible
for the phenomenon called — ‘host-controlled variation’ in bacterial viruses. They were discovered
as factors that limit or promote the propagation of bacteriophages obtained from one bacterial
strain on other bacterial strains. This incompatibility was later discovered to be caused due to the
presence or absence of specific DNA methylation mark on the obtained phage genomes and the
presence or absence of restriction enzymes, that are sensitive to these methylation marks, present
in the target bacterial strain. EcoKI and EcoR124 are two of the most extensively studied Type |
RM enzymes (Loenen et al., 2014a; 2014b). The Type | enzymes initially discovered were found

to be pentameric complexes that could form two independent, enzymatically active subcomplexes.
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The genes coding for these RM systems are designated with prefix hsd for host specificity
determinant. Three genes known as hsdS for specificity, hsdM for methyltransferase, hsdR for
restriction, code for the three subunits that assemble into a complete pentameric enzyme complex.
Two methyltransferase subunits associate with the specificity subunit to form an active
methyltransferase capable of recognition of specific DNA sequence and catalysis of methyl group
transfer from the cofactor S-adenosyl methionine (SAM) to the specific Adenine base in the target
DNA sequence (Dryden et al., 2001; Kennaway et al., 2009, 2012). Two restriction subunits make
contacts with the methyltransferase to form the pentameric complex. The restriction subunit
contains a PD-(D/E)-XK motif that catalyzes DNA cleavage and an ATPase motor with RecA-
like fold that allows ATP hydrolysis to power the DNA translocation activity (Lapkouski et al.,
2007, 2009; Loenen et al., 2014b). The Type | RM enzymes are further classified into various sub-
types based on gene complementation studies. Included among these are the Type ISP RM
enzymes which are the single polypeptide enzymes that contain all the RM domains in a single
polypeptide. A prototype of these is LlaBIll (Fig. 4), a Type ISP RM enzyme isolated from
Lactococcus lactis subsp. cremoris W56 (J. Kong & Josephsen, 2002), and will be further

discussed in detail in the subsequent chapters.

In brief, the Type ISP RM enzymes are molecular motors that translocate DNA in an ATP
dependent manner. Unlike the other Type | RM enzymes that remain bound to their target sites as
they loop in the DNA, the Type ISP enzymes translocate DNA without looping. Upon target
recognition the enzyme moves away from the target site and physically converge to bring about
double stranded break in the DNA duplex (Chand et al., 2015; Van Aelst et al., 2015) (Fig. 5).
These single polypeptide enzymes hydrolyze ATP at a rapid rate utilizing one ATP for every base
translocated and move at speeds of ~300bp/s (Sisakova et al., 2013). The ATPase motor hydrolyses
ATP and converts the chemical energy from ATP hydrolysis into mechanical energy for active
DNA translocation by the Type ISP enzyme. This ATPase motor contains a highly conserved
ATPase domain found in many varied families of proteins included under the Superfamily 2 of
helicases. Another closely related family of proteins that possess the same conserved ATPase

motor at their core are the chromatin remodelers (Snf2 like) (Fig. 6).
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Figure 1.6: Adapted from (Mueller-Planitz, Klinker, & Becker, 2013). Classification and hierarchy
of helicase like proteins, specifically the superfamily 2 of helicases. The chromatin remodelers

(Snf2 like) are closely related to the Type | and Type 11 restriction enzyme family.
1.3.1 Chromatin remodelers

In a eukaryotic cell, the genome is maintained in the form of chromatin, in a condensed state to
accommodate rather sizeable genetic material inside the tiny space in the nucleus. Multiple DNA
condensing mechanisms are at work to achieve this feat. A prominent mechanism involves
assembly of nucleosomes that contain an octamer of histone proteins (H2A, H2B, H3 and H4) at
the core and 1.65 turns of DNA wrapped around this core. Details of this structure and how it is
maintained are discussed in following chapters. The nucleosomes thus form the basic unit of a
chromatin. A difficulty that arises due to this structure is the accessibility of the DNA sequence
contained in the DNA wrap as the geometry of the nucleosome DNA and its interactions with
octamer prevents binding of DNA binding proteins (DBP). To enable DBP to gain access to the
nucleosome DNA a special class of enzymes exist known as the chromatin remodelers. These
multi-subunit complexes can sense the cellular signals and accordingly open up or close off the
nucleosome DNA at specific locations on the genome, such that DBPs can gain access to that DNA

sequence. Additionally, the chromatin remodelers perform many functions pertaining the
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nucleosome placement and composition (Clapier et al., 2017; Clapier & Cairns, 2009). These are

further elaborated below.

The chromatin remodelers are a class of ATP powered complexes that in response to a cellular
signal, rearrange, eject or modify nucleosomes at a specific region of the chromatin (Clapier &
Cairns, 2009). These enzymes are multi-subunit complexes that contain a SF2 family ATPase at
the catalytic core and contain various accessory domains and proteins that facilitate the specialized
nucleosome repositioning and modification activity (Singleton & Wigley, 2002). The ATPase is
highly conserved and belongs to the Snf2 family of Superfamily 2 helicases (Fig. 6) (Gorbalenya
& Koonin, 1993; Singleton et al., 2007). The Snf2 family of helicases have been classified into 24
subfamilies based on the differences in the ATPase subunit (Flaus et al., 2006). Within the 24
subfamilies, the ATPases that act on nucleosome substrates are referred to as chromatin
remodelers. The core ATPase contains two tandem RecA-like folds (DExx and HELICc) and
seven conserved helicase motifs, that participate in ATP binding and hydrolysis (Eisen et al., 1995;
Flaus et al., 2006). Additionally, there are specialized domains and motifs within the motor subunit
that make each of these ATPases unique and allow them to perform their distinctive functions
(Flaus et al., 2006) (Fig. 7). The distinction is further augmented by the numerous accessory
subunits that allow these remodelers to respond to specific cellular requirements for nucleosome
modification and rearrangement at specific genomic locations in the chromatin (Manelyte &
Langst, 2013).
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Figure 1.7: Adapted from (Manelyte & Langst, 2013). Chromatin remodeler families and their
ATPase domain organization. The conserved RecA-like fold containing ATPase domain is
common to all. The unique domains impart specialized functions that distinguish each chromatin

remodeler family.
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An overview of chromatin remodeling

Nucleosome assembly Chromatin access Nucleosome editing

Deposition of

H3-H4 tetramers

or H2A-H2B dimers Chromatin
alteration

DA D A

Random deposition

Histone
exchange

VY L
ATP" ADP Y V/

/ Repositioning //./ //./ //l/ /j/ /j/

Irregular spacing or Installation or removal
[ Nucleosome of histone variants
maturation, Nucleosome
assembly and ejection
3L spacing @)
T -
AP App ¥ V/ or
Y, W VWY, B B A B B .
@Y Y Y Y Y 7 & ) 78 Histone dimer
Regular spacing ﬁ@

Figure 1.8: Adapted from (Clapier et al., 2017). Outcomes of chromatin remodeling processes and

the chromatin remodelers that perform them. The ATPase subunits of all remodelers are depicted
in pink and the additional subunits are depicted in green (imitation switch-ISWI and
chromodomain helicase DNA-binding-CHD), brown (switch/sucrose non-fermentable-SWI/SNF)
and blue (inositol requiring-INO80). Chromatin remodelers can assist in nucleosome assembly,
alter chromatin access to DNA binding proteins or modify assembled nucleosomes through histone
dimer exchange. The ISWI and CHD family remodelers can enable regular spacing of existing
nucleosomes on a DNA and also assist in random deposition of histones and in nucleosome
maturation. SWI/SNF family remodelers can alter chromatin access by nucleosome sliding,
eviction or histone dimer exchange. Whereas the INO80 family are involved in histone exchange

wherein histone variants may be either incorporated or replaced.

The chromatin remodelers are essential for chromatin structural and functional regulation. The
four most extensively studied families of chromatin remodelers are, switch/sucrose non-
fermentable (SWI/SNF), imitation switch (ISWI), chromodomain helicase DNA-binding (CHD),
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and INOsitol requiring 80 (INO80) (Fig. 7 and 8). Each of these remodeler families perform a
unique set of functions guided by the spatial and temporal ques in the cell. The helicase motor
containing tandem repeats of RecA-like folds can interact with nucleic acids either through
phosphodiester backbone interactions or through hydrophobic interactions with the bases in the
nucleic acids. The helicase, while functioning as the DNA repair enzyme may read the DNA bases
as its function necessitates detection of the base sequence whereas when speed and processivity
are important, for example during DNA replication, the helicase does not interact with the bases
(Singleton & Wigley, 2002). Chromatin remodelers act on the nucleosomes in a sequence
independent manner and depend on the cellular signals that are detected by specific subunits or
domains in the remodeling complex to determine the site and mode of nucleosome remodeling.
Once bound they alter the chromatin architecture at the given location by one of the following
ways; by nucleosome sliding, nucleosome eviction, nucleosome unwrapping, or exchange of
histone octamers. The conserved SF2 ATPase facilitates all of these functions as it forms the

catalytic core in all the remodelers.

(b)

Histone-DNA

Figure 1.9: Adapted from (Langst & Becker, 2004). Proposed models for nucleosome remodeling.
(a) Graphical representation of nucleosome architecture showing super helix locations (SHL) that
form histone-DNA interaction clusters. (b-c) Graphical representation of nucleosome remodeling

models (b) the twist defect model and (c) the loop recapture/ loop propagation model
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(a) An overview of the twist defect model (b) DNA distortion accommodated during the twist defect propagation
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Figure 1.10: Adapted from (Nodelman & Bowman, 2021). Mechanistic details of twist defect
model. (a) A graphical representation of the twist defect model and the possible pathways that can
lead to nucleosome remodeling. The chromatin remodeler which is the ATPase catalyzes the
movement of DNA via a twist defect from the super helix location 2 (SHL2). The DNA is taken
in from the entry side, transiently moves through the nucleosome until it leaves from the exit side
of the nucleosome. (b) Mechanism of twist defect propagation. The corkscrew movement of the
duplex causes the DNA segment between two minor grooves to adsorb an extra base pair — a twist
defect. Corkscrew movement of next segment allows propagation of the twist defect and thereby
translation of DNA across the nucleosome. (¢) Changes in the DNA geometry upon incorporation
of a twist defect. SHL2 of two sides of a nucleosome with asymmetrical distribution of DNA in
both halves is compared. The defect is staggered over both the DNA strands to accommodate the

extra base pair.
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Figure 1.11: Adapted from (Clapier & Cairns, 2009) and (Zhang et al., 2006). Mechanistic details
of loop propagation models. (a) Loop propagation model in which the bulge/loop is incorporated
at the entry site. The DNA binding domain of the remodeler bound at the nucleosome edge
cooperates with the translocase domain bound at the super helix location 2 (SHL2) to create a loop
at the entry site. The translocase propagates the loop past SHL2 and out through the exit side to
achieve DNA translocation. (b) In this model the loop is incorporated directly at the SHL2 by the

remodeler which also propagates the loop further to achieve translocation.
1.3.2 Proposed mechanisms of nucleosome remodeling

There are two proposed models for nucleosome remodeling which are extensively discussed in
literature (Nodelman & Bowman, 2021) (Fig. 9). First proposed model is the twist diffusion model
where the DNA conformation is changed by the remodeler such that it gives rise to a change in the
helicity and step size of the DNA which in turn allows for accommodation of an extra base pair in
the DNA wrap around the octamer. This corkscrew movement in DNA is propagated throughout
the nucleosome until it exits from the other end of the nucleosome and it gets shifted by a base

pair (Fig. 10). In this model, most of the DNA octamer interactions are preserved throughout the
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process without causing major changes in the nucleosome structural integrity. Whereas, in the
second model proposed, known as the bulge or loop propagation model, nucleosome structure is
proposed to undergo a significant conformational change. It is proposed that the remodeling
complex actively introduces a bulge in the nucleosome DNA which is propagated through the
nucleosome until it exits the other end of the DNA wrap thereby shifting the nucleosome by the
number of base-pairs as the bulge (Fig. 11). The bulge or loop propagation breaks protein-DNA
interactions through the nucleosome structure which are reformed once the loop passes. In
literature, there are examples supporting and opposing both the proposed models. In the loop
formation model the loop may be fed into the nucleosome from one end and propagated until it
exits from the other end (Fig. 11a) or a loop can be actively formed at the nucleosome dyad which
is further propagated to shift the nucleosome (Fig. 11b). In the latter case a major challenge would
be the negative supercoiling that arises as a result of internal loop generation which can lead to
breaks in the DNA to dissipate the tension. Although nucleosome shifts are not accompanied by
DNA damage making the model improbable. Also, the remodelers have been observed to move in
~1 base-pair steps which is not in line with the loop propagation model but supports the twist
diffusion model. The twist defect model depends upon the helical nature of DNA and its cork
screw movement. Therefore, there are challenges for this model as well. There have been studies
in which the DNA structures such as hairpins and protein blocks were incorporated on the
nucleosome DNA and these were shown to not hinder nucleosome remodeling. Although the
mechanistic details are yet unclear, it seems likely that the various remodelers are biochemically
similar only to a certain level and may vary in mechanistic details depending upon their functions,

accessory domains and subunits.
1.3.3 The role of ATPase in chromatin remodeling

The ATPase domain in chromatin remodelers possess the basic biochemical activity of the
complete complex and have been shown to be functional by itself (McKnight et al., 2011a;
Mueller-Planitz, Klinker, Ludwigsen, et al., 2013). In yeast Chd1l, the C-terminal DNA binding
domain was found to be dispensable for nucleosome remodeling. Chd1 lacking its DBD was able

to shift the terminally positioned nucleosomes to a more central position similar to the full-length
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protein, although the truncated remodeler was slower and required higher enzyme concentrations
for the remodeling reaction (McKnight et al., 2011a). It was concluded that the ATPase domain of
Chd1l can independently alter the nucleosome occupancy on a DNA but requires the DBD for
determining the direction of nucleosome sliding. Another study done with Drosophila ISWI, a
chromatin remodeler, also demonstrated that its DBD (Hand-Sant-Slide domain) is not essential
for nucleosome remodeling activity but rather required for increasing the specificity and affinity
to the nucleosomes (Mueller-Planitz, Klinker, Ludwigsen, et al., 2013). The ATPase domain in all
the remodelers is highly conserved but it is not completely interchangeable. Swapping the ATPase
domains of Isw2 and Snf2 renders both of the remodelers inactive (Dechassa et al., 2012). Whereas
in case of BRG1 and SNF2H, the ATPases of the human chromatin remodeling complexes -
SWI/SNF and ISWI, swapping the ATPase domains supports the in vitro nucleosome remodeling
but cannot regulate all the target promoters like the wild-type complex. The ATPase domains are
thus not totally interchangeable in vivo (Fan et al., 2003). This study also highlights the central
role of the ATPase domains in determining the outcome of nucleosome remodeling as the chimeric
proteins tend to behave similar to the remodeler to which the ATPase domain belongs. Hence, the
ATPase domains in the chromatin remodelers are independent and biochemically similar, but not

redundant and may still have functional characteristics that differ substantially.
1.4.1 Bacterial nucleoid compaction

Compaction of genetic material inside a cell is a universal problem for all living organisms and
bacteria also face this challenge. The size of the bacterial genome and the bacterial cell are
disproportionate and accommodation of the genetic material inside the available cell volume
requires condensation of the chromosomal DNA into a compact structure called nucleoid.
Condensation packs the linear DNA into a folded, twisted and inter-wound structure that can be
accommodated inside the limited space of the bacterial cell. To achieve this the bacteria employs
systematic multi-level hierarchical structural compaction mechanisms that condense the DNA into
various structural macrodomains in a stepwise manner. The DNA compaction mechanisms are
reversible and can also open up the DNA when access is needed for DNA binding proteins for

processes such as DNA replication, transcription or repair and recombination. The DNA
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compaction into a nucleoid is brought about by many factors including molecular crowding, DNA
supercoiling and nucleoid associated proteins or NAPs (de Vries, 2010; Dillon & Dorman, 2010;
Hotéwka & Zakrzewska-Czerwinska, 2020; Jeon et al., 2017; Joyeux, 2019; Luijsterburg et al.,
2006). Although, bacterial genomic DNA compaction is mainly driven by negative supercoiling
wherein the DNA underwinding leads to formation of plectonemic loops. These loops condense
the linear DNA into condensed branches that spread outwards. This organization of the nucleoid
is thus explained via the bottlebrush model, wherein the plectonemic branches form the bristles of
the brush (Wang et al., 2013) (Fig. 12a). These condensed wound structures are further stabilized
and assisted by NAPs which can also lead to further DNA compaction (Fig. 12b). The NAPs are
small basic bacterial proteins that function analogous to the eukaryotic histones and play an
important role in the nucleoid structural organization and its regulation. They majorly contribute
to bridging, bending and wrapping of DNA in the nucleoid (Dillon & Dorman, 2010; Luijsterburg
etal., 2006).

(a) Nucleoid organization-Bottle brush model (b) Nucleoid associated proteins

@ IHF
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@ H-NS
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Figure 1.12: Adapted from (Wang et al., 2013). (a) Schematic representation of the bottle brush
model for bacterial nucleoid organization. The plectonemes are visualized as the bristles of the

brush and the longitudinal axis is made up of densely packed DNA. (b) Graphical representation
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of the nucleoid associated proteins — IHF, FIS, HU, H-NS and SMC, and their specific functions
— DNA bending, DNA wrapping and DNA bridging.

DNA bridging by NAPs

SMC/MukB

(@)

DNA bending by NAPs

FIS

(g)
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DNA compaction by Dps
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Figure 1.13: Adapted from (Luijsterburg et al., 2006). Nucleoid associated proteins. (a-f) DNA
bridging NAPs — (a) SFM image showing DNA bridging and formation of loops by H-NS. (b)
Model depicting H-NS mediated DNA bridging. (c) SFM image showing rosette like structure
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formed by B. subtilis SMC protein in solution (Mascarenhas et al., 2005). (d) Model predicting the
SMC-DNA interaction. (¢) EM image showing B. subtilis LrpC-DNA complex (Beloin et al.,
2003) (f) Model depicting DNA bridging and wrapping by Lrp (g-1) DNA bending NAPs — (g)
SFM image of IHF with DNA (Dame et al., 2005) (h) Model representing DNA bending by IHF.
(i) Model representing formation of protein-DNA filament by IHF at high IHF:DNA ratio. The
model also represents the HU-DNA filament formation. (j) SFM images of HU-DNA complexes
at (Top) low concentration (Bottom) high HU concentration (rigid filaments) (van Noort et al.,
2004). (K) SFM image of Fis-DNA bound to supercoiled plasmid nodes (R. Schneider et al., 2001)
() Model showing DNA bridging as a result of Fis-Fis interaction. (m-n) Alternative DNA
compaction mechanism by Dps. (m) SFM image of Dps-DNA complexes (Ceci et al., 2004). (n)
Model representing Dps mediated DNA compaction.

1.4.2 Nucleoid associated proteins (NAPS)

The NAPs are numerous and diverse proteins, and not all very well studied. HU (heat unstable
protein), H-NS (histone-like nucleoid structuring protein), Fis (factor for inversion stimulation),
IHF (integration host factor), Lrp (leucine responsive regulatory protein), Dps (DNA binding
protein from starved cells) and the bacterial SMC (structural maintenance of chromosome)
complexes like MukB are examples of the NAPs that have been structurally and functionally been
characterized extensively. These proteins vary in their tendency to bind to or to induce specific
structural conformations of bacterial DNA and participate in the structural maintenance of the
nucleoid architecture. The NAPs — H-NS, Lrp and MukB are involved in bridging of DNA (Fig.
13 a-f) while IHF, HU and Fis are known to induce and/or stabilize bends in the DNA (Dillon &
Dorman, 2010; Luijsterburg et al., 2006) (Fig. 13 g-l). Whereas Dps contributes to nucleoid
compaction via formation of Dps-DNA sheets that are three-dimensionally packed to form a
protein-DNA array (Luijsterburg et al., 2006) (Fig. 13 m-n). The collective action of the NAPs
leads to an organization of the nucleoid into various structurally constrained domains. These
domains are structurally isolated such that changes in one domain of the nucleoid does not affect
another domain thereby maintaining the structural integrity of the nucleoid while allowing

necessary DNA related processes to take place. The NAPs function collectively to maintain the
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nucleoid structural organization although, most of them are not essential on their own. However,
when two or more NAPs are knocked down, a defect is observed in bacterial growth (Luijsterburg
et al., 2006). Also, the NAPs are involved in transcriptional regulation either by direct interaction
with the transcription factors or the promoters or they can directly or indirectly influence the DNA
structure such that it affects transcription of genes in vicinity (Dillon & Dorman, 2010). The NAPs
thereby regulate the expression of many genes in bacteria including genes central to the cellular
metabolism. The collective function of the NAPS seems to be essential to maintaining homeostasis
in the bacterial cell and hence essential for normal growth and proliferation of bacteria. As these
proteins function similar to the eukaryotic histones, an enzyme like LlaBIll which is capable of
nucleosome displacement may also be able to displace these proteins from the nucleoid. This
displacement can be tracked in multiple ways including tracking any of the NAPs microscopically
with a fluorescent tag. To study the effects of L1aBIll mediated displacement of NAPSs, we tracked

HU-GFP in E. coli, and the results are discussed in chapter 5.
1.5 Aim of this study:

With this work we aim to determine whether the Type | and Type Il RM enzymes, that possess
an evolutionarily conserved ATPase motor similar to that of the chromatin remodelers, can
perform nucleosome remodeling like the canonical remodelers. To achieve this, the first step we
intend to take is to establish the work flow for in vitro experiments with nucleosomes. First, we
would purify histones and assemble them into octamers. To test the effect of Type | and Type Il
RM enzymes on nucleosomes, we will prepare nucleosomes using DNA substrates that carry target
sites for the selected enzymes. Initially, we mean to use these nucleosomes to test nucleosome
remodeling activity of a Type | RM enzyme, LlaBIll. Next, if LlaBlll remodeled
mononucleosomes, we intend to test its remodeling activity with a dinucleosome. Also, we would
like to find the smallest enzyme construct that would remodel nucleosome for downstream in vivo
applications. For in vivo applications, we would also test the remodeling of nucleosomes
assembled on cytosine methylated DNA. Another enzyme that we intend to test is EcoP1l, an
example of the Type Il RM enzymes. The difference in long range DNA communication via

active DNA translocation by LlaBIll and thermal diffusion by EcoP1l would help understand the
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nucleosome remodeling process. Ultimately, the overall nucleosome remodeling process of these

restriction enzymes would be determined elucidated using a simple biochemical assay. Eventually,

the utility of these enzymes to perturb nucleosome occupancy in live mammalian cells and nucleo-

protein complexes in bacterial cells would be determined. The objectives to achieve these aims are

elaborated below.

1.6 Objectives of this study:

Chapter 2

1.

To purify human histones H2A, H2B, H3 and H4 to high degree of purity and
assemble and purify functional octamer for in vitro nucleosome reconstitution
To test whether LlaBIIl, a Type ISP RM enzyme and an SF2 family ATPase closely

related to the chromatin remodelers, can remodel nucleosome

Chapter 3

To test the nucleosome remodeling potential of LIaBI11 with a dinucleosome substrate
To find the smallest construct of LlaBI11 capable of nucleosome remodeling

To test whether another closely related SF2 ATPase, a Type 111 RM enzyme, EcoPl,
can remodel nucleosome

To determine if cytosine methylation of the nucleosome DNA has any effect on the

nucleosome remodeling by LlaBlIlI

Chapter 4

1.

To determine the mechanism of nucleosome remodeling by LlaBlIlI

Chapter 5

1.

To study the effects of LlaBIIl expression on the E. coli nucleoid by tracking HU, a
nucleoid associated protein, relative to the nucleoid
To study the effects of LIaBIl1l mediated nucleosome remodeling and its downstream

effects on gene expression in mammalian cells
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Figure 1.14: Flow chart elaborating the objectives of this study.
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2.1 Introduction

The Type | family of restriction-modification (RM) enzymes are one of the most potent defense
systems in bacteria that defend it against invading bacteriophages and potentially dangerous
foreign DNA that enter the cell (Arber et al., 1963; Dussoix & Arber, 1962b). These RM enzymes
are multi-domain multimeric proteins that recognize specific target DNA sequence, utilize ATP to
translocate and cleave DNA at a site away from the target sequence. They can communicate
between two target recognition sites in cis, which can be separated by thousands of base pairs and
cause double stranded breaks approximately midway between two unmethylated target sites
(Horiuchi & Zinder, 1972; Loenen et al., 2014b; Studier & Bandyopadhyay, 1988). Also, these
enzymes can modify the bacterial DNA by methylation of adenine bases in their target site (Arber
& Linn, 1969). This allows the bacterial DNA to be recognized as self-DNA as opposed to the
unmethylated foreign DNA. Majority of Type | RM enzymes are pentameric and are composed of
fives subunits produced from three genes prefixed as hsd (host specificity determinant), namely
hsdR (restriction), hsdM (modification) and hsdS (specificity) (Arber & Linn, 1969; Loenen et al.,
2014a). Together these subunits can form two functional enzyme complexes, a methyltransferase
that is composed of two modification subunits (HsdM) and one specificity subunit (HsdS) and the
restriction-modification complex composed of two restriction subunits (HsdS), two modification
subunits (HsdM) and one specificity subunit (HsdS) (Dryden et al., 1997). The HsdS subunit
facilitates binding to specific target sequence on the DNA whereas the HsdM subunit possesses
the catalytic domains essential for N6-adenine methyl transfer. It utilizes S-adenosyl methionine
as a cofactor for methyl transfer. The HsdR subunit comprises of a nuclease domain, a DEAD-box
ATPase containing RecA like motor domain (Bird et al., 1998; Davies et al., 1999; Gorbalenya &
Koonin, 1991; Murray et al., 1993). The recognition and binding of unmethylated target site
activates the enzyme for DNA cleavage. DNA cleavage requires communication between two
target sites through DNA translocation/looping (Rosamond et al., 1979; Yuan et al., 1980). ATP
and Mg?* are required for translocation/looping and are hence essential for DNA cleavage by these
RM enzymes (Eskin & Linn, 1972b, 1972a).

The Type | RM enzymes are classified into five families based on the antibody cross reactivity,
complementation tests and amino acid sequence. One such family is the Type ISP family which

comprises the single polypeptide Type | RM enzymes. These enzymes are encoded as a multi-
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functional single polypeptide that possesses all four activities, namely target recognition, adenine
modification, DNA translocation and nuclease. An example of this family is LIaBIll which was
first identified from a plasmid, pJW566 from Lactococcus lactis subspecies cremoris W56
(Josephsen & Vogensen, 1989). The Lactococcus lactis cultures carrying this plasmid were
protected from phage mediated cell lysis (Josephsen & Vogensen, 1989; Nielsen, 1998). This
plasmid was discovered to harbor a single polypeptide encoded Type | RM enzyme which was
named LlaBIll (Josephsen & Vogensen, 1989; J. Kong & Josephsen, 2001, 2002). LlaBIII shares
high sequence homology (~90%), in the nuclease, motor and methylase domains, to another Type
ISP RM enzyme, LlaGl. The earliest studies were performed on LlaGl, as it was the first single
polypeptide enzyme that was identified as a member of the Type | RM enzyme family (Smith et
al., 2009a, 2009b; 2009c). The target recognition domain (TRD) of both the enzymes, LlaBlll and
LlaGl, recognize a 6 or 7 bp asymmetric DNA sequence respectively. Functionally both the
enzymes are so similar that a monomer of each enzyme can coordinate with monomer of other
enzyme to bring about DNA cleavage (Van Aelst et al., 2013). Like LlaGl, LIaBllI requires two
head-to-head oriented target sites on a DNA to cause a double strand break (Van Aelst et al., 2013).
One monomer binds to a target site on the DNA, in presence of ATP and Mg?*, translocates
downstream from the target site until it collides with an oncoming enzyme. Upon collision, each
of the two monomers cleave one DNA strand to bring about double strand break (Van Aelst et al.,
2015). Unlike most of the Type | family RM enzymes, LlaBIlll translocates DNA in a
unidirectional manner without looping. The enzyme binds the target site and gets activated for
DNA translocation. Upon ATP hydrolysis, the enzyme undergoes a conformational change that
releases it from the target sites thereby allowing active, directed DNA translocation downstream
of the binding site. Analysis of amino acid sequence and structure of Type | enzymes including
Type ISP, show presence of DEAD box ATPase motifs and RecA-like fold (Chand et al., 2015;
Gorbalenya & Koonin, 1991; Murray et al., 1993). Based on these structural characteristics, the
Type | enzymes have been included into the superfamily 2 (SF2) of helicases. This family
comprises of many diverse nucleic acid stimulated NTPases that may or may not unwind double
stranded (ds) DNA/RNA (Byrd & Raney, 2012; Fairman-Williams et al., 2010; Singleton &
Wigley, 2002). Some of these NTPases can translocate single or double stranded nucleic acid while
others cannot. The Type | RM enzymes constitute a family of SF2 NTPases that utilize the energy
from ATP hydrolysis to translocate dSDNA. Another closely related family of DNA translocases
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included in the SF2 helicases is the Swi/Snf family of chromatin remodelers. These are multi-
subunit mega-complexes that are involved in nucleosome remodeling in eukaryotic cells. Like
LlaBlIll, these enzymes contain the conserved ATPase motifs comprising two RecA-like domains
that constitute the motor subunit of these complexes (Clapier & Cairns, 2009; Fairman-Williams
etal., 2010). The RecA-like domains constitute the motor that converts chemical energy from ATP
hydrolysis into mechanical energy for DNA translocation (Diirr et al., 2005a; Griine et al., 2003;
Singleton et al., 2007). The chromatin remodeling complexes powered by the SF2 motor can
perform various nucleosome remodeling functions ranging from histone exchange, nucleosome
sliding and eviction (Clapier & Cairns, 2009). Many of these complexes are implicated in cellular
signaling and can allow DNA binding proteins to access DNA that is wrapped around the
nucleosomes or restrict access to DNA by increasing nucleosome occupancy in certain regions on
the chromatin. The signals from the cellular network are interpreted by the specialized subunits of
these complexes, whereas the nucleosome remodeling process is carried out by the RecA-like
motor that forms the core of these complexes. Sequence and structural comparison of LlaBlIIl and
the Swi/Snf family of proteins shows that the core motor domain motifs and folds are highly
conserved. This led us to hypothesize that LlaBIll may function in a manner similar to the
chromatin remodelers wherein it may be able remodel a nucleosome present downstream of the

target site.

To test this hypothesis, we performed in vitro nucleosome remodeling assay called the restriction
enzyme accessibility assay (REAA) (Fan et al., 2003; Polach & Widom, 1995a). We designed a
nucleosome substrate that has a Type Il restriction enzyme (Hhal) target sequence in the center of
the DNA wrapped around the nucleosome. When unperturbed, occupancy of nucleosome on this
DNA restricts the access of Hhal to its target site and the DNA is protected from cleavage. Once
the nucleosome is displaced or evicted from this region, the Hhal site is accessible resulting in
DNA cleavage leading to emergence of shorter DNA fragments as observed by polyacrylamide
gel electrophoresis. We incorporated a LIlaBIII target site (5’TnAGCC3’) upstream of the
nucleosome such that in presence of ATP, LIaBIll can bind and translocate directionally towards
the nucleosome. Following incubation, we check for the emergence of cleaved DNA which is an

indication of the remodeling activity of LlaBlII.
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2.2 Materials and methods

The nucleosomes used in our experiments were prepared in vitro by assembling the individual

components of the complex in a stepwise manner. Each individual step is described below.
2.2.1 Preparation of DNA substrate

The DNA substrate used for in vitro nucleosome preparation was generated by PCR amplification.
A 329 bp DNA was generated by amplification from a plasmid encoding the high affinity
nucleosome occupancy region Widom (601) sequence (Lowary & Widom, 1998) using primers
329F and 329R.The 329F primer incorporated LIaBlIl target sequence upstream of the 601. This
fragment was used as template for incorporation of an adaptor sequence using primers Cy5oligo-
498-AdaptorF (Cy-F) and 329R. This produced a 320 bp DNA fragment that was used as a
template for amplification of the 5’-Cy5 labelled DNA substrates. For terminally placed
nucleosome DNA, 265 bp DNA was amplified using primers Cy5-F and 601R. For centrally
placed nucleosomes, a 356 bp DNA was generated using primers Cy5-F and 329R. The PCR
products were purified using PCR Cleanup Kit (Qiagen, Cat. No. 28106). After purification, the
DNA was resolved on a 6% Native polyacrylamide gel, pre-run for 20 minutes. The DNA samples
were resolved for 60 minutes at 150V in 1x TBE at room temperature. After the run, the gel was
stained with ethidium bromide and visualized on a UV transilluminator. The bands corresponding
to the expected DNA size were excised and transferred to a clean 1.5 mL vial. The gel pieces were
crushed using a clean micropipette tip and resuspended in autoclaved milliQ. The vials were
incubated at 25 °C under shaking conditions, overnight. The vials were then centrifuged at 13000
rpm for 5 minutes to settle the gel pieces and the supernatant was transferred to a fresh vial. Fresh
milliQ was added and the process was repeated 2-3 times with 2-hour incubation time. The
supernatant collected was simultaneously concentrated using a vacuum concentrator until the
supernatant volume was reduced to 50-100 puL. DNA was then purified using a PCR clean up Kit.
The DNA was eluted in refolding buffer (2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 10 mM j-
mercaptoethanol) and concentration was estimated using NanoDrop™ 2000 (Thermo Scientific).

The substrates were stored at -30°C until nucleosomes were reconstituted.
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2.2.2 Purification of human histones

The plasmids carrying the human histone encoding genes were acquired from Addgene (Catalog
n0.42634, 42630, 42633 and 42632). The histones were purified using the Rapid Histone
Purification (RHP) protocol as published by (Klinker et al., 2014) with minor changes wherever
required. Briefly, the plasmids encoding histones were individually transformed into E. coli
BL21(DE3). Single colony for each was inoculated in 70 mL LB broth with 100 pg/mL Ampicillin.
After 3 hours incubation under shaking conditions at 37°C, 10 mL of this culture was inoculated
in 1 L fresh LB broth supplemented with 100 pg/mL Ampicillin. This culture was incubated under
shaking conditions at 37°C to a density ODeoo 0.4-0.8. Histone expression was induced by 0.5mM
IPTG and the cultures were further incubated for 3 hours under the same conditions. The cells

were then harvested by centrifugation at 4°C and were stored at -80°C.

The buffers for purification were prepared a day in advance, filtered, degassed, and stored at 4°C.
The cell pellet thawed on ice before resuspending it in SA buffer (40 mM NaOAc pH-5.2, 1 mM
EDTA pH 8.0, 10 mM lysine, 5 mM B-mercaptoethanol) and 200 mM NaCl. Protease inhibitor
cocktail (cOmplete™, Roche, commodity code 11836170001) was also added at this step. Urea
powder was directly added to the resuspended cells and the volume was made up such that
concentration of Urea was > 6 M. The concentrations of all the components were added such that
the total volume for resuspended 3 L culture pellet was 35 mL. After most of the urea was
dissolved, the suspension was sonicated on ice for 4 cycles of 5 minutes each at 30% amplitude
and pulses of 15 second followed by 30 second pauses. The suspension was mixed between the
cycles. The lysate was centrifuged at 37000 rpm (Ti45 rotor, Optima XE-100 Ultracentrifuge,
Beckman Coulter) for 50 minutes. The supernatant was filtered using 0.45 um syringe filters
before loading onto a HiTrap SP HP column (5 mL; GE Healthcare) that was pre-equilibrated with
SAU200 buffer (40 mM NaOAc pH-5.2, 1 mM EDTA pH-8.0, 10 mM lysine, 5 mM -
mercaptoethanol, 200 mM NacCl). The SAU buffers used henceforth all have the same composition
except NaCl which was added at varying concentrations specified numerically. The column was
then washed with 3 CV SAU250 (250 mM NaCl) and 3 CV of SAU 300 (300 mM NaCl). Elution
was done in two steps, where the first step involved a gradient of NaCl, SAU300 to SAU400 (400
mM NaCl) over 5 CV. In the next step a gradient was set up from SAU400 to SAU800 (800 mM
NaCl) over 7 CV. The fractions were analysed by SDS-PAGE to locate the bands corresponding
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to histones. The fractions with histones were pooled and dialyzed against water with 2 mM -
mercaptoethanol. The protein samples were dialyzed overnight at 4°C and the water was changed
once. The protein fractions were recovered from dialysis bags and the Tris pH-8 was added to
make the final concentration 15 mM. The sample was centrifuged at 15000 rpm for 20 minutes at
4°C following which it was filtered using a 0.45 um syringe filter. The filtered protein sample was
loaded onto a HiTrap Q HP column (5 mL; GE Healthcare) pre-equilibrated with 15 mM Tris pH-
8. The protein does not bind to the column and was present in the flow through which was

lyophilized and stored at -30°C.
2.2.3 Assembly and Purification of Octamer

The lyophilized powders of individual histones were separately dissolved in unfolding buffer (7
M Guanidium Hydrochloride, 10 mM Tris pH 7.5 and 10 mM DTT) and protein concentration
was estimated. The histones were mixed in equimolar ratio and dialyzed against refolding buffer
(2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA, 10 mM B-mercaptoethanol) at 4°C overnight. The
buffer was changed once during the dialysis. The dialyzed protein was recovered from the dialysis
bag and centrifuged at 4°C to remove any precipitates. The protein sample was then applied onto
Superdex 200 10/300 column (GE Healthcare) pre-equilibrated with refolding buffer and fractions
were analyzed by SDS-PAGE on an 18% polyacrylamide gel. Fractions corresponding to the
octamer, molecular weight (109.542 KDa), elute at 12 mL elution volume. These fractions were
analyzed by SDS-PAGE and those that showed presence of bands corresponding to all four
histones on polyacrylamide gel were pooled and concentrated using Vivaspin2 (Sartorius,
commodity code Z614211) sample concentrator at 4000 rpm at 4 °C in Eppendorf centrifuge 5801
R. The protein concentration was estimated by Bradford’s assay and the concentrated protein was

stored at -80°C.
2.2.4 Purification of LlaBIlI

LlaBIl1 was purified as published by (Chand et al., 2015). Briefly, LIaBIll was overexpressed from
a recombinant plasmid in E. coli BL21(DE3) by 0.5 mM IPTG mediated protein induction. The
cultures were incubated initially at 37°C before the addition of IPTG. Upon reaching the cell
density ODsoo 0.6-0.8 the cultures were shifted to 25°C and IPTG was added. The cultures were
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incubated for 5 hours in shaking conditions at 25°C. Cells were harvested by centrifugation and

cell pellets were stored at -80°C until protein purification.

The pellet was thawed on ice and resuspended in lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 10 mM MgClI2, 1 mM EDTA and 1 mM DTT). The cells were lysed by 2 cycles of
sonication at 60% amplitude with 1second pulse followed by 3 second pauses for 3 minutes. The
suspension was mixed once in a 10-minute gap between the two cycles of sonication. The lysate
was centrifuged at 37000 rpm (Ti45 rotor, Optima XE-100 Ultracentrifuge, Beckman Coulter) for
50 minutes. The supernatant was fractionated by ammonium sulphate precipitation. The 40%-70%
ammonium sulphate precipitate was resuspended in buffer BO (50 mM Tris pH-8.0, 1 mM EDTA
and 1 mM DTT) through gentle swirling. After resuspension, the protein was loaded onto HiPrep
Heparin FF 16/10 column (GE Healthcare) pre-equilibrated with buffer B50 (50 mM Tris pH-8.0,
50 mM NaCl, 1 mM EDTA and 1 mM DTT). The protein was eluted by linear gradient 0-100%
of buffer B1000 (50 mM Tris pH-8, 1000 mM NaCl, 1 mM EDTA, 1 mM DTT). The fractions
were analyzed by SDS-PAGE on a 10% polyacrylamide gel. Fractions with LlaBIIl were pooled
and dialyzed against buffer B50 for 2 hours at 4°C. The dialyzed samples were centrifuged to
remove any precipitates and loaded onto MonoQ 10/100 GL column (GE Healthcare) pre-
equilibrated with buffer B50. The protein was eluted by a linear gradient 0-50% of buffer B1000.
Fractions were analyzed by SDS-PAGE. Fractions containing purified LlaBIIl were pooled and
concentrated before loading onto Superdex 200 10/300 column (GE Healthcare) pre-equilibrated
with buffer B100 (50 mM Tris-HCI pH 8.0, 100 mM KCI and 1 mM DTT). The fractions

containing monomeric LlaBIll were pooled, concentrated, and stored at -80°C.
2.2.5 Reconstitution of nucleosome particles

The nucleosomes were assembled in vitro by following the protocol given by (Dyer et al., 2003).
Briefly, the histone octamer and 601sequence containing substrate DNA were mixed in various
protein:DNA ratios. The volume was made up to 10pL with refolding buffer which contains 2 M
NaCl. The mixture was incubated on ice for 30 minutes. After 30 minutes, 10 pL of 10 mM Tris
pH-7.5 was added and mixed gently by tapping and again incubated on ice for 1 hour. This process
was repeated three more times, stepwise adding 5 pL, 5 pL and 70 pL of 10 mM Tris pH-7.5,

thereby diluting the NaCl concentration in a stepwise manner from 2 M to 0.2 M. After the last
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incubation on ice for 1 hour the reconstituted nucleosome samples were loaded onto a 6% native
polyacrylamide gel that was pre-run at 150 V for 20 minutes at 4°C in 1X TBE. The nucleosome
samples were resolved for 90 minutes at 150 V at 4°C in 1X TBE. The gel was then stained with
ethidium bromide solution prepared in 1XTBE and imaged on Typhoon Biomolecular Imagers

(Amersham).
2.2.6 Restriction Enzyme Accessibility Assay (REAA)

All the REAAs were performed at 37°C in 1x Cutsmart buffer (New England Biolabs, Cat. No.
B6004S). 3.75 nM nucleosome and 20 nM LlaBIIl were added in the reaction mixture and
incubated for 5 minutes on ice following which Hhal (NEB, Cat. No. R0139S) was added to the
mix. The reactions were started by addition of 4 mM ATP and incubated at 37°C for 2 hours. At
the end of the incubation, the reactions were stopped with 2 pL of 0.5 M EDTA and 0.8 pL of
10% SDS. 2 uL of 2 mg/mL Proteinase K (Invitrogen, Cat. No. AM2546) was added and incubated
at 37°C for 30 minutes. The reaction mix was heated at 65°C for 20 minutes before addition of 4
ML ST buffer (100 mM Tris pH-7.5, 40% wi/v Sucrose). The samples were resolved on a pre-run
6% native polyacrylamide gel run at 150 V for 50 minutes in 1x TBE at room temperature. Gels
were imaged on Typhoon Biomolecular Imagers (Amersham). All the graphs were plotted and

statistically analyzed using GraphPad Prism 10 software.
2.3 Results
2.3.1 Purification of human histones and assembly of octamer

The human histones were purified according to the rapid histone purification (RHP) protocol
(Klinker et al., 2014).This involved overexpression of untagged histones from a plasmid construct
in E. coli BL21(DE3) (Fig.2.1a, d, g, j) and purification of the histones from inclusion bodies under
denaturing conditions with buffers containing >6 M urea. Initially, the histones were purified from
the cell lysate by cation exchange chromatography (Fig.2.1b, e, h, k). The cells were lysed and
solubilized in urea containing buffer at pH-5.2. At this pH the histones carry a net positive charge
and hence bind effectively to the cation exchange column at low salt concentrations while most of
the bacterial proteins come out in flow through. The histones were then eluted from the column by

an increasing salt gradient. The next step involved removal of the nucleic acids that may have co-
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purified with the histones as they bind non-specifically to nucleic acids. For this the histones were
further purified by anion exchange chromatography (Fig. 2.1c, f, i, I). Before loading onto the
anion exchange column, the purified histones were dialyzed against water to remove the excess
salt from the sample as this can deter the nucleic acid binding with the column. The anion exchange
column acts as a filter for purified histones wherein the nucleic acid and contaminating proteins
bind to this column whereas the histones being positively charged can pass through and was
recovered from the flow through. The flow through was lyophilized and the powder was
resuspended in a buffer containing guanidium hydrochloride. The histones were mixed in
equimolar ratios and were allowed to refold gradually together overnight in a buffer containing 2
M NaCl. This allowed the individual histones H2A, H2B, H3 and H4 to associate, refold and
assemble into a functional octamer. The octamers were further purified from the misfolded or
incompletely formed protein complexes by size exclusion chromatography (SEC). Based on the
size of a complete octamer, it elutes at an elution volume of 12 mL (Fig. 2.2a). The fractions
containing all four histone bands (Fig. 2.2b) were pooled, concentrated and the concentration was

determined before reconstitution of the nucleosome.
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Figure 2.1: Overexpression and purification of human histones H2A, H2B, H3 and H4. (a)(d)(g)
and (j) — SDS-PAGE gels showing overexpression of the respective histone proteins in E. coli
BL21(DE3). Asterisk (*) marks the position of the respective protein bands in the gels. (b)(e)(h)
and (k) — SDS-PAGE gels showing fractions from cation exchange chromatography (HiTrap SP
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HP, GE Healthcare) containing the respective histone proteins. (c)(f)(i) and (I) - SDS-PAGE gels
showing fractions from anion exchange chromatography (HiTrap Q HP, GE Healthcare)

containing the respective histone proteins.
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Figure 2.2 Purification of assembled octamer. (a) Elution profile of refolded octamer resolved by
size exclusion chromatography (SEC) (Superdex 200 10/300 column, GE Healthcare). 1 —
contaminants (high molecular weight) (8.23 mL) 2 — refolded octamer (12.01 mL) 3 — H2A-H2B
dimer (14.8 mL) 4 — contaminants (low molecular weight) (17.3 mL). (b) Fractions from SEC
resolved by SDS-PAGE. Bands corresponding to each of the four histones are visible in the
fractions corresponding to molecular weight of refolded octamer. Asterisk (*) marks the fractions

pooled and concentrated for nucleosome reconstitution. N>3
2.3.2 Reconstitution of terminally and centrally placed mononucleosomes

5°-Cy5 labelled DNA substrates were prepared through PCR amplification and purified to a high
degree by extraction from native polyacrylamide gel. The DNA substrates contained a 147 bp high
nucleosome occupancy region called the Widom / 601 sequence (Lowary & Widom, 1998). This
sequence was incorporated at the 3’ terminal in the 265 bp DNA and at the center in the 356 bp
DNA leaving a 91 bp overhang at the 3’ end of the 601. A LlaBIII binding site (5’TNAGCC3”)
was incorporated 48 bp upstream from the 601 sequence in both these DNA substrates (Fig. 2.3).
At the center of the 601 sequence, there is the target site (GCGC) for cleavage by a nucleotide-
independent restriction enzyme, Hhal, that cleaves the DNA within its target site. The DNA
substrates and octamers are both prepared in refolding buffer (2 M NaCl, 10 mM Tris pH-7.5, 1
mM EDTA and 10 mM B-mercaptoethanol). The octamer is mixed with the DNA in various
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protein:DNA ratios (1:1, 0.5:1, 0.25:1). The nucleosome preparations are analyzed by native
PAGE.

(a) Design of terminally placed nucleosome

LlaBIII sites Hhal site
s
1 67 118 265
190bp 75bp

(b) Design of centrally placed nucleosome

Ll?Bllll sites Hhal site

1
1 67 118 265 356

190bp 166bp

Figure 2.3: Design of the mononucleosome substrates. (a) Cartoon representation of terminally
placed mononucleosome (b) Cartoon representation of centrally placed mononucleosome.
Substrate design shows the positions of each element on the DNA in base pairs and the fragments

that will be generated upon cleavage by Hhal.

The octamers assembled on a DNA are dynamic structures rather than static. When assembled on
a DNA fragment longer than 147 bp (length of the core DNA in contact with octamer), the histone
octamer tends to adopt various positions on the DNA which migrate with different mobilities on
native gel. Several studies have systematically mapped these octamer binding positions on in vitro
assembled mononucleosomes through gel purification of individual bands followed by
micrococcal nuclease digestion and restriction mapping of the resistant DNA fragment (Fig. 2.4a)
(Fan et al., 2003; Hamiche et al., 1999a). Presence of the nucleosome positioning sequence
increases the probability of the octamer occupying the defined position on the DNA, although
other species with different octamer position also exist at any given time and these result in distinct
banding pattern observed for the nucleosomes on a native gel. We selected the nucleosome
preparations for terminally placed (Fig. 2.4b) or centrally placed (Fig. 2.4c) mononucleosomes

that contained minimum unbound DNA for the biochemical assays.
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(a) The bands observed in mononucleosome preparation assembled
on 202bp DNA by Fan et al., 2003
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Figure 2.4: Reconstitution of nucleosomes in vitro. (a) Adopted from (Fan et al., 2003).
Mononucleosome assembled on 202 bp DNA shows four distinctly migrating species, each
corresponding to seven distinct octamer positions on the DNA as indicated. Grey ovals represent
the octamer and solid black lines represent DNA (b) From this study. Mononucleosome prepared
with terminally placed 601 sequence, shows a mix of centrally placed and terminally placed
mononucleosomes. (c) Mononucleosome prepared with centrally placed 601 sequence, shows a
mix of majorly centrally placed mononucleosomes with minor populations of variably positioned

nucleosomes. Both the preparations have some unbound DNA. N=3
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Figure 2.5: Domains of L1aBIlI and their enzymatic activities. (a) Domain organization of LIaBIII.
Numbers indicate amino acids from N- to C-terminal. (b) Adapted from (Chand et al., 2015).
Structure of LIaBIIl in complex with a 28 base pair DNA containing the specific target site. The
domain organization shows an N-terminal nuclease, a SF2 helicase-like ATPase connected via a
coupler domain to the methyl-transferase and a C-terminal target recognition domain (TRD). PDB
accession number - 4XQK. (c) Adapted from (Van Aelst et al., 2015). Model of LlaBIIl with
extended DNA based on 4XQK. The rotated view of LlaBIll shows the two SF2-like ATPase

folds, N-core (green) and C-core (dark blue), that constitute the conserved motor domain.
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Figure 2.6: Restriction enzyme accessibility assay (REAA) design. (a) Graphical representation of

the REAA with terminally placed mononucleosome as an example. Grey ovals represent the
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octamer. (b) Adapted from (Liu et al., 2017). Representative gel image showing the remodeling
activity of Saccharomyces cerevisiae Snf2 truncated protein over time through REAA. An increase

in cut DNA correlates to nucleosome displacement.
2.3.3 Displacement of mononucleosomes from DNA by LlaBIIlI

The nucleosome remodeling potential of LlaBlll (Fig. 2.5) was tested in vitro by the restriction
enzyme accessibility assay (REAA) (Polach & Widom, 1995b) (Fig. 2.6). The DNA substrates for
preparing the nucleosomes were designed in such a way that there is a LlIaBIlI target site located
48bp upstream of the 601 sequence (Fig. 2.3). There is another LIaBIII target site located close to
the 5° end of the DNA, although this site is too close to the DNA end (11bp) to allow LIaBIII
translocation and can be ignored for the purpose of these assays. For the assay, LlaBIll and
nucleosome were mixed and incubated for 5 minutes to allow LlaBlIll to bind to its target site on
the nucleosome DNA. Hhal was added to the mix followed by ATP. When the octamer was bound
to the 601 sequence, the Hhal target site on the substrate DNA was occluded and hence the DNA
was protected from cleavage by Hhal. LIaBII1 utilizes ATP and translocates DNA unidirectionally
at a rate ~250 bp/s at 25°C (Sisakova et al., 2013; Smith et al., 2009¢; Van Aelst et al., 2013)
downstream of the target site towards the nucleosome occupancy region. In the REAA, if L1aBIII
displaced the octamer from its position on the DNA, the Hhal site gets exposed, and it can be
accessed by Hhal present in the reaction mix. This leads to cleavage of the substrate DNA only
when remodeling of the nucleosome happens and can be detected through occurrence of cleaved
DNA products of expected size when analyzed by native PAGE. We observed that in absence of
LlaBIIl or ATP only a small fraction of the substrate DNA that is most likely unbound in the
nucleosome preparation is cleaved by Hhal. Whereas, only in presence of LlaBIll and ATP, there
is an increase in the Hhal cleavage products, which indicates displacement of octamer by LlaBllII
inan ATP dependent manner (Fig. 2.7a). We also tested whether a centrally positioned nucleosome
that has an extra 91 bp overhang downstream of the 601 region, poses an obstacle for LlaBlll
mediated displacement of the nucleosome. Similar to terminally placed nucleosome, LlaBIII could
displace the centrally placed nucleosome from the 601 region (Fig. 2.7c). The fractions of intact
and cleaved DNA were quantified for each of the assay conditions tested and plotted as percentage
cleaved DNA (Fig. 2.7b, d). For both the terminally placed and centrally placed nucleosomes we

saw that just addition of LlaBIIl in absence of ATP led to no change in the fraction of DNA
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cleaved. Whereas on addition of LIaBIIl and ATP, there was a significant increase in the fraction

of DNA cleaved indicating nucleosome displacement in an ATP dependent manner.
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Figure 2.7: Nucleosome remodeling by LlaBlIl. (a) REAA with terminally placed nucleosome and
LlaBIll. (b) REAA with centrally placed nucleosome. In both the nucleosomes, Hhal site is

inaccessible in presence of octamer and hence DNA is protected as seen in lanes 4. LlaBIll in
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absence of ATP does not affect the nucleosome as seen in lanes 5. Whereas, in presence of ATP,
LlaBIIl displaces the octamer and makes the DNA accessible to cleavage by Hhal as observed
from lanes 6. The bar plots show the percentage nucleosomal DNA cleaved by Hhal in absence of
LlaBIIl (4), in presence of LlaBIll (5) and in presence of LlaBIll and ATP (6). N=3 Statistical

significance was assessed using the unpaired t-test (*P <0.05, **P <0.01, ***P <0.001). N>3
2.4 Discussion

The Superfamily 2 of helicases includes both the bacterial defense systems, such as the Type ISP
RM enzymes, and the eukaryotic chromatin remodelers, such as the Swi/Snf family (Byrd &
Raney, 2012). Every member of these two families of proteins possesses the same conserved
ATPase motor domain containing two RecA-like fold subdomains. Although these enzyme
complexes perform strikingly different functions, the motor at the core performs the same function,
that is, translocation on double stranded DNA. To achieve the varied DNA translocation related
cellular functions, accessory domains or subunits are present in the core motor. Here we show that
LlaBIIl, a prototype of the Type ISP family, can perform the basic functions of the chromatin
remodelers like the Swi2/Snf2, by virtue of the conserved and modular motor domain. Like the
chromatin remodelers, it can displace nucleosome from its position on a DNA. To demonstrate
that the Type ISP RM enzymes can remodel nucleosome, we tested the nucleosome remodeling
activity of LlaBIIl using the in vitro assay - REAA. For this we purified individual histones,
assembled an octamer, and reconstituted nucleosome with a DNA containing the LlaBIIl target
site upstream of the nucleosome. Initially we tested LlaBIll remodeling activity with a terminally
positioned nucleosome and found that the enzyme can displace nucleosome only in presence of
ATP. This is a direct indication that the remodeling activity is a result of DNA translocation that
is powered by ATP hydrolysis by the ATPase motor. Previous studies performed with triplex DNA
and magnetic tweezer experiments, have shown that LlaBIII translocates DNA, without looping,
in a directional manner (Chand et al., 2015; Sisédkova et al., 2013). The rate of translocation has
been estimated to be ~300 bp/s with 1-2 ATP hydrolyzed per base pair translocated (Sisakova et
al., 2013). Here, we show that although a nucleosome is a far more complex obstacle than a triplex
DNA, LlaBIIl can break the multiple protein-DNA interactions between the histone octamer and

the 601 DNA and efficiently remove octamer from its position. Furthermore, it can not only
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remove the octamer present at the termini of the DNA but can also displace a nucleosome

positioned in the center of the DNA with a ~91bp extension downstream of the nucleosome.

Our in vitro experiments here show that DNA translocating restriction enzyme can function as a
nucleosome remodeler. LIaBIll presents the simplest form of nucleosome remodeler wherein it
has target recognition and active DNA translocation capabilities, which are the minimum
requirements to remodel a nucleosome in a DNA sequences-specific manner. Additionally, there
are numerous Type ISP RM enzymes that recognize a specific target sequence and translocate
DNA. All these enzymes have the potential to be developed into a targeted chromatin remodeling
tool thus providing us with a library of chromatin remodeling enzymes with varying sequence

specificities.
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3.1 Introduction

A collective feature of the NTP dependent restriction enzymes is their ability to communicate
between two distantly spaced target sites by moving along the DNA. Majority of these enzymes
(Type I and Type 1) fall into the Superfamily 2 (SF2) of helicases. All the helicases possess a
RecA or AAA+ fold that is involved in transduction of energy from NTP hydrolysis (Singleton et
al., 2007). There are a total of six superfamilies of helicases with most AAA+ motor proteins being
included in the Superfamily 3 to 6 and proteins containing two tandem RecA like fold per monomer
in superfamily 1 and 2 (Byrd & Raney, 2012; Singleton et al., 2007). Helicases were initially
recognized as the enzymes that utilized NTP hydrolysis to bring about DNA or RNA strand
unwinding (Gorbalenya & Koonin, 1993). Eventually it was found that there are many DNA
translocases that were classified as helicase based on their motifs but did not unwind duplex
nucleic acids. These enzymes used NTP hydrolysis to power their translocation on DNA. Hence,
the helicase encompasses all the enzymes that use nucleoside 5’-triphosphate (NTP) hydrolysis to
bring about a mechanical action towards remodeling nucleic acids or nucleic acid-protein
complexes (Fairman-Williams et al., 2010; Singleton & Wigley, 2002). The RecA like ATPases
included in superfamily 2 are further classified into ten families (Byrd & Raney, 2012; Fairman-
Williams et al., 2010). As mentioned previously, the chromatin remodelers together constitute a
family (Swi/Snf) under the SF2. The NTP dependent restrictions modification enzyme Type | and
Type 11l RM enzymes collectively constitute another family (T1R) under of the SF2 helicases.
Type | and Type Il RM enzymes both recognize specific target sites in the DNA. Target
recognition activates the enzymes for directional movement along the DNA which allows
communication with a second enzyme bound or moving from another target site separated by
several thousand base-pairs. The Type | RM enzymes have been shown to communicate between
two target sites through active DNA translocation. On the contrary, the Type Il RM enzymes,
upon target recognition, have been shown to hydrolyze ATP to switch to a diffusion ready enzyme
conformation. The activated enzyme thus diffuses downstream from the target site and interacts
with an enzyme bound at a target site to bring about a double strand break. Hence, though the Type
| and Type Il enzymes are driven by the same conserved ATPase motor, the way these enzymes

move along the DNA differs significantly.
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Earlier we had shown that LlaBlIl, a Type ISP RM enzyme can displace a nucleosome from its
position on the DNA. A nucleosome is an intricate protein-DNA complex that LlaBIll could
readily remodel. A nucleosome is the fundamental unit of the eukaryotic genome. Two monomers
of each histone, H2A, H2B, H3 and H4 associate to form an octamer. The octamer associates with
a 147bp DNA that forms 1.65 turns of left-handed super helical wrap around the histone octamer
core to form a nucleosome (Davey et al., 2002; Luger et al., 1997). This wrapping of DNA makes
the sequence within the nucleosome inaccessible to any DNA binding protein such as RNA
polymerase, restriction enzymes, transcription factors and others. The inaccessibility of DNA may
be partly due to the DNA distortion caused by histone octamer binding and partly due to the
abundant protein-DNA interactions between the octamer and the DNA. The octamer-DNA
complex is secured by numerous hydrogen bonds, salt bridges, non-polar interactions, and
electrostatic interactions. About fourteen arginine residues (10 from the histone fold and 4 from
histone tails) protrude into the DNA minor groove, into the phosphate backbone and form
hydrogen bonds and non-polar interactions with the deoxy-ribose sugars (Davey et al., 2002; Harp
etal., 2000; Luger et al., 1997). Additionally, the side chains as well as main chain amide nitrogen
secure the DNA phosphates with hydrogen bonds. Most of these interactions either stabilize the
phosphate backbone or the deoxyribose sugar (Davey et al., 2002; Luger et al., 1997). Although,
the DNA sequence does influence the DNA flexibility and helicity, thus influencing the overall
nucleosome stability. Also, there are certain specific (leucine with thymidine) and partly specific
(arginine with pyrimidine) interactions between the histone residues and the DNA bases which
further contribute towards nucleosome structural stability (Luger et al., 1997). Thus, sequences
that contain a combination of these favorable base pair sequences can facilitate higher nucleosome
stability and hence occupancy (Adhireksan et al., 2020; Chua et al., 2012; Vasudevan et al., 2010).
An example of this partial sequence dependence is the Widom (601) sequence, which has been
shown to have higher probability of nucleosome occupancy compared to most other sequences
tested (Lowary & Widom, 1998). We have utilized the Widom sequence in our studies to allow
optimal nucleosome stability and positioning. Here we further increased the complexity of the
nucleosome substrate by duplicating the 601 sequence to assemble an array of two nucleosomes
on the DNA substrate. We then tested the remodeling potential of LlaBIlI with this dinucleosome,
where the number of octamer-DNA contacts are doubled, and the enzyme encounters a more

complex nucleosome substrate than a mononucleosome. We also investigated whether the Type
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11 RM enzyme EcoP1l, an ATP-dependent RM enzyme having an SF2 ATPase domain, can also

remodel the dinucleosome.
3.2 Materials and methods
3.2.1 Preparation of DNA for dinucleosome assembly

The DNA required for dinucleosome assembly was prepared by PCR amplification. A 329 bp
fragment was generated from a plasmid containing the 601 sequence using primers 329F and 329R.
The 329F primer incorporated the target sites for enzymes LlaBlll and EcoP1l upstream of the
601 sequence in the amplified fragment. Next, two fragments each containing a 601 region were
generated using 329 bp fragment as template. The first fragment was generated using primers 329F
and R1 overlap. This incorporated a Ndel site at the 3’ terminal of this DNA fragment. The second
fragment was generated using primers F1 overlap and 329R. This incorporated a Ndel site at the
5’ terminal in this fragment. Both the fragments were purified using a PCR Cleanup Kit (Qiagen,
Cat. No. 28106) and subjected to digestion by Ndel (NEB, Cat. No. R0111S). The digested
fragments were again purified using the PCR Cleanup Kit. Equimolar ratio of both the DNA
fragments were ligated using the T4 DNA ligase (NEB, Cat. No. M0202S) according to the
manufacturer’s specifications. Upon ligation, the fragments were resolved on a 1% agarose gel,
stained with ethidium bromide, and visualized under a UV transilluminator. The band
corresponding to the 498 bp ligated product was excised from the gel and purified using a gel
extraction kit (Qiagen, Cat. No. 28704). The purified 498 bp DNA was utilized as a template for
further PCR amplification using primers 329F and 329R, to generate more DNA. After
amplification, the DNA was purified from a native polyacrylamide gel as described previously in

section 2.2.1. Subsequently, the gel purified DNA was used for dinucleosome assembly.

For preparation of the methylated DNA, the unmethylated 498 bp DNA was used as a template.
Instead of the unmethylated cytosine, a ANTP mix with 5-methylcytosine was used in the PCR
reaction. This led to amplification of a fully methylated 498 bp DNA, except for the ends where
primers are incorporated, which were hemi-methylated. The methylated 498 bp DNA was also
purified from native polyacrylamide gel as previously described and stored in -30°C until further

requirement.
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3.2.2 Purification of histones and assembly of histone octamer

Purification of histones and assembly of histone octamers was performed as described in sections
2.2.2 and 2.2.3 respectively.

3.2.3 Purification of LlaBIl1 WT, LIaBI11R%4A and LlaBIII n-

Purification of LIaBIl1l WT was performed as described in section 2.2.4. LIaBI11R%4A was purified
as described in (Chand et al., 2020). LIaBIIl n- cloning and purification has been previously
described in PhD thesis by Dr. Mahesh Kumar Chand. Shortly, 1-165 amino acids that constitute
the nuclease domain of LlaBIIl were deleted from the full length llaBiii to obtain the construct
expressing LlaBlIlI n-. The truncation of the nuclease domain was obtained by PCR amplification
of the llaBiii n- from the full length llaBiii as template using primers LBAN-pHIS-F and LB-PHIS-
R. The ~4.3kb llaBiii n- fragment was cloned into Ndel and BamHI sites in pHIS17 vector through
restriction-ligation cloning method and the clone having the correct sequence of llaBiii n- was
further processed for protein expression. The protein was expressed in E. coli BL21-Al cells
induced with 0.2% arabinose and purified following the same protocol as described for LlaBllII

WT. All the proteins were stored at -80°C until further use.
3.2.4 Purification of EcoP115%16A

Purification of EcoP11591%A was performed by Dr. Ishtiyag Ahmad and has been described in
(Ahmad et al., 2018).

3.2.5 Reconstitution of dinucleosome and determination of nucleosome position on the DNA

Dinucleosome assembly was performed following the same protocol that was followed for
mononucleosomes as mentioned in section 2.2.5. Dinucleosomes were reconstituted with un-
methylated and methylated 498 bp DNA for the REAA.

The dinucleosome DNA possesses a Notl site at the beginning of the first 601 region, Hhal site in
the center of each 601 regions and a Ndel site in the center of the linker region between the two

601 regions. Upon assembly, the dinucleosome was incubated with each of these enzymes
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individually at 37°C for 2 hours in 1X Cutsmart buffer (NEB, Cat. No. B6004S). The reactions
were stopped with 95 mM EDTA and 0.77% SDS at the end of incubation. 0.8 pL of 2 mg/mL
Proteinase K (Invitrogen, Cat. No. AM2546) was added to all the reactions and incubated for 1
hour at 37 °C followed by heat inactivation at 65°C for 15 minutes. The samples were mixed with
3 ul of 6X Purple loading dye (NEB, Cat. No. B7025S) and loaded onto a 6% native PAGE run at
150 V for 55 minutes at room temperature. The PAGE gel was stained with ethidium bromide and

scanned on Typhoon Trio+ Variable mode imager.
3.2.6 Restriction enzyme accessibility assay (REAA) with dinucleosome

All the remodeling assays were performed at 37°C for 2 hours in Cutsmart buffer at 1X
concentration. Initially, 10-15 nM nucleosome and 100 nM enzyme (LIaBI1I or EcoPI1E%164) were
mixed on ice. The mixture was incubated on ice for 5-10 minutes. 0.5 uL Hhal (NEB, Cat. No.
R0139S) or for methylated substrate, Msel (NEB, Cat. No. R0525S) was added to the relevant
reactions. The reaction was started with addition of 2 mM ATP, and the samples were incubated
at 37 °C for 2 hours. ATP (2 mM) was supplemented halfway through the incubation. The reactions
were stopped with 95 mM EDTA and 0.77% SDS at the end of incubation. 0.8 pL Proteinase K (2
mg/mL) was added to all the reactions and incubated for 1 hour at 37°C followed by heat
inactivation at 65°C for 15 minutes. The samples were mixed with 3 ul of 6X Purple loading dye
and loaded onto a 6% native PAGE run at 150 V for 55 minutes at room temperature. The PAGE
gel was stained with ethidium bromide and scanned on Typhoon Trio+ Variable mode imager.
DNA bands were quantified using ImageJ software. GraphPad Prism 10 software was used for

plotting graphs and statistical analysis.
3.3 Results
3.3.1 Preparation of dinucleosome

The DNA for dinucleosome reconstitution was designed to incorporate two 601 regions in the
center separated by a 22 bp linker. A LlaBIII target site (TNAGCC) and an EcoP1I target site
(AGACC) were incorporated adjacent to each other and upstream from the 601 regions. The
dinucleosome DNA possessed a Notl site at the beginning of the first 601 sequence downstream

of LlaBlII target site, a Hhal site in the center of both the 601 sequences and a Ndel site in the
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center of the 22 bp linker separating the two 601 sequences (Fig. 3.1). Histones were purified and
assembled into octamers as described in sections 2.2.2 and 2.2.3. The dinucleosomes were
assembled following the salt dilution protocol (Dyer et al., 2003). Dinucleosomes were
reconstituted with both the methylated and unmethylated DNA individually. Dinucleosomes were
assembled in various DNA:octamer ratios and the quality of the preparations was analyzed on a
6% native polyacrylamide gel. The dinucleosome preparations containing minimum unbound
DNA were utilized further for determination of nucleosome positions on the substrate DNA. The
dinucleosome sample was incubated with Notl, Hhal and Ndel individually. After incubation, the
sample was denatured by heating and analysed by native PAGE. The cleavage pattern obtained
upon digestion with each of these enzymes indicated the occupancy of the respective DNA region
by the octamer. The Notl site is present at the boundary of the octamer occupying region (601)
and hence remains partially open. This results in partial access of Notl to its target site when the
octamer is bound to the DNA. Hence, we observe partial cleavage of the DNA with Notl (Fig.
3.2b). On the other hand, the Hhal site is present in the center of the 601 region and hence would
be completely occluded by the bound octamers. In the dinucleosome, as octamers occupied both
the 601 regions, Hhal was unable to cleave the DNA at either of the two sites (Fig. 3.2c).
Additionally, in an optimally assembled dinucleosome, the Ndel site that is present at the center
of the linker between the two nucleosomes should be exposed completely in native state. In our
assay, Ndel could completely cleave the dinucleosome DNA (Fig. 3.2d) indicating that the

octamers were optimally placed in our preparations.

EcoPlI site
LlaBlll site Hhal site Hhal site
||
| |
1 38 92 238 260 407 498
163bp 169bp 166bp

Figure 3.1: Design of the dinucleosome. The dinucleosome DNA was designed to have two 601
regions (grey line) separated by a 22 bp linker. Grey ovals represent the nucleosome occupancy
regions (601). There is an Hhal target sequence in the center of each 601 region, a Notl target
sequence at the beginning of the first 601 region and a Ndel target sequence in the center of the 22

bp linker. The LlaBIII target sequence is located 48 bp from the beginning of the first 601 region.
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(a) Schematic representation of dinucleosome DNA cleavage pattern

83bp 414bp
Notl site Hhal site Ndel site Hhal site
| |
l !
0 91 238 260 407 498
247bp 251bp
163bp 169bp 166bp

(b) Cleavage by Notl (c) Cleavage by Hhal (d) Cleavage by Ndel

498bp + + - 498bp + + -

Nuc. - -+ Nuc. e
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Figure 3.2: Nucleosome positioning check. The nucleosome occupancy on the substrate DNA was
confirmed by digestion with the specified restriction enzymes and the cleavage fragments were
analyzed on native PAGE. (a) Schematic representation of the dinucleosome substrate depicting
the position of target sites for Notl (Red), Hhal (Green) and Ndel (Blue), and the fragments
generated upon cleavage by these enzymes individually. Grey ovals represent the nucleosome
occupancy. Representative native PAGE images showing the DNA cleavage pattern for free DNA
and dinuclesosome upon cleavage by Notl (b), Hhal (c) and Ndel (d). N>2

3.3.2 REAA with dinucleosome and LlaBIIl WT

The dinucleosome that we prepared with the unmethylated DNA had one Hhal site in the center
of each of the two 601 sequences. The 601 DNA forms the core of the nucleosome as it gets
wrapped around the octamer in an optimally assembled nucleosome. When unaltered the
nucleosomes occlude the Hhal sites and hence the DNA is completely protected from cleavage by
Hhal as seen previously (Fig. 3.2c). We used this optimally assembled dinucleosome for testing
the extent of remodeling potential of L1aBIII. The dinucleosome was incubated with LlaBIll in the

absence and presence of ATP. The remodeling activity was monitored through cleavage of the 498
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bp substrate DNA by Hhal. Exposure of and cleavage at either of the two Hhal sites was expected
to yield ~335 bp and ~163 bp fragments, while cleavage at both the sites was expected to result in

three fragments ~163 bp, ~169 bp and ~166 bp in length (Fig. 3.3a).

When resolved on a native PAGE, we observed that either in the absence of LIaBIll or ATP, the
integrity of the DNA remained unaffected by the presence of Hhal (Fig. 3.3b & ¢, Lane 5 & 6).
However, addition of LlaBIll, ATP and Hhal resulted in a prominent ~163 bp cleaved DNA
fragment and a less prominent fragment that migrated just above 300 bp (Fig. 3.3b & c, Lane 7).
The ~163 bp band was consistent with the DNA fragments obtained when Hhal cleaved at both its
sites. As the size of the three fragments differed by only a few base pairs, they failed to be resolved
into individual bands. The band near 300 bp was interpreted as the ~335 bp fragment produced
when Hhal cleaved only at one site. This result clearly indicated that in the presence of LlaBllI

and ATP, the two Hhal sites were exposed for cleavage. The occurrence of the ~335 bp fragment

was suggestive of stepwise remodeling.

(a) Design of the dinucleosome substrate
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Figure 3.3: REAA with dinucleosome. (a) Schematic showing the positions of the Hhal target sites
and the fragments generated upon DNA cleavage by Hhal. Gray ovals represent nucleosome
occupancy region. (b) Representative native PAGE image accompanied by (c)-bar plots with
percentage of DNA cleavage plotted on the Y-axis with corresponding lane numbers from the gel
on X-axis. The arrows («) mark the positions of the expected DNA cleavage products on the
polyacrylamide gel. Error bars represent standard error mean for four separate trials. Statistical

significance was assessed using the unpaired t-test (*P <0.05, **P <0.01, ***P <0.001). N>4.
3.3.3 REAA with dinucleosome and EcoP1I

Having established that the Type ISP enzyme, LlaBllIl, can dislodge histone octamers, we next
asked if the SF2 ATPase in another closely related family of restriction enzymes, the Type Il1 RM
enzyme family, could do the same. For this we tested the nucleosome remodeling activity of
EcoP1l, a Type Il RM enzyme. In contrast to the LIaBIll ATPase, the SF2 ATPase in Type Il
RM enzymes translocates DNA for a short distance of less than 40 bp, and instead functions as a
switch facilitating the 1D diffusion of the enzyme along the DNA and activating the nuclease
(Schwarz et al., 2013; Ahmad et al., 2018; Sczelkun’s recent paper in BioRxiv). We performed
REAA using the same dinucleosome substrate, as it had a recognition sequence of the Type IlI
RM enzyme EcoP1ll, AGACC, adjacent to the LlaBIIl recognition sequence (Fig. 3.4a). A
nuclease-dead but ATPase-active mutant of EcoP1l (EcoP1IE%16A) was used for these experiments
to prevent the enzyme from catalyzing the non-canonical single-site DNA cleavage (Ahmad et al.,
2018). The REAA experiment clearly showed that, unlike LlalBIII, EcoP1I5%16A did not remodel
the dinucleosome and expose the Hhal sites for cleavage in absence or presence of ATP (Fig. 3.4b
&c, Lane 6 & 7).
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(a) Design of the dinucleosome substrate
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Figure 3.4: REAA with dinucleosome and EcoP115%16A, (a) Schematic showing the position of
EcoP1l and Hhal sites and the DNA fragments that would be produced upon cleavage by Hhal.
Grey ovals depict the nucleosome occupancy region. (b) Representative native PAGE image
accompanied by (c)-bar plots with percentage of DNA cleavage plotted on the Y-axis with
corresponding lane numbers from the gel on X-axis. The arrows («) mark the positions of the
expected DNA cleavage products on the polyacrylamide gel. Error bars represent standard

deviation for two separate trials. Statistical significance was assessed using the unpaired t-test (ns

P> 0.05). N=2
3.3.4 REAA with dinucleosome and LlaBIII n-

We also tested if a deletion of the N-terminal nuclease domain of LlaBIIl (LIaBIll n-) affected its
ability to displace the histone particles. We had earlier shown that a similar nuclease-deleted
construct of LlaGl, a close homologue of LlaBIIl sharing ~80% sequence identity, is an active

ATPase and translocase (Kulkarni et al., 2016). We performed remodeling assays with LlaBIII n-
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and found that it was capable of nucleosome remodeling with similar efficiency as the wild-type

enzyme (Fig. 3.5b & ¢, Lane 6 &7).

(a) Design of the dinucleosome substrate

LIaBI:I site Hhal site Hhal site
1 38 92 238 260 407 498
163bp 169bp 166bp
(b) ©
1 2 3 4 5 6 7
DNA + + + - - -
Nuc. - - -+ + o+ 60 %%k %k
Hhal -+ -+ o+ o+ * %
LlaBllln-| - + + - + + Y
ATP -+ 4+ + - 4 S 40-
S00bP™ | i Nl b | S
- o8 0 204
300bp > | s spie o om Tl IRCE S
200bp > | - o o
i i o W
= s 7 5 6 7

Figure 3.5: REAA with dinucleosome and LIaBIlI n-. (a) Schematic showing the positions of the
Hhal target sites and the fragments generated upon DNA cleavage by Hhal. Gray ovals represent
nucleosome occupancy region. (b) Representative native PAGE image accompanied by (c)-bar
plots with percentage of DNA cleavage plotted on the Y-axis with corresponding lane numbers
from the gel on X-axis. The arrows («) mark the positions of the expected DNA cleavage products

on the polyacrylamide gel.

Error bars represent standard error mean for four separate trials.

Statistical significance was assessed using the unpaired t-test (*P <0.05, **P <0.01, ***P <0.001).

N>4
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3.3.5 REAA with dinucleosome and LlaBI111R64A

Motif V is a functionally important motif of SF2 ATPases, which in ATP-dependent chromatin
remodelers has been identified as a hot spot for cancer causing mutations (Medina & Sanchez-
Cespedes, 2008). Studies have shown that mutation of motif VV of SWI/SNF decouples ATPase
from translocase activity, thus affecting chromatin remodeling (Smith & Peterson, 2005). To find
if motif V of the ATPase domain of LIaBIIl, which is similar but not identical to that in SWI/SNF
has a similar mechanistic role, the highly conserved arginine-R564 was mutated to alanine.
LIaBI11R%4A has been shown to be ATPase active with catalytic efficiency comparable to wild type
enzyme but was shown to be deficient in cleavage activity (Chand et al., 2020). The translocation
activity was also examined by triplex displacement assay. A time dependent triplex displacement
assay revealed that the mutant was defective in its ability to displace the triplex oligomer as
compared to wild type enzyme (Chand et al., 2020). As the mutant was found to be defective in
triplex displacement, we wanted to examine if it is defective in nucleosome remodeling activity as
well. We performed the nucleosome remodeling assay with LIaBI1117?%4A under the same conditions
as the wild type. Surprisingly LIaBI117%¢4A could remodel the nucleosomes similar to the wild-type

enzyme upon 2 hours incubation.

The reduced efficiency of triplex displacement by LIaBIIIR%4A reflected a reduction in the
translocation activity, which could have been due to a slower rate of translocation or a lower
processivity. If the mutation had affected the processivity, we would have expected to see at least
a feeble nucleolytic activity and a reduction in the remodeling activity. On the contrary, the
mutation abolished the nuclease activity without affecting the enzyme’s ability to remodel
dinucleosome. This suggested that the mutant was a slower translocase, which could generate
enough force to displace the nucleosome but not enough to activate the nuclease domains of the

converging LIaBII1RS64A,
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(a) Design of the dinucleosome substrate
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Figure 3.6: REAA with dinucleosome and LIaBIIIR%4A, (a) Schematic showing the positions of
the Hhal target sites and the fragments generated upon DNA cleavage by Hhal. The gray ovals
represent nucleosome occupancy. (b) Representative native PAGE image accompanied by (c)-bar
plots with percentage of DNA cleavage plotted on the Y-axis with corresponding lane numbers
from the gel on X-axis. The arrows («) mark the positions of the expected DNA cleavage products
on the polyacrylamide gel. Error bars represent standard error mean for four separate trials. N>4.

Statistical significance was assessed using the unpaired t-test (*P <0.05, **P <0.01, ***P <0.001).

3.3.6 REAA with methylated dinucleosome

Inside a cell, the DNA is almost always methylated, and the nucleosomes are always in association
with the DNA containing methylated cytosine. In literature, there are contradictory reports about
how the presence of methylated cytosines in the DNA affects the nucleosome structure in terms of

the compaction, stability, and occupancy of nucleosome. There are several contrasting studies
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where the effect of cytosine methylation on nucleosome occupancy has been considered. CpG
methylation in human genome has been extensively linked to heterochromatin formation and gene
silencing. The structural changes induced by DNA methylation could be the underlying cause of
increased nucleosome stability and occupancy. Towards this, in vitro studies using human genome
fragments have presented supporting data where in the presence of CpG dinucleotides were shown
to directly correlate with the nucleosome enrichment upon methylation. CpG methylation was
shown to directly lead to an increase in nucleosome occupancy in these regions (Collings et al.,
2013). A single molecule and ensemble fluorescence study observed that the methylation of DNA
with CpG resulted in tighter wrapping of DNA around the nucleosome core and hence increased
the nucleosome stability. Another study shows that CpG methylation increases DNA rigidity and
decreases DNA twisting leading the overwrapping of DNA in the nucleosome, therefore leading
to an increase in the nucleosome occupancy (Lee & Lee, 2012). Several studies fortify the idea
that DNA methylation in the CpGs increases the octamer-DNA contacts which in turn results in
nucleosome compaction and rigidity (Choy et al., 2010; Li et al., 2022a). These studies indicate
that cytosine methylation promotes nucleosome occupancy and stability. On the other hand, there
are plenty of studies which propose that cytosine methylation affects DNA flexibility and
architecture such that the octamer-DNA contacts are reduced, and the nucleosomes thus formed
are lower in stability compared to those assembled on unmethylated DNA. 5-metylcytosine has
been shown to enhance the unwrapping of DNA ends from the nucleosome core (Jimenez-Useche
et al., 2013; Ngo et al., 2016). The effect of DNA methylation on DNA flexibility and how that
affects the nucleosome stability is still unclear as there are numerous conflicting studies (Li et al.,
2022b). Nevertheless, we decided to check whether remodeling of nucleosomes prepared from
methylated DNA display any differences in the nucleosome remodeling. For this we prepared

dinucleosomes with cytosine methylated DNA as described in the methods.

Nucleosome remodeling activity of LlaBIll was tested on methylated nucleosome. The REAA
with methylated nucleosome utilized the two Msel restriction sites situated approximately in the
center of the nucleosome occupying region (601) (Fig. 3.6a). Cleavage by Msel is unaffected by
cytosine DNA methylation. LlaBIlIl was able to displace nucleosomes from the methylated
substrate in presence of ATP. The extent of nucleosome displacement at the end of two hours was

similar to that seen for unmethylated nucleosome (Fig. 3.6b & c). This suggests that the
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interactions between the DNA and octamer might remain unaltered or increase upon cytosine
methylation. We also tested if EcoP1I15°16A could remodel the methylated dinucleosomes. We
observed that there was no indication of nucleosome displacement from the methylated DNA by
EcoP1IE%A (Fig. 3.6d & €). This indicated that the interaction between a methylated DNA and
histone octamer was not significantly weakened to allow a DNA diffusing enzyme like

EcoP115°%6A to displace the octamer from its position on the DNA.

Next, we tested mutants of LIaBlIl, LI1aBI1IR%%4A and LIaBIII2N for their remodeling activity with
methylated dinucleosome. We found that both the translocase deficient mutant (LIaB1117%64A) and
the enzyme with nuclease domain deletion (LIaBI114N), could displace nucleosomes at par with the
wild-type enzyme. LIaBIIIR%6*A is a slower translocase compared to the wild-type enzyme, but its
remodeling activity remained unchanged under the conditions tested (Fig. 3.6f & g). This suggests
that either the methylation of DNA does not affect the nucleosome rigidity, or the mutant enzyme
translocate at a rate that allows for the remodeling of nucleosomes. As the nuclease domain of
LlaBIIl is functionally not essential for DNA translocation, deletion of this domain does not

hamper its remodeling activity even with methylated nucleosome (Fig. 3.6h & i).
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Figure 3.7: REAA with methylated dinucleosome. (a) Schematic showing the design of the
dinucleosome assembled on methylated DNA. Gray ovals represent the nucleosome occupying
region (601). Two Msel sites in each 601 region are marked and arrows depict the DNA fragments
generated upon cleavage by Msel. Representative native PAGE images showing REAA with (b)
LlaBIll (d) EcoP1IE%A (f) LIaBINIRS®4A (h) LlaBIII n-. The arrows («) mark the positions of the
expected DNA cleavage products on the polyacrylamide gel. The images are accompanied by bar
plots with percentage of DNA cleavage plotted on the Y-axis with corresponding lane numbers
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from the gel image on X-axis. Statistical significance was assessed using the unpaired t-test (*P
<0.05, **P <0.01, ***P <0.001). N>3

3.4 Discussion

In the earlier chapter we showed that LIaBllIl, by virtue of its conserved ATPase motor belonging
to the superfamily 2 (SF2) of helicases, can displace a nucleosome from its position on the DNA,
both from terminal and central positions. In this chapter we demonstrated the remodeling capacity
of LIaBIIl with a more complex nucleosome substrate. We increased the complexity of the
nucleosome substrate by duplicating the nucleosome occupancy regions, hence the DNA now
accommodated two nucleosomes in tandem separated by a short 22 bp linker DNA. We positioned
the LIaBIII target sequence on one end of the DNA and performed the REAA as described before.
Here we found that LlaBIll was able displace both the nucleosomes as observed from the DNA
fragments generated upon cleavage at both Hhal sites which were otherwise occluded by the two
nucleosomes. Cleavage at both Hhal sites will produce three smaller DNA fragments of
approximately the same size that will co-migrate on native PAGE. Also, cleavage at either of the
two Hhal sites will produce two larger DNA fragments of approximately the same size that will
co-migrate on native PAGE. In REA assay with LlaBI 11, a prominent band of the smaller fragments
and a less prominent band of the larger fragment was observed. This suggested that LlaBIlI
displaced both the nucleosomes more often than just one. The larger fragment could be generated
because of cleavage at either of the two Hhal sites, although cleavage at first site will separate the
DNA containing LlaBlII target site from the second nucleosome and hence make it inaccessible
to displacement by LlaBIIl. In such a case we would see accumulation of larger DNA fragment.
We saw a less prominent larger fragment band which indicates that the high processivity and
translocation rate of L1aBIl1 allowed efficient displacement of nucleosomes from the DNA thereby
freeing up both the Hhal sites for cleavage. Additionally, we found that the nuclease domain is
completely dispensable for the nucleosome remodeling activity of LIaBlll. The nuclease truncated
enzyme, LIaBIII n- was also able to displace nucleosomes as efficiently as LlaBl11 wild-type. Thus,
LlaBIIl n- is the minimal construct of the nuclease-deleted LlaBIII that had the SF2 ATPase and
the modules required for sequence recognition, i.e. the methyltransferase and target recognition
domain(Chand et al., 2015; Kulkarni et al., 2016), and was also proficient in remodeling. In

contrast, EcoP1l, a Type Il RM enzyme which also belongs to the superfamily 2 of helicases and
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possesses the RecA like motor domain, failed to remodel the dinucleosome. Although EcoP1l and
LlaBIIl are both powered by the same conserved ATPase, the SF2 ATPase in Type Il enzymes is
primarily a switch that activates 1D diffusion along the DNA, rather than a lomg-range translocase.
Though a diffusing Type Ill RM enzyme may diffuse along the DNA in a directed manner and
collide with the nucleosome, the force exerted does not appear to be sufficient for remodeling.
These assays together demonstrated that the remodeling of the nucleosome required an SF2

ATPase, which was an active DNA translocase.

An important motif in the SF2 ATPase motor is the motif V. This motif has been shown to couple
the ATPase activity to the DNA translocase in the Swi2/Snf2 chromatin remodeler (Smith &
Peterson, 2005). Motif V in chromatin remodelers is known to be a hotspot for cancer causing
mutations (Medina & Sanchez-Cespedes, 2008). In LlaBIIl, mutation of the highly conserved
motif V arginine, LIaB111-R564, to alanine did not affect the ATPase activity but decreased the
translocation efficiency, indicative of partial decoupling of the ATPase and translocase activities.
Although this mutant was defective in DNA translocation, it could surprisingly remodel
nucleosome at par with the wild-type enzyme. This implied that the force generated by the slower
colliding mutant enzyme is sufficient for remodeling the dinucleosome. In this LlaBI1l may differ
from the chromatin remodelers. While in the former mutation in the motif V does not affect the
nucleosome remodeling activity, in the latter mutation affects remodeling (Durr et al., 2005b; C.
L. Smith & Peterson, 2005b; Xia et al., 2016). This might be due to the difference in the rate of
DNA translocation of LlaBIll and chromatin remodelers. LlaBIll is more than 10-fold faster
(Sisakova et al., 2013) than SWI/SNF or RSC (Sirinakis et al., 2011). Also, the reduction in the
efficiency of translocation of the remodeler RSC has been shown to result in sliding instead of
ejection of the histone octamers (Clapier et al., 2016). Therefore, it is possible that the sliding or
ejection of the histone octamer from the nucleosome can be affected by altering the translocation
efficiency of LlaBIll by suitable mutations that modulate the coupling of the ATPase to the
translocase activity. Hence, reduction in translocation rate does not have a significant effect on the

nucleosome remodeling.

We also tested the remodeling potential of LlaBlII, its mutants and EcoP115916A with methylated
dinucleosome. Cytosine methylation has been implicated in contradicting effects on DNA

flexibility and nucleosome stability. In the cell, DNA methylation has been related to high
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nucleosome occupancy leading to formation of transcriptionally inactive regions of DNA. Several
in vitro studies support this notion (Choy et al., 2010; Collings et al., 2013; Lee & Lee, 2012; Li
et al., 2022a) whereas several others suggest DNA methylation weakens the octamer DNA
interactions hence destabilize the nucleosome structure (Davey et al., 1997; Ngo et al., 2016).
Nonetheless, it is clear that DNA methylation plays an important role in the nucleosome structure
and stability. We found that DNA methylation did not affect the remodeling activity of LlaBlII
and its mutants in the conditions tested. Furthermore, DNA methylation did not aid remodeling by
EcoP1l which was ineffective in displacement of methylated nucleosomes as well. Thus, DNA
methylation might affect the nucleosome structure and stability, but it may neither hinder the
remodeling activity of an active translocase nor it can allow unrestricted displacement of
nucleosomes by any protein that moves along the DNA. In summary, in this chapter | demonstrate
that L1aBI1I can function as a sequence-specific nucleosome remodeler and can remodel an array

of dinucleosome.
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4.1 Introduction

In the previous chapter we discussed how a nucleosome is stabilized by the extensive protein-DNA
interactions between the histone octamer and the DNA wrapped around it. Majority of these
interactions are sequence independent and are formed between the sugar- phosphate backbone of
the DNA and amino acid side chains as well as the histone main chain atoms. The nucleosomes
are highly stable structures but they are far from static. They are highly dynamic complexes that
change in response to the cellular environment. They can change conformations or positions in
response to thermal fluctuations or as a result of specific enzymatic activities (N. Liu et al., 2011).
Spontaneous unwrapping and re-wrapping of nucleosome DNA is also a common feature both in
vivo and in vitro (G. Li et al.,, 2005; Polach & Widom, 1995c). DNA unwrapping begins
progressively from one end of the nucleosome and lasts for only 10-50 ms (G. Li et al., 2005).
This provides a window of opportunity for DNA binding proteins (DBPs) to gain access to the
DNA wrapped at the ends. This access though, is modulated by the concentration of the DNA
binding proteins, the number and position of binding sites on the DNA. The closer the site is to
nucleosome ends, higher the access provided by nucleosome unwrapping. Although, the presence
of the nucleosome structure on DNA imparts substantial changes in the DNA geometry which
inherently inhibits binding of DBPs. Also, the spontaneous DNA unwrapping is fairly partial and
the core of the nucleosome remains intact during these conformational changes thereby blocking
the access to core nucleosome DNA (Poirier et al., 2008). The accessibility to core DNA is
decreased so significantly that the required protein concentration for binding of the DBP, far
exceeds the physiological protein concentration (Poirier et al., 2008). Hence, there exist the
specialized class of ATP driven-molecular motors called chromatin remodelers, that are
intertwined with the cellular signaling to assist nucleosome rearrangements which in turn may

either facilitate or further restrict access of DBPs to the nucleosome occupied DNA.

The chromatin remodelers are a class of ATP powered complexes that in response to a cellular
signal, rearrange, eject or modify nucleosomes at a specific region of the chromatin (Clapier &
Cairns, 2009). These enzymes and the proposed mechanisms for nucleosome remodeling by these
enzymes have been discussed in detail in chapter one. In short, these enzymes either change the
DNA conformation by introducing a twist defect to mobilize the nucleosomes or they cause a loop

to be formed in the nucleosome DNA wrap through ATP driven translocation, which travels
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through the nucleosome to lead to a shift in the nucleosome position (Nodelman & Bowman,
2021). As discussed previously the chromatin remodelers are closely related to the Type | RM
enzymes which also utilize ATP hydrolysis to translocate DNA. In the previous chapter, we
demonstrated that a Type ISP RM enzyme, LlaBIll remodels nucleosomes in vitro similar to the
chromatin remodelers. It should be noted that, not all DNA translocases can open the nucleosome
core, not even the other DNA translocases of the same family as the chromatin remodelers. In this
chapter, | have tried to understand the details of LlaBI1l mediated nucleosome remodeling through

in vitro time-dependent EMSA and REA assays.
4.2 Materials and methods
4.2.1 Preparation of Cy5-labelled DNA substrates for nucleosome assembly

The 5°-Cy5 labeled mononucleosome DNA substrates were prepared as described in chapter 2
section 2.2.1. In brief, the template for mononucleosome substrate DNA with LlaBl11 target site at
5’ end was generated from a plasmid (pUC18) carrying the 601 sequence. An adaptor sequence
was incorporated at the 5’ terminal which was used for incorporation of 5’-Cy5 label via PCR
amplification. For terminally placed nucleosome DNA, 265 bp DNA was amplified using primers
Cy5-F and 601R. For centrally placed nucleosomes, a 356 bp DNA was generated using primers
Cy5-F and 329R. The DNA substrates were purified from native gel, concentrated, purified using
PCR cleanup column and stored in refolding buffer (2 M NaCl, 10 mM Tris pH 7.5, 1 mM EDTA,

10 mM B-mercaptoethanol) at -30°C until required for nucleosome reconstitution.

To prepare 5°-Cy5 labelled dinucleosome substrate, the unlabeled 498 bp DNA, as described in
chapter 3 section 3.2.1, was used as template for incorporation of an adaptor sequence at the 5’
end using primers Cy5o0ligo-498-AdaptorF and 329R. A 489 bp DNA fragment was amplified,
purified using PCR cleanup column and used as template for incorporation of 5’-Cy5 label in
subsequent PCR amplification. A 5’-Cy5-525 bp fragment was amplified using primers Cy5-F and
329R. The 5’-Cy5-525 bp DNA was purified from native gel as described previously. The native
gel extracts were concentrated and purified using PCR cleanup column. The DNA was eluted in
refolding buffer (2 M NaCl, 10 mM Tris pH-7.5, 1 mM EDTA, 10 mM B-mercaptoethanol) and

stored at -30°C until required for nucleosome reconstitution.
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4.2.2 Mono and dinucleosome assembly

The histones and octamer were purified as described in chapter 2 sections 2.2.2 and 2.2.3. Both
mono- and dinucleosomes were reconstituted using the salt dilution method as described in chapter
2, section 2.2.5, and chapter 3, section 3.2.5. The quality of nucleosomes was assessed through
native gel electrophoresis. The reconstituted nucleosome samples were loaded onto a 6% native
polyacrylamide gel that was pre-run at 150 V for 20 minutes at 4°C in 1X TBE. The nucleosome
samples were resolved for 90 minutes at 150 V at 4°C in 1X TBE. The gel was imaged on Typhoon
Biomolecular Imagers (Amersham) using the Cy5 filter. The reconstituted nucleosomes were

stored at 4°C until required.
4.2.3 Electrophoretic mobility shift assay (EMSA)

The EMSA was performed over a maximum time period of 90 minutes. Just 5’-Cy5 DNA of
appropriate lengths were used as controls to track mobility of the free DNA. The reactions were
prepared without ATP, as indicated in the figures, and incubated on ice. The protein was mixed
with the DNA or nucleosome and incubated on ice for 5 minutes before addition of ATP. ATP was
added wherever indicated to start the reaction. The reactions for various time points were initiated
in a staggered manner. All the reactions were stopped by addition of excess unlabeled competitor
DNA (250 ng plasmid fragments with seven LlaBlIl target sites and 1 uM 35 bp DNA with one
LlaBIIl site) and incubation on ice for 10 minutes before addition of 2 ul EDTA (0.5 M). The
samples were mixed with 4 ul of 6X ST buffer (100 mM Tris pH-7.5, 40% w/v Sucrose) and loaded
onto 6% native PAGE that was pre-run at 150 V for 20 minutes at 4°C in 1X TBE. The samples
were resolved for 90 minutes at 150 V at 4°C in 1X TBE. The gel was imaged on Typhoon
Biomolecular Imagers (Amersham) using the Cy5 filter.

4.2.4 Time-dependent REAA with Hhal and Ndel

The REAA assay was performed similar to as described before in chapter 2 section 2.2.6 with
minor changes. The reaction mixes were prepared as indicated in the figures except addition of
ATP. The protein and DNA or nucleosome were incubated on ice for 5 minutes. The reactions
were started with addition of ATP and shifted to 25°C. The reactions were started in a staggered

manner starting with the longest time point. At the end of incubation time, all the reactions were
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stopped together with addition of unlabeled competitor DNA and excess ADP (10mM). After 10
minutes incubation on ice, the reaction mixture was split equally into three separate vials and the
respective restriction enzymes (Hhal/ Ndel) were added to each vial as indicated. The reactions
were incubated at 37°C for 1 hour. At the end of an hour, 2 ul EDTA (0.5 mM) and 0.8 ul 10%
SDS was added followed by 1 ul of 20 mg/mL Proteinase K and the reactions were further
incubated at 37°C for 30 minutes. At the end of incubation time the reactions were heated at 65°C
for 20 minutes. The samples were mixed with 4 ul of 6X ST buffer (100 mM Tris pH-7.5, 40%
w/v Sucrose) and loaded onto 6% native PAGE pre-run at 150 V for 20 minutes at room
temperature in 1X TBE. The samples were resolved for 50 minutes at 150 V at room temperature
in 1X TBE. The gel was imaged on Typhoon Biomolecular Imagers (Amersham) using the Cy5

filter. Gel images were analyzed using ImageJ software (C. A. Schneider et al., 2012).
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4.3 Results
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Figure 4.1: Possible mechanisms for nucleosome displacement by LlaBIll. (a) Schematic
illustrating nucleosome ejection. (c) Schematic illustrating nucleosome sliding. (b) and (d)
Examples mononucleosome displacement by canonical chromatin remodelers that either evict
(SWI/SNF) or slide (INO80) the nucleosomes. EMSA gel images from the cited published articles

adopted as examples for each mechanism.
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Figure 4.2: Nucleosome positions observed on native polyacrylamide gel. (a) and (b) adapted from
(Manelyte et al., 2014). (a) Nucleosome assembled on the Cy5 labelled rDNA promoter (-190 to
+90). (b) Schematic showing the identified nucleosome positions on the rDNA promoter fragment
determined by Exonuclease 111 mapping. (¢) Mononucleosome assembled on Cy5 labelled 356 bp
DNA with 601 sequence positioned centrally. (d) Dinucleosome assembled on Cy5 labelled 525

bp DNA carrying two 601 sequences.
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4.3.1 Time-dependent remodeling EMSA with mono and dinucleosomes

The canonical chromatin remodeler families are known to either predominantly slide the
nucleosome on the DNA (CHD, ISWI and INO80) or known to predominantly eject the
nucleosome from its position on the DNA (SWI/SNF) (Clapier et al., 2017; Clapier & Cairns,
2009; Dechassa et al., 2010; Sokolova et al., 2023). To understand which of these probable
mechanism LlaBIIl adopts to bring about nucleosome remodeling, we performed time dependent
assays with mono- and dinucleosomes. For this the mono- or dinucleosomes were incubated with
LlaBIll in presence of ATP and the remodeling products at various time points over a duration of
90 minutes were analyzed through native PAGE. Based on the octamer location on the DNA, the
nucleosomes are known to migrate at different rates on native polyacrylamide gel, and separate
into distinct bands. A centrally positioned nucleosome migrates slower than a terminally
positioned octamer assembled on the same DNA (Fan etal., 2003; Hamiche et al., 1999b; Manelyte
et al., 2014). Free DNA migrates faster than the octamer bound DNA. A nucleosome assembled
on a DNA with 601 sequence and overhangs contains a mixture of nucleosomes with varied
octamer occupancy with majority occupying the 601 sequence. Hence, when resolved through
native PAGE, these individual populations of nucleosomes segregate accordingly, the most
centrally oriented nucleosomes migrate slowly whereas the more terminally oriented nucleosomes
migrate faster. Previously, many studies have systematically mapped these positions of
nucleosomes on DNA through Exonuclease 111 or MNase mapping techniques (Fan et al., 2003;
Hamiche et al., 1999b; Manelyte et al., 2014). An example is presented in figure 4.1 (a-b)
(Manelyte et al., 2014). Manelyte et al. assembled a nucleosome on a 280bp DNA and mapped the
positions of nucleosome positions in the preparation (Fig. 4.1 a-b). Fan et al. assembled and
mapped octamer positions on a 202 bp DNA (Fig. 2.4 a). They were able to determine the
difference in octamer occupancy in each nucleosome band seen on 5 percent native polyacrylamide
gel to be ~10 bp. Thus, change in the banding pattern of a nucleosome preparation over time is
indicative of change in octamer position and can be used to gauge the nucleosome remodeling
mechanism. The ejection of the octamer from its position would lead to instantaneous freeing up
of the DNA and the nucleosome would be rapidly converted to free DNA in a single step as seen
with SWI/SNF (Fig. 4.1 a-b) (Dechassa et al., 2010). Whereas, sliding of the octamer would

gradually decrease the centrally placed nucleosome (slow migrating) with a simultaneous increase
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in more terminally placed nucleosomes (fast migrating) and free DNA as seen for nucleosome
sliding by INO80 (Fig. 4.1 c-d) (Sokolova et al., 2023). We studied the change in the octamer
occupancy over time through a time dependent electrophoretic mobility shift assay (EMSA). Fig.
4.2c and d show the mononucleosome and dinucleosome preparations used for the our EMSA
studies. The DNA substrates used for nucleosome preparation were designed to possess a LIaBl1l
target site 48bp upstream of the 601 sequence. There is another LlaBI1I target site located close to
the 5° end of the DNA, although this site is too close to the DNA end (11bp) to allow LIaBIII
translocation and can be ignored for the purpose of these assays. Controls were set up with
unbound 5°-Cy5 labeled DNA (Fig. 4.3 b, lanes 1-3) to allow comparison between mobility of free
DNA and DNA bound to LIaBIll. An unlabeled specific competitor DNA was added at the end of
incubation (Fig. 4.3 b, Lane 3-13) to sequester LlaBIII that would otherwise remain bound to the
free DNA or the nucleosome and alter its mobility in EMSA (Fig. 4.3 b, lane 2). The competitor
DNA was able to sequester most of LlaBIlIl away from the labelled DNA. Nevertheless, a
negligible amount remains bound (Fig. 4.3 b, lane 3). The mononucleosome preparation shows ~8
bands corresponding to 8 distinct octamer positions at the beginning (Fig. 4.3 b, bands 1-8). The
mononucleosome was incubated with LIaBIll in absence of ATP to monitor any changes in the
nucleosome stability during the reaction due to LlaBIll binding. We observed that addition of
LlaBIIl in the absence of ATP did not change the original banding pattern (Fig. 4.3 b-c, lane 5)
but added extra bands that most likely correspond to the LlaBIll bound mononucleosome and
LlaBIll bound free DNA as compared to the control lanes (Fig. 4.3 b, lane 2-3, bands 0). The
reactions were started with addition of ATP and stopped with addition of excess unlabeled
competitor DNA and EDTA at time points — 1, 2.5, 5, 10, 20, 30, 60, 90-minute time points. The
EMSA reveals the shift from slow migrating centrally placed nucleosomes to fast migrating
terminally placed nucleosomes as soon as ATP is added (Fig. 4.3 b-c, lane 6). There is also a
simultaneous increase in the free DNA (Fig. 4.3 b-c, lane 6-13, band 9) as the slow migrating band
intensities decrease over time (Fig. 4.3 b-c, lanes 6-13 bands 1-8). The unbound DNA increases
drastically upon ATP addition (Fig. 4.3 d), indicating rapid displacement of octamer mediated by
active DNA translocation by LlaBlIl. LlaBIll DNA translocation on centrally placed nucleosome
leads to octamer displacement such that it assumes terminal positions as seen by the increase in
the number and intensity of fast migrating bands that appear over the course of 90 minutes. This

suggests that the octamer is pushed from the center towards the terminal of the DNA from where
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it can be completely removed from the DNA resulting in an increase in the free DNA. We also
performed an EMSA with the dinucleosome substrate (Fig. 4.4 b and c). Upon ATP addition, a
rapid increase in free DNA was observed (Fig. 4.4 b-c, lanes 5-6, 4.4 d). Emergence of intermediate
dinucleosome bands corresponding to octamers moved towards the terminal end is more evident
at later time points (Fig. 4.4 b-c, lanes 8-13). The slow migrating species do not resolve very well
at the later time points. Nevertheless, the appearance of distinct bands corresponding to terminally

positioned nucleosome reiterates the sliding of octamer by LlaBl1l powered by ATP hydrolysis.
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Figure 4.3: Time dependent EMSA with centrally placed mononucleosome and LlaBllIl. (a)

Graphical representation of possible outcomes of the reaction. (b) Representative gel image
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showing the mobilization of nucleosome over time by LlaBIll in presence of ATP. Lanes 1-3
contain free DNA,; with LIaBIll wherever indicated; Lanes 4-13 contain nucleosome; with LlaBI11
and ATP wherever indicated. All the reactions were incubated at 25°C. All the controls (Lane 1 —
Lane 5) were incubated for 90 minutes. The reactions were stopped by addition of excess unlabeled
competitor DNA (except in lane 1 and 2), and EDTA at the end. Lane 2 — DNA with LlaBlIlI
without competitor DNA. Lane 3 — DNA and LlaBIll with competitor DNA. Lane 4 —
Mononucleosome. Lane 5 — Mononucleosome and LlaBIll without ATP. Lane 6 to Lane 13 —
Mononucleosome with LlaBIll and ATP incubated for increasing time intervals (1 minute to 90
minute). Each nucleosome band has been labelled with a number (1-8). The free DNA is labelled
as 9. The LlaBlll-nucleosome and LIaBI11-DNA bands are labelled as 0. (c and e) Intensity plot of
the accompanying gel image. The peaks correspond to each of the bands as seen in the
corresponding lane are labelled accordingly. Peak 1, corresponding to the centrally placed
nucleosome decreases over time along with other slower migrating nucleosome species and there
is a corresponding increase in the fast-migrating species, peaks 6-8 and free DNA (peak 9) over
time. Each section of the plot shows bands in corresponding lane from top to bottom as peaks from
left to right as indicated by accompanying lane images of lane 5 and lane 13. (d) Plot showing the
increase in free DNA over time. The percentage of free DNA in each lane was calculated separately

and normalized with reference to free DNA in nucleosome in lane 5 (L1aBIll without ATP). N=3
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Figure 4.4: Time dependent EMSA with dinucleosome and LlaBIIl. (a) Graphical representation

of possible outcomes of the reaction. (b) Representative gel image showing the mobilization of
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nucleosomes by LlaBIll over time. Lanes 1-3 contain free DNA with LlaBlll as indicated; Lanes
4-13 contain dinucleosome with LlaBlIl and ATP as indicated. All the reactions were incubated
at 25°C. All the controls (Lane 1 — Lane 5) were incubated for 90 minutes. The reactions were
stopped by addition of excess unlabeled competitor DNA (except lane 1 and 2) and EDTA at the
end. Lane 2 — DNA with LlaBIll without competitor DNA. Lane 3 — DNA and LlaBIll with
competitor DNA. Lane 4 — Dinucleosome. Lane 5 — Dinucleosome incubated with LlaBIll and
without ATP. Lane 6 to Lane 13 — Dinucleosome with LlaBIll and ATP was incubated for
increasing time intervals (1 minute to 90 minute). Each nucleosome band has been labelled with a
number (1-8) with free DNA labelled as 9. The persistent LIaBII1-DNA band has been labelled as
0. (c and e) Intensity plot of the accompanying gel image. The peaks correspond to each of the
bands seen in each corresponding lane as labelled. The peaks 1-5 show the slower migrating
nucleosome species prominent in lanes 4-5 that decrease upon ATP addition over time (lanes 6-
13) with a corresponding increase in the fast-migrating species, peaks 6-11 and free DNA, peak
12. Each section of the plot shows bands in corresponding lane from top to bottom as peaks from
left to right as indicated by accompanying lane images of lane 5 and lane 13. (d) Plot shows the
increase in free DNA over time. The percentage of free DNA in each lane was calculated separately

and normalized with reference to free DNA in in lane 5 (nucleosome + LlaBIIl without ATP). N=4

Ndel site
1 116 265 287 434 525
272bp 253bp

Figure 4.5: Graphical representation of the 5°-cy5 labeled dinucleosome construct. The Hhal target
sites are indicated in yellow text and symbols (®). The DNA fragment sizes resultant of Hhal
cleavage are indicated in blue text as well. The Ndel target site is indicated in green text and
symbol (®). The sizes of the DNA fragment resulting from Ndel cleavage are indicated in green

text.
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4.3.2 Time-dependent REAA with dinucleosome - Hhal

The dinucleosome substrate was designed in such a way that it harbors restriction sites in the
nucleosome occupying regions as well as the central and flanking regions (Fig. 4.5). There is a
Hhal site at the center of each of the two 601 regions and a Ndel site in the center of the 22bp
linker region connecting the two 601 regions. We utilized the presence of these target sites to track
LlaBIII translocation mediated movement of the octamer on the DNA. For this we performed a
time dependent REA assay separately with each of these restriction enzymes. The dinucleosome
was incubated with LlaBIll and the reaction was started with addition of ATP. The remodeling
activity was stopped with addition of excess competitor DNA and excess ADP. The samples at
each time point were split into aliquots for restriction digestion with each of the specified enzymes.
After restriction digestion and protein denaturation, the DNA cleavage products were analyzed on
native PAGE.

Cleavage of the 5’-Cy5 labeled 525 bp DNA by Hhal at both the target sites results in three DNA
fragments, and cleavage at either of the two sites result in two DNA fragments (Fig. 4.6 a). As we
used Cy5 specific filter for scanning the native gel, we could detect only the fragments with 5°-
Cyb5. Hence, we were able to observe a 188 bp DNA fragment that resulted from cleavage at either
both the Hhal sites or just at the first Hhal site downstream of the LlaBlll target site. The second
fragment observed was the 357bp DNA obtained after cleavage exclusively at the second Hhal
site due to incomplete DNA cleavage by Hhal or because the first Hhal site was occluded. Hhal
cleavage of naked DNA resulted in occurrence of both the DNA fragments, although the 188bp
fragment was the most predominant as cleavage happens typically at both the Hhal sites even in
presence of LIaBIIl (Fig. 4.6 b, lane 2-3). Although, there is a slight decrease in cleavage efficiency
as a result of competitor DNA addition (Fig. 4.6 b, lane 3). Exposure of dinucleosome to Hhal in
absence of LlaBlIl resulted in cleavage of only the unbound DNA present in the nucleosome
preparation whereas the octamer occupied DNA was protected (Fig. 4.6 b, lane 4). The addition
of LIaBIll in absence of ATP showed similar result where most of the DNA was protected (Fig.
4.6 b-c, lane 5). Upon addition of ATP there was a rise in both the 188bp and 357bp fragment
indicating that both the octamers get displaced promptly and almost simultaneously (Fig. 4.6 b-d).
The rise in band intensities for the 188bp and 357bp fragments was comparable for the first 20

minutes when rapid nucleosome displacement would occur. The 357 bp fragment intensity
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plateaued off, and the 188bp fragment intensity kept rising until 40 minutes before getting leveled
off. After the initial cleavage, the 357 bp DNA gets further cleaved at the Hhal site to form the
188 bp DNA, hence its intensity kept rising. On the other hand, there was a steady decline in the
intensity of the uncut DNA band and a rise in the total cut DNA fragment intensities (Fig. 4.6 b-c,
lanes 6-13). There was an overall rise in the total DNA cleavage 40 minutes post ATP addition
after which the cleavage leveled off (Fig. 4.6 €). Ideally all the nucleosome DNA should have been
cleaved into smaller fragments, but we do not see an increase in DNA cleavage beyond the 40
minutes time point. We attribute this to the presence of the excess competitor DNA and the
presence of displaced histones. The competitor DNA does inhibit cleavage of free DNA itself to
some extent, in the nucleosome remodeling reactions, the increase in displaced histone proteins

over time and LIaBIIl might have enhanced the inhibition.
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Figure 4.6: Time dependent REAA with Hhal and LlaBIIl. (a) Graphical representation of the
reaction set up and possible outcomes of the assay. (b) Representative gel image showing REAA

with Hhal over 90 minutes. Lanes 1-3 contain free DNA; with LlaBlll and Hhal wherever
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indicated. Lanes 4-13 contain dinucleosome; with LIaBIll, ATP and Hhal wherever indicated. All
the controls (Lane 1 — Lane 5) were incubated at 25°C for 90 minutes then shifted to 37°C after
Hhal addition. For lanes 6 — 13, the dinucleosome and LlaBIll were incubated with ATP at 25°C
for given time points from 1 minute to 90 minutes. At the end of 90 minutes, unlabeled competitor
DNA was added to all the reactions except the ones in lanes 1 and 2. The remodeling reaction was
stopped by addition of excess ADP and the dinucleosome was exposed to Hhal for an hour at
37°C. The unbound nucleosome DNA gets cleaved into three fragments after cleavage at two Hhal
target sites, otherwise occupied by the octamers. (c) Intensity plot of the accompanying REAA gel
image. The peaks correspond to each of the bands seen in the corresponding lane as labelled. Red
arrows show the peaks corresponding to the uncut (525 bp) dinucleosome DNA band and the blue
arrows show the peaks corresponding to the band of 188 bp DNA fragments and green arrows
show peaks corresponding to 357 bp DNA fragments. The uncut DNA band intensity decreases
over time with a corresponding increase in the cut DNA bands. Each section of the plot shows
bands in the corresponding lane from top to bottom as peaks from left to right as represented by
accompanying lane images of lane 5 and lane 13. (d) Plot showing the changes in intensities of
each of the cleavage fragment bands — 357bp and the 188bp. (e) Plot showing the increase in total
DNA cut over time by Hhal. The percentage of each DNA fragment in every lane was calculated
separately and normalized with reference to the DNA fragments produced from dinucleosome in
presence of LlaBIll without ATP (lane 5). N=3

4.3.3 Time dependent REAA with dinucleosome — Ndel

The Ndel site is located at the center of the linker DNA that connects the two 601 regions (Fig.
4.5). This linker region remained unoccupied when the octamers were optimally assembled to form
the dinucleosome (Fig. 4.7 a). The assay was performed similarly to the time dependent assay done
with Hhal described above. If the nucleosomes are kicked off the DNA without sliding, the Ndel
site would always be exposed for cleavage and it will remain unaffected over time. Whereas, if the
nucleosomes are slid by LlaBlIl, the first nucleosome will slide over the linker DNA and occlude
the Ndel target site. Thus, in case of nucleosome sliding the DNA cleavage by Ndel would
decrease (Fig. 4.7 a). Cleavage of the free DNA with Ndel resulted in two fragments and the 5°-
Cy5 labelled fragment (272 bp) is detected in our experiments. The DNA cleavage was cleaved

efficiently even in presence of LlaBIll (Fig. 4.7 b, lane 2-3). But presence of competitor DNA
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decreased the Ndel cleavage efficiency slightly (Fig. 4.7 b, lane 3). When the dinucleosome was
exposed to Ndel, the DNA was cleaved at the exposed target site to yield two DNA fragments and
the 5°-Cy5 labeled fragment (272 bp) was detected (Fig. 4.7 b, lane 4). The intensity of the cleaved
DNA band was much higher than the uncut DNA band (525 bp), indicating that a large fraction of
the nucleosome bound DNA was cleaved. Presence of LlaBlIl in absence of ATP did not affect
this cleavage pattern (Fig. 4.7 b-c, lane 5). Addition of ATP lead to a steady increase in the uncut
DNA band and a decrease in the cut DNA over time (Fig. 4.7 c-d). We interpret this as the
occlusion of the Ndel target site by octamer displacement resulting from the octamers sliding in
the direction in which L1aBIII translocates DNA (5°-3”). Occlusion of the Ndel site supports the
nucleosome sliding mechanism as the Ndel site would always remain available for DNA cleavage
in case of nucleosome ejection. As LlaBlIll slides the nucleosomes, eventually the octamers are
expected to be pushed off the DNA ends. Hence, when sufficient time is given, the Ndel site would
be exposed to DNA cleavage. But we do not see an increase in Ndel cleavage over the course of
90 minutes. As we saw similar results with Hhal cleavage, we speculate that the presence of
competitor DNA, increase in displaced histone proteins with time and LlaBIll together may
contribute to inhibition of Ndel cleavage activity at later time points. Another possibility is a
decrease in the LlaBIll nucleosome remodeling activity as the ATP decreases over time with the

simultaneous increase in unbound histone proteins.
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Figure 4.7: Time dependent REAA with Ndel and LlaBIIl. (a) Graphical representation of the
reaction set up and possible outcomes of the assay. (b) Representative gel image showing REAA

with Ndel over 90 minutes.

Lanes 1-3 contain free DNA with LlaBIIl and Ndel wherever
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indicated; Lanes 4-13 contain dinucleosome with LlaBIll, ATP and Ndel wherever indicated. All
the controls (Lane 1 — Lane 5) were incubated at 25°C for 90 minutes then shifted to 37°C after
Ndel addition. For lanes 6 — 13, the dinucleosome and LlaBIIl were incubated with ATP at 25°C
for given time points from 1 minute to 90 minutes. At the end of 90 minutes, unlabeled competitor
DNA was added to all the reactions except the ones in lanes 1 and 2. The remodeling reaction was
stopped by addition of excess ADP and the dinucleosome was exposed to Ndel for an hour at
37°C. The unbound as well as bound nucleosome DNA was cleaved into two fragments after
cleavage at a single Ndel target site located symmetrically between the two nucleosome occupying
regions (601) that remained exposed when octamers were unperturbed (Lane 4 and 5). Cleavage
decreased as the octamers moved along the direction of the translocation of LlaBIll and occupied
the region with Ndel target site (Lanes 6 to 13) (c) Intensity plot of the accompanying REAA gel
image. The peaks correspond to each of the bands as seen in each corresponding lane as labelled.
Red arrows show the peaks corresponding to the uncut dinucleosome DNA band and the blue
arrows show the peaks corresponding to the bands of cleaved DNA fragment. The intensity of
uncut DNA band (525 bp) increased over time with a corresponding decrease in the intensity of
the cut DNA (272 bp). Each section of the plot shows bands in corresponding lane from top to
bottom as peaks from left to right as represented by accompanying lane images of lane 5 and lane
13. (d) Plot showing the decrease in total DNA cut over time by Ndel. The percentage of each
DNA fragment in every lane was calculated separately and normalized with reference to DNA

fragments produced from dinucleosome in presence of LlaBIll without ATP (lane 5). N=3
4.4 Discussion

So far, we had established the remodeling potential of LlaBIIl, a Type ISP RM enzyme. It was
able to displace mononucleosomes and dinucleosome in an ATP dependent manner. In this
chapter, we aimed to understand the mechanism of nucleosome remodeling by this translocase.
LlaBIll is a distant prokaryotic relative of the typical eukaryotic chromatin remodelers. The
chromatin remodelers have evolved to displace, eject or modify nucleosomes while sensing the
cellular cues. There are two probable mechanisms proposed for the various chromatin remodelers
with minor differences at mechanistic levels depending on the remodeler family (Clapier & Cairns,
2009; Langst & Becker, 2004; Nodelman & Bowman, 2021; Zhang et al., 2006). These are the

twist defect model and the loop propagation model (Langst & Becker, 2004; Nodelman & Bowman,
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2021). Both of these models have supporting or conflicting evidence with various remodeler
families as discussed previously in chapter one. Sliding of octamer by a remodeler is possible with
either of these mechanisms. The remodelers are also active DNA translocases like LlaBlll,
although they act in a target independent manner. They interact with DNA or nucleosomes in a
sequence independent manner and are known to interact with the nucleosome DNA such that they
modify the octamer-DNA interactions to enable nucleosome sliding. L1aBIll on the other hand is
simply a DNA translocase that recognizes specific target sites, translocates and cleaves DNA. It is
not known to specifically interact with the nucleosome dyad and change DNA conformation to
induce a twist defect or to incorporate a loop. Nevertheless, it is unique in its ability to displace
nucleosomes, as not all DNA translocases can slide octamers. Another exception is RNA
polymerase which translocate DNA and have also been shown to reposition nucleosomes in the
direction opposite to the polymerase translocation (Studitsky et al., 1994, 1997). The RNA
polymerases are thought to do so through loop propagation as the polymerase unwraps the DNA
from the nucleosome ahead of it, while it traverses transcribing the DNA in the loop formed and
eventually the DNA rewraps as the RNA polymerase passes through (Kulaeva et al., 2009). The
nucleosomes are repositioned over ~75-80 bp from their original positions (Studitsky et al., 1994,
1997). On the other hand, in our in vitro experiments, the octamers are displaced significantly and
they are moved along the direction of LlaBIll translocation. Looking carefully at the time
dependent EMSAs and the REA assays, we were able to establish that LlaBIll displaces the
nucleosomes to more terminal positions before sliding them off the ends to free up the DNA
completely. LlaBIll is able to displace nucleosome, but the mechanism by which it is achieved
may not be very similar to the proposed mechanisms for chromatin remodelers. As for the twist
defect model where DNA distortion is a essential, we do not know if LIaBIlI translocation distorts
the DNA. DNA distortion is one of the main drivers of the twist defect model. Nucleosome
displacement via loop translocation by an enzyme that is not a standard chromatin remodeler, also
seems unlikely as it involves a far more complex mechanism involving multiple domains
specialized to open up a loop at nucleosome dyad which is further propagated to slide the
nucleosome. RNA polymerase Il forms and propagates a small intranucleosomal loop but does not
displace the nucleosomes in doing so (Kulaeva et al., 2009). It is likely that LlaBIII utilizes a
unique mechanism that depends on the ATP intensive DNA translocation activity that might be

able to generate enough force to push the nucleosomes and enable nucleosome sliding.
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5.1 Introduction

LlaBIll is a multidomain, multifunctional, single polypeptide RM enzyme that recognizes a
specific target sequence of DNA, either methylates an adenine in its target site or translocates DNA
and ultimately coordinates with another translocating LlaBlll to cleave double stranded DNA
(Sisakova et al., 2013). It binds to the DNA sequence — TNAGCC, and flips the adenine (A)
opposite the thymidine (T) into a catalytic pocket in the methyltransferase domain. If the adenine
is methylated, the enzyme does not activate DNA translocation. If the adenine is unmethylated,
the methyltransferase either transfers a methyl group from s-adenosyl methionine (SAM) to the
N6 position of the adenine or the motor is activated which couples ATP hydrolysis with DNA
translocation. The methylation of adenine aids the bacteria to protect its own genomic DNA from
cleavage by LlaBlIl, whereas the invading phage DNA that does not carry this methylation mark
would be targeted for cleavage. For DNA cleavage the translocating enzymes have to collide head
on. As LlaBIll moves unidirectionally, the target sites have to be positioned in a head-to-head
orientation (Chand et al., 2015; Sisakova et al., 2013). Also, upon head-to-head collision, LlaBIlI
likely undergoes a conformational change that activates the nucleases on both the enzymes to nick
one DNA strand each (van Aelst et al., 2013, 2015). A head-to-tail interaction on the other hand
would not lead to activation of both the enzyme units, and even if it does, they would both nick
the same DNA strand, thereby preventing a double strand break (Sisakova et al., 2013; Smith et
al., 2009b). Additionally, only the interaction between two Type ISP RM enzymes leads to
nuclease activation and DNA cleavage, a random protein roadblock is unable to activate the

nuclease for cleavage (van Aelst et al., 2013).

LlaBIll translocation plays an important role in regulating the enzyme activity in vivo. The long-
range communication between two asymmetric target sites that need to be positioned in a preferred
orientation (head-to-head), allows the bacteria to protect the nucleoid from self-cleavage. The
motor domain is constituted by the highly conserved arrangement of two RecA-like folds in
tandem that power the ATP driven DNA translocation (Chand et al., 2015). Upon recognition of
an unmethylated target sequence, the enzyme begins unidirectional translocation while utilizing
~1-2 ATP per base pair translocated (Sisakova et al., 2013; R. M. Smith et al., 2009¢; Van Aelst
et al., 2013). The DNA translocation happens at ~300 bp/sec (Chand et al., 2020; Sisékova et al.,
2013), therefore ATP is also processed at significant rates. Active DNA translocation at such speed
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can affect DNA binding by other proteins in its path as we have observed for the histone octamers.
In this chapter we test the effects of LlaBIIl translocation in bacteria as well as in mammalian
cells. Using E. coli as a prokaryotic model system and HEK293 cells as eukaryotic model system,
we have tried to understand the downstream effects of disruption of protein-DNA contacts by
LlaBlIII.

5.2 Materials and methods
5.2.1 Cloning of LlaBIll mutants

To make a LlaBIIl nuclease-truncated methyltransferase mutant, site directed mutagenesis was
performed to mutate asparagine 1018 to alanine (N1018A). The mutation was incorporated in the
gene in two steps by PCR amplification using pHis17-LlaBIll nm*a* (1-165 amino acid residues
deleted from WT) as template. The first gene fragment was generated using primers LB-N1017D-
F and T7-R. The PCR product was used as a primer with T7-F for extension of the full length
LlaBIll nnm". The PCR product was purified using PCR cleanup kit (Qiagen, Cat. No. 28106). The
mutation incorporated a BamHI site in the gene, therefore to incorporate the mutation in the clone
pHis17-LlaBIll n-, two internal EcORV sites were used. Restriction digestion and ligation was
performed to incorporate the mutated gene fragment in pHisl7-LlaBIll nnm*a* to get pHis17-

LlaBIll nma*.

To make llaBiii nuclease-truncated, methyltransferase inactive, ATPase inactive mutant, site-
directed mutagenesis was performed. Lysine 209 was mutated to alanine (K209A) using pHis17-
llaBiii nmra* as template. The mutated gene product was amplified as described above in two
steps of PCR amplification using primers T7-F and LB-WalkerA-R for the first PCR. Product from
the first PCR was used as primer with T7-R for the second PCR extension to get llaBiii n-m-a-
gene. The gene was incorporated into pHis17 plasmid through restriction cloning method using
the Ndel and Hindll1 sites. All the genes were subcloned by restriction cloning method into pHis17

(KanR) vector which carries resistance marker for kanamycin instead of ampicillin.

For expression in mammalian cells, the mutant llaBiii genes were cloned into pCMV10 vector (a
gift from Dr. Sanjeev Galande Lab). The genes were PCR amplified using primers LBdN-
pCMV10-F and LBAN-pCMV10-R. The forward primer added sequences for N-terminal 3xFlag
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epitope tags and a simian virus 40 (SV40) nuclear localization signal sequence linked in frame to
the gene by a three amino acid linker. The PCR amplified gene products were cloned into the

pCMV10 vector through restriction cloning method using Hindlll and BamHI sites.
5.2.2 Methylation assay

The plasmids pHisl7-llaBiii n'm*a*, pHis17-1laBiii n'ma*, pHis17-llaBiii n'm-a” and pHisl7-
MBdN were propagated in E. coli cells [BL21 (DE3), BL21-Al, DH5a, MG1655]. Single colonies
were inoculated for each and incubated at 37°C until OD reaches 0.4-0.6. Cultures of lab strains
(DH50, MG1655) were incubated as it is. For overexpression strains [BL21 (DE3), BL21-Al], the
culture was split into two separate sterile vials. Culture in one of the vials was induced either with
0.5 mM IPTG [BL21(DE3)] or with 1 percent arabinose w/v (BL21-Al). Both the cultures,
uninduced and induced, are incubated for 3 hours at 37°C. Post incubation, the cells are harvested
by centrifugation at 4000 rpm at 4°C and plasmids are isolated using plasmid prep kit (Qiagen,
Cat. No. 27104). The plasmids were linearized using Hindlll and purified using PCR cleanup kit
(Qiagen, Cat. No. 28106). The linearized plasmids were incubated with Ll1aBIll WT and ATP as
indicated, at 25°C for 30 minutes. The reactions were stopped by addition of 2 ul EDTA (500 mM)
and 1 ul of 10% SDS. The reactions were heated at 65°C for 20 minutes and mixed with 4 ul ST
buffer (100 mM Tris-HCI pH 7.5, 40% w/v sucrose) before loading onto 0.8% agarose gel run at
80 V until the DNA fragments resolved.

5.2.3 Microscopy

The Escherichia coli MG1655-HUaGFP strain used for the microscopic studies, was a kind gift
from Dr. Itzhak Fishov, Ben-Gurion University of the Negev, Israel. The strain carries a single
chromosomal copy hupA-egfp-ampR fusion under the native promoter (Abebe et al., 2017). The
plasmids (pHis17 KanR-llabiii nm*a*, n'm-a* and n'm-a’) were transformed into this E. coli strain
and transformants were selected on LB agar plates with 100 ng/mL Ampicillin and 20 pg/mL
Kanamycin. Single colony was inoculated in LB media supplemented with the given antibiotic
concentrations. The cultures were incubated at 37°C for the indicated time and cells were harvested
through centrifugation at 4000 rpm for 10 minutes. The cell pellet was resuspended in 1X

Phosphate Buffered Saline (PBS) and centrifuged at 4000 rpm at 4°C. The supernatant was
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discarded and the cell pellet was again resuspended in 1X PBS. The cell suspension was mixed
with equal parts 5 ug/mL 4°,6-diamidino-2-phenylindole (DAPI) for 15 minutes at 37°C. The cells
were centrifuged at 4000 rpm and the supernatant was discarded. The cell pellet was washed with
1X PBS before to remove excess DAPI. After centrifugation the cell pellets were resuspended in
1X PBS and 2 ul of the suspension was spotted onto 1% Agarose pads prepared on glass slides.
The cells were imaged using Optima XE epifluorescence microscope using 100X oil immersion

objective.
5.2.4 Culture and transfection of HEK?293 cells

The HEK293 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco; Cat.no.
11966025) supplemented with 10% fetal bovine serum and penicillin-streptomycin (Gibco;
Cat.n0.15140122); and maintained at 37°C under a 5% CO2 atmosphere. The cells were passaged
upon reaching 70% confluence using 0.05% trypsin. For transfection, the HEK293 cells were
passaged in a 6 well tissue culture plate. Sterile coverslips were placed in each well. The coverslips
were sterilized by soaking in 100% methanol for a couple of hours. The methanol-soaked
coverslips were placed in the wells (one in each well) and washed with sterile 1X PBS and air
dried under UV for 30 minutes. HEK293 (70-80% confluent) culture was treated with 0.05%
trypsin for 1 minute at 37°C to dislodge the cells. Fresh DMEM was added and the cells were
transferred to a sterile vial and centrifuged at 1000 g for 5 minutes. The supernatant was discarded
and the cell pellet was resuspended in 1 mL DMEM supplemented with 10% FBS. Cell number
was estimated manually using a Neubauer’s chamber. 2 mL media was added to each well of the
6-well plate containing the coverslips and 0.6 x 10° cells were seeded in each well. The cultures
were incubated at 37°C for until 60-70% confluency was reached. For transfection, Lipofectamine
3000 (Invitrogen, Cat. No. L3000001) was used. The procedure was carried out according to the
manufacturer’s instructions. The plasmid and reagent mixtures were prepared with OptiMEM
(Gibco; Cat.no 31985062) as per the given protocol. The spent culture media was discarded and
replaced with1.5 mL of fresh media. The transfection mixture was gently overlayed on top of the
cells and the cultures were incubated at 37°C under a 5% CO2 atmosphere. 24 hours post
transfection; the cell health was assessed by microscopy and the media was changed if cell death

was observed.
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5.2.5 Fluorescent in-situ hybridization

The cells grow over the coverslip and adhere to its surface, forming a layer of cells on the
coverslips. 72 hours post transfection, the coverslips were recovered from the culture plates. Each
coverslip was transferred to a petri dish and treated with 4% paraformaldehyde (PFA) for 10
minutes. The PFA was washed off gently with 1 X PBS using a micropipette. The cells were then
treated with 1 mL of 0.1% Triton X. After 10 minutes incubation at room temperature, the cells
were gently washed thrice with 1X PBS. The coverslips were then incubated for an hour with 2
mL of 3 % bovine serum albumin (BSA) solution. At the end of the incubation, the BSA solution
was discarded and 50 ul of anti-Flag antibody (1:100 dilution) was aliquoted onto a parafilm piece
kept in a petri dish. A coverslip was picked up by forceps and placed onto the antibody drop such
that the cells were directly in contact with it. Pieces of wet tissue paper were placed adjacent to
the parafilm and the petri dishes were incubated overnight at 4°C. Post incubation, the coverslips
were transferred to a clean dish and washed thrice with 1X PBS. After washing the process is
repeated with Alexa 568 tagged secondary antibody (1:250 dilution). The coverslips were
incubated with the secondary antibody for an hour at room temperature. At the end of an hour,
they were transferred to a clean dish and washed thrice with 1X PBS. The coverslips were
transferred to a clean glass slide for microscopy. The coverslip edges were sealed to prevent
dehydration of the cells. The cells were imaged using the Leica TCS SP8 X laser scanning confocal

microscope was used for imaging the cells.
5.2.6 Immunoblotting

The cells were harvested 72 hours post transfection. Cell pellets were resuspended in lysis buffer
[50 mM Tris pH 7.4, 1% SDS, 150 mM NacCl, 1% nonyl phenoxypolyethoxylethanol (NP-40)]
containing 1x protease inhibitors cocktail (Roche) and phenylmethylsulfonyl fluoride (PMSF)
(Sigma, commodity No. 10837091001). The lysates were centrifuged at 13000 rpm at 4°C for 30
min, to eliminate the cellular debris. The supernatant was collected in fresh microcentrifuge tube.
The concentration of protein was determined by performing bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific, Cat. No. A65453). Equal amounts of protein lysates were boiled in 1x
Laemmli buffer (0.5 M Tris-HCI [pH 6.8], 28% glycerol, 9% SDS, 5% [-mercaptoethanol, 0.01%

bromophenol blue) for 10 to 15 min and resolved through electrophoresis on a polyacrylamide gel.
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The resolved protein bands were transferred onto a polyvinylidene difluoride (PVVDF) membrane
(Millipore) by wet transfer method at 0.6 A for 3 hours at 4 °C. After the transfer, non-specific
sites on the membrane were blocked using 5% skimmed milk. The membranes were then incubated
overnight at 4°C with the primary antibodies (anti-Flag) prepared in 5% BSA. The membranes
were washed three times with the buffer containing 20 mM Tris buffer (pH 7.4), 500 mM NaCl,
and 0.1% Tween 20 (TBST) the next day and incubated with the appropriate secondary antibodies
conjugated with horseradish peroxidase (HRP) for an hour at room temperature. After an hour the
membranes were washed three times with TBST buffer. The blots were developed using Clarity
Western ECL substrate (Biorad) and detected using ImageQuant LAS 4000 (GE Healthcare).

5.2.7 RNA extraction and cDNA synthesis

Total RNA was extracted using the TRIzol reagent (Invitrogen, Cat No. 15596026) according to
the manufacturer’s protocol. DNase treatment was performed as per the protocol provided by the
manufacturer (Promega, Cat No. M6101) using 1 - 2 ug of RNA. DNase treated RNA was
subjected to PCR amplification using GAPDH primers to ensure DNA elimination from the RNA
samples. RNA samples free from DNA were used for cDNA synthesis using reverse transcriptase
kits (Applied Biosystems) and random hexameric primers. Additionally, minus-reverse
transcriptase (RT) control was also set up to verify the efficiency of DNase treatment. The
synthesized cDNA was used to set up quantitative real-time PCR (QRT-PCR).

5.2.8 Quantitative real-time PCR

Quantitative real-time PCR was performed using SYBR green chemistry (Roche) with the set of
primer pairs given in Table 5.1 using the ViiA7 thermal cycler (Applied Biosystems). Changes in
threshold cycles (CT) were calculated by subtracting the CT values of the gene of interest from
that of housekeeping control [CT (target genes) — CT (HEXIM1)]. ACT values of specific target
genes from the experimental samples were then subtracted from their respective control samples
to generate AACT values. The fold changes were calculated using the following formula: 2*
(—AACT value).

5.3 Results

5.3.1 LIaBIll methylates an adenine in its target site, in vivo
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The methyltransferase (MTase) domain of LlaBIII has a structural fold similar to that of the vy-
class N6-adenine MTase as seen in the typical Type | RM enzymes. The LlaBIlI-MTase transfers
a methyl group from the cofactor s-adenosyl methionine (SAM) to the exocyclic amino group of
an adenine in its target site, forming m6A. In turn, presence of methyl group on the specific adenine
in the target site prevents cleavage of the DNA by LlaBIll. The Type ISP enzymes have a MTase
as well as a nuclease activity. In vivo, the cofactors necessary for both (SAM, ATP, Mg2+) are
available. Consequently, binding of the enzyme with an unmethylated target site can lead to either
methylation or activation of DNA translocation which would lead to DNA cleavage when two
unmethylated head-to-head target sites are present. As LlaBIIl recognizes a short target site,
TNAGCC, this DNA sequence can occur at high frequency in a given length of DNA. Thus, in the
E. coli genome, it is highly likely that head-to-head LlaBIlll target sites occur frequently.
Additionally, majority of these sites would be unmethylated, as the E. coli DNA adenine
methyltransferase (DAM), can methylate only a subset of all the LIaBIlI target sites in the genome.
Hence, majority of L1aBI1I target sites were expected to be susceptible to DNA cleavage by LlaBIlI
which in turn would Kill the cell. Although, when LlaBIll was expressed in E. coli BL21(DE3),
we found that the cells survived. This indicated that, in vivo, the L1aBIll methyltransferase activity
was stimulated rather than the DNA translocation and nuclease activity. We tested this hypothesis
through an in vitro DNA cleavage assay using the plasmid (pET28a-LlaBlIl) extracted from E.
coli BL21(DE3). The plasmid carried the LlaBIll wild-type gene and contained eleven LlaBllII
target sites that formed at least seven direct combinations of head-to-head site orientations. The
plasmid was linearized using the BamHI site and subjected to LlaBlll DNA cleavage assay as
given by (Chand et al., 2020). A PCR amplified DNA substrate (1085 bp) containing a pair of
head-to-head LIaBlII target sites was used as a control to monitor the LIaBIIl cleavage activity.
The 1085 bp DNA substrate contained unmethylated target sites, and so, was cleaved by LlaBlll
in presence of ATP (Fig. 5.1 a, lane 3) but the linearized plasmid DNA was completely protected
from DNA cleavage even in presence of ATP (Fig. 5.1 a, lane 6). This indicated that the LlaBIII
target sites in the plasmid that was extracted from the bacteria were methylated. Also, the complete
lack of cleavage suggested that all the eleven target sites were methylated, however only one of
the eleven sites coincided with DAM target site. Hence, the blanket methylation of LIaBIIlI target
sites strongly indicated that LIaBIIl methylated its target sites in vivo. Although, in vitro, LlaBIlI
methylation activity has been found to be extremely poor (Sisakova et al., 2013), in the cell, the
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target site methylation by LlaBlll appeared to take precedence over DNA cleavage. Also, the
subsequent binding to these methylated target sites would prevent DNA translocation by LlaBlII.
For nucleosome remodeling, the translocation activity is a pre-requisite. Therefore, for remodeling
of nucleosome or protein-DNA in vivo, we needed to restrain the MTase activity of LlaBIII.

pHis17-MBdN His 17-LlaBIII (E.coli MG1655)
(@) 2-site DNA pET28-LlaBIII (b) (E-coli P
(PCR amplified) | (E.coli BL2IDE3) BL2IAD n-m+a+ n-mta- n-m-a+ n-m-a-
DNA + |+ | + + |+ | + DNA T T O O R S T O O A O T O O
LlaBIII WT| - + + + + + + + + + +
LlaBIIWT| - | + | + SR I I
ATP + + + + +
ATP - - | + - - |+ M 1 2 3 6 13 14 15
1 2 3 M 4 5 6 = A
—
—1 o . -
| y -
- i N -
—_— B : -
—-—-—q’ .“-‘ ‘ -
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Figure 5.1: MTase activity of LlaBIIl WT and mutants in different E. coli. All plasmids were
isolated from the indicated E. coli strains, linearized and purified prior to the experiment. All the
plasmids contain at least one set of LlaBIll target sites in head-to-head orientation. (a) Lanes 1-3,
PCR generated DNA with two LlaBllI target sites in head-to-head orientation. M — DNA marker.
Lanes 4-6, Linearized pET28a-LIaBlll isolated from E. coli BL21(DE3) subjected to cleavage by
LlaBIIl in vitro. (b) LIaBIIT nuclease truncated methylase dead and ATPase mutants’ plasmids
isolated from E. coli MG1655 were subjected to cleavage by LlaBIIl in vitro to determine the
presence or absence of methyltransferase activity. Lanes 4-9 - methyltransferase active mutants
(m*), the plasmid DNA remains uncleaved by LlaBIIl even in presence of ATP. Lanes 10-15 -
methyltransferase inactive mutants (m-), the plasmid DNA is cleaved by LlaBIIl in presence of
ATP. N>2

Accordingly, we prepared a methyltransferase mutant of Ll1aBI11 for our experiments with bacterial
and mammalian cells. There are nine conserved motifs (I to V111 and X) in the N6-adenine MTases
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that bind to SAM, bind specific DNA and transfer methyl groups from SAM to DNA. Out of these
we chose to mutate motif 1V [(D/N)PP(Y/F)], which catalyzes the transfer of the methyl group
from SAM to the N6 position of the adenine base (Klimasauskas et al., 1989; Willcock et al.,
1994). In EcoKIl, a Type | RM enzyme, mutation of asparagine (N) to aspartic acid (D) in this
motif did not affect binding of SAM with the MTase but severely hampered the methyltransferase
activity (Willcock et al., 1994). A similar result was observed for another RM enzyme, Bcgl.
Mutation of the motif IV asparagine (N) to alanine (A)/glycine (G)/aspartic acid (D) completely
abolished the methyltransferase activity (H. Kong & Smith, 1997). Therefore, we mutated motif
IV asparagine (N) in LIaBIIl nuclease truncated construct (LIaBlll n°) to aspartic acid (D). Its

methyltransferase activity was tested in E. coli lab strains.

Furthermore, we prepared a LIaBIIl mutant that was defective in its ATPase activity. For this we
mutated the lysine (K), that is a part of the Walker A motif [G(x4)GK(T/S)], to alanine (A). This
motif stabilizes the B-phosphate of the bound ATP and mutation of this lysine residue has been
shown to greatly decrease ATP hydrolysis and, in some cases, also disrupt ATP binding (Hall &
Matson, 1999; Hanson & Whiteheart, 2005). The ATPase activity of this mutant was tested
alongside the unmutated enzyme. The mutant failed to show ATPase activity comparable to the
ATPase unmutated enzyme even with specific DNA substrate (Fig. 5.2). This mutant was thus

utilized as a control for the subsequent in vivo experiments.
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Figure 5.2: ATPase activity of LIaBIll mutants — LIaBIll n'm*a*, L1aBIll n'm-a* and LIaBIll n'm"
a". The ATPase assay was performed in presence of specific DNA substrate as given by (Chand et
al., 2020). N=1

Combinations LlaBIll MTase and ATPase mutants with the nuclease truncated construct were
made and their MTase activity was tested as described in methods. Briefly, the plasmids were
propagated in E. coli, followed by plasmid extraction. The plasmids were linearized using a
restriction site on the plasmids and exposed to LlaBIll in absence and presence of ATP. Cleavage
by LlaBIll indicated presence of unmethylated target sites whereas absence of cleavage indicated
in vivo methylation of target sites. We tested in vivo methylation activity of LlaBIll in the
commonly used E. coli lab strains. An example is shown in the figure 5.1 b where we performed
the methy-tansferase (MTase) assay with E. coli MG1655 strain, which has been used for further
experiments. We found that even with a basal level expression in this strain, the MTase active
LlaBIIl (n'm*a*) (Fig. 5.1 b, Lanes 4-9) could methylate and thus protect all the sites from
cleavage, whereas when the MTase was mutated (n"m-a*, nma’) (Fig. 5.1 b, Lanes 10-15), the
sites were unmethylated and the DNA was cleaved. We also tested this in E. coli DH5a and the
protein overexpression lab strains — E. coli BL21(DE3) (IPTG inducible) and E. coli BL21-Al
(arabinose inducible). We saw a similar result with all the strains tested, with and without
overexpression, L1aBIll MTase active construct (n"m*a*) show protection from LlaBIIl mediated
DNA cleavage and the MTase mutants (n"ma*, n'ma’) showed complete susceptibility to DNA
cleavage by LlaBIIl upon addition of ATP. To ensure that the MTase activity that we were
observing was only due to LlaBlll expression in these cells we also separately tested a plasmid
construct expressing McrB mutant as a control. The McrB plasmid was susceptible to cleavage by
LlaBIIl (Fig. 5.1 b, Lanes 1-3).

5.3.2 Effect of LlaBI11 on bacterial nucleoid

Once it was established that L1aBI1I can disrupt protein-DNA interactions in vitro, we investigated
the effect of LlaBIlI translocation on bacterial nucleoid associated protein, HU. To do so, LlaBllI
was expressed in an E. coli strain expressing HU-GFP fusion protein at physiological levels. This
strain carries a single chromosomal copy of hupA-egfp fusion under the native promoter. Using

these cells allowed us to microscopically observe the localization of HU. The bacterial nucleoid
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was observed by staining with Hoechst stain, a stain that binds DNA. In the untransformed cells,
a compact nucleoid arrangement was observed that was more central in position. The HU signal
coincided with the nucleoid indicating that majority of the HU in the cell was bound to the nucleoid
(Fig. 5.3 and 5.4 a). A similar observation was made for empty vector transformed cells (Fig. 5.3
and 5.4 b). The nucleoid was compact and HU co-localized with the DNA. In both of these
samples, the cells displayed normal E. coli cell size wherein ~85 % cells were under 3 um in length
(Fig. 5.5 a-b). The distance of the brightest focus from the cell center for each cell was plotted
against cell length. The plots for untransformed and vector transformed cells (Fig. 5.5 a-b),
indicated near center localization of both HU-GFP and Hoechst signals in these samples. Also, the
brightest foci for both signals largely coincided reiterating HU localization with the nucleoid in
these cells. When LlaBIll mutants were expressed, the nucleoid morphology changed from
compact to more dispersed such that it almost completely occupied the cell space. HU on the other
hand was no longer exclusively localized with the nucleoid (Fig. 5.3 and 5.4 c-d). The HU foci
were distant from the cell center and assumed a sub-polar localization. The plot with distance of
brightest focus from cell center plotted against the cell length showed a more scattered distribution
of HU foci in these cells (Fig. 5.5 c-d). The distance between HU-GFP and Hoechst foci was
plotted against cell length to better gauge the extent of HU displacement from the nucleoid. The
distance is minimum for controls (Fig. 5.6 a-b) whereas in presence of LlaBllIl there is a drastic
increase in this distance (Fig. 5.6 c-d). Moreover, the number of longer cells increased in these
samples as more than ~30 percent cells were over 3 um in length as compared to <15 percent in
control. An important point to note here is that the expression of LlaBIlIl ATPase dead mutant (a-
) also showed an effect on the HU localization and morphology. The mutant was designed to serve
as a negative control to delineate the effect of LIaBIlIl DNA translocation from the effect of DNA
binding by LlaBIll. However, under the conditions tested here, the mere binding of LlaBIll to
DNA seemed adequate for disruption of HU-DNA interaction. Perhaps a DNA binding mutant of
LlaBIll can allow us better understanding of whether simply LlaBIll binding itself affects HU
localization in E. coli or that effect seen here due to the experimental protocols followed. Here we
do not use a tightly regulated inducible expression system for our experiments but depend on the
leaky expression of LlaBlIll in E. coli MG1655 strain. Thus, the cells, from the beginning of the
experiment (cell transformation), express LlaBlIl and we do not regulate the expression

Chapter 5: Effect of LIaBIll on protein-DNA interactions in bacterial and mammalian cells



119

quantitatively or temporally. LlaBIll could thus be produced at such levels given the time that it is
present at a significant cellular concentration to out-compete HU for DNA binding. Hence, any

experiments in the future may need a change in the protocols and controls based on these findings.

() Control
(E.coli HU-GFP)

(b) Vector Control

(c) LlaBIII n-m-a-

(d) LlaBIII n-m-a+

Figure 5.3: Effect of LlaBIll mutants on bacterial nucleoid and HU localization. Epifluorescence
microscopy images of E. coli HU-GFP (a) Untransformed and transformed with (b) pHIS17
(empty vector) (c) pHIS17-llabiii n'm a- (d) pHIS17-llabiii n'm-a*. Each row shows representative
images of the transformants using channels — Phase contrast (PC), PC overlay with Hoechst, PC
overlay with HU-GFP and merge of PC, Hoechst and HU-GFP. N>2
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Figure 5.4: Bacterial nucleoid morphology and HU localization. Demograph of 20 cells of ~3 um

os
Hoechst (a.u) / HU-GFP (a.u.)

length from the epifluorescence microscopy images. Background subtraction and intensity
normalization performed using the published matlab program — Backstalk (Hartmann et al., 2020).
(a) Untransformed, transformed with- (b) pHIS17 (empty vector) (c) pHIS17-llabiii nm-a (d)
pHIS17-llabiii nm-a*.

Chapter 5: Effect of LIaBIll on protein-DNA interactions in bacterial and mammalian cells



121

Distance of brightest focus from cell center

Hoechst HU Merge
(@ . . e
3 w0 31 30
Control P oo P P
(E.coli HU-GFP) ;.. e D
fao i g 20
i i i
Vector Control i i
; 10 Rees ; 10 ; 10
1D ¥ 20 )
i 10 E ] § 20
© ,
E 20 T2 _é
LlaBIIl n-m-a-  §« jo j o
i § o g
4 30 Ll 20 = 30
o -
@ A E
g 20 £ g 20
LlaBIIl n-m-a+ | j o i
i i i
) ¥ 20 i,
] $ $
ctoesen ot catomsion

Figure 5.5: Quantitation of HU localization. Distance of brightest foci of either Hoechst (red) or
HU (blue) from the cell center plotted against cell length. Each plot displays values from 2000
cells from each sample - E. coli HU-GFP (a) Untransformed and transformed with (b) pHIS17
(empty vector) (c) pHIS17-llabiii nm-a  (d) pHIS17-llabiii n'ma*. The third column (merge)
shows the overlay of Hoechst and HU plots indicating the proximity of the two foci in the cell.
N=2

Chapter 5: Effect of LIaBIll on protein-DNA interactions in bacterial and mammalian cells



122

Distance between HU and Hoechst foci

@

Control
(E.coli HU-GFP)

nce between HU AGFP and Hoechst foci (um
. =
®

Distan

Cell Length {um)

® -

Vector Control

Distance between HUGFP and Hoechst foci (am)
5 , . -
=

00 20 a0 (1] L]
Cell Length {um)

(©

L1aBIII n-m-a-

Distance between HU-GFP and Hoechst foci (um)
TR = -
=

@ ..,
LlaBIl n-m-a+ & .,
EEl.ﬂ

Cell Length (1:m)

Figure 5.6: Quantitation of HU displacement from the nucleoid. Distance between Hoechst and
HU foci was plotted against cell length. The plots show how well the HU foci coincides with the

Hoechst foci in each cell as given in figure 5.5. N=2
5.3.3 Expression of LlaBIl1 constructs in HEK293 cells

An N-terminal 6xFlag tagged LIaBIII construct carrying the SV40 NLS under CMV promoter was
transfected into HEK293 cells. LlaBIll expression was monitored 72 hours post transfection,
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through fluorescent in-situ hybridization (FISH) and immunoblotting. Anti-Flag antibodies were
used for detection of LlaBIIl. Analysis of microscopic images after FISH showed a strong signal
for LIaBIll in the nucleus of cells (Fig. 5.7). We could thus conclude that LIaBIll was expressed
and successfully transported to the nucleus. Though, the transfection efficiency was poor and only
~10-15% cells showed the signal for Flag-tagged protein. This could be due to inefficient uptake
of the large plasmid (10.5 Kbp) by the cells or inefficient transcription-translation of the high
molecular weight protein-LlaBIIl n- (~160 KDa) or due to poor heterologous expression of the
bacterial protein in mammalian cells. Another challenge was the mis-interpretation due to the
presence of Flag tag at the N-terminus of the protein. Essentially, the Flag signals could be detected
from even partially translated, truncated versions of L1aBIIl. To ensure that the full-length enzyme
was being produced in these cells, we probed for LIaBIIl in the cell lysates through Western
blotting technique. A ~160 KDa band corresponding to the molecular weight of LlaBIll n'm*a*
and LIaBIIl nr-ma* was detected in the respective cell lysates (Fig. 5.8). Also, this band was absent
in the lysate from empty vector transfected cells. This confirmed that the signal observed in FISH
was indeed that of LIaBIIl and protein was successfully expressed and transported to nucleus in

HEK?293 cells.

Anti-Flag

Empty Vector

LlaBIII n-m+a+

LlaBIII n-m-a+
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Figure 5.7: Localization of LIaBI1l mutants in HEK293 cells. Representative confocal microscopy
images of HEK293 cells transfected with empty vector (pCMV10), pCMV10-llabiii n'm*a* and
pCMV10-llabiii n'm-a*. Each row shows images sequentially as labelled, DIC, DAPI, anti-Flag
(L1aBII1) and merge. N=2
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Figure 5.8: Immunoblots showing full length expression of LIaBIIl mutants in HEK293 cells. The
blot was probed with anti-Flag antibody for LlaBIll constructs and anti-actin antibody for actin.

Red arrows indicate the bands of interest in each blot. N=2
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5.3.4 Quantitative RT-PCR to monitor changes in transcription from the specific gene loci
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Figure 5.9: Quantitative RT-PCR showing gene transcription in LlaBIII mutants’ transfected
HEK?293 cells. N=2

LlaBIlI target sites (TNAGCC) are abundant in the human genome and occur at high frequency.
The LlaBlll n'm*a® and n'ma*, produced and transported to nucleus of HEK293 cells, was
expected to encounter many of these target sites and translocate DNA upon binding to
unmethylated target sites. It is therefore highly likely that DNA translocation by LIaBIIl leads to
nucleosome displacement downstream of its target sites in the genome. When the target sites are
close to gene regulatory or coding regions, it is likely to perturb transcription of those genes. Thus,
nucleosome remodeling by LlaBIll in HEK293 cells can be monitored by correlating the changes
in gene transcription profile, in presence and absence of LlaBlll, and the presence of target sites
in the vicinity of gene loci. For this we selected seven single exon housekeeping genes and mapped
all the LIaBIII sites in the coding region, the 5> UTR (2 Kbp) and 3 UTR (1 Kbp) regions.
Quantitative RT-PCR was performed to monitor any changes in the transcription profiles of these

genes in presence and absence of LIaBIIl. As all the selected genes were housekeeping genes, the
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transcript levels were normalized with reference the gene (HEXIM1) which showed almost no
variance (Ct values) between vector control and test samples. We did not observe any significant
differences in the fold change for the selected genes in test samples when compared to the control
(Fig. 5.9). The lack of difference here does not necessarily indicate lack of nucleosome remodeling,
and could rather be due to lack of enrichment of transfected cells. As the transfection efficiency
was low, the effect of nucleosome remodeling cannot be observed in the entire cell population.
The signal from the transfected cells can get masked by the majority of un-transfected cells. In
future experiments, the transfected cells need to be enriched in the samples using suitable strategies
(FACS or selectable marker), before processing them for quantitative RT-PCR.

5.4 Discussion

Previously, we had established the ability of LlaBIll to modulate protein-DNA interactions in
vitro. In this section we tried to assess the effect of LlaBIll translocation on protein-DNA
interactions in live cells — bacterial and mammalian cells. In order to do so we first created a mutant
of LIaBIII lacking the nuclease and methyltransferase activity leaving the target recognition and
DNA translocation activities unperturbed (LlaBIll n"m-a*). We also created an ATPase defective
mutation (L1aBIll n"-ma’). These mutants were created to serve as controls for the LIaBIll mediated
remodeling experiments in vivo. In E. coli, we looked at the effect of LIaBI1l on localization of an
important nucleoid associated protein, HU. We hypothesized that LlaBIIl translocation on
bacterial genomic DNA might have an effect on its interaction with nucleoid associated proteins
such as HU. In turn, their localization should be disrupted by the presence of LlaBIIl. We used an
E. coli strain that expressed GFP-tagged HU from the genome at physiological levels. We found
that HU is usually bound to the nucleoid which remains in a compact state in stationary phase.
Introduction of LIaBIIl translocase active (LI1aBIll n"ma*) and defective constructs (LIaBIlIl n'm-
a’) in these bacterial cells disrupted the nucleoid structure making it more dispersed rather than
compact. HU localization also changed from entirely coating the nucleoid to forming sub-polar
foci where an accumulation of the protein can be observed. Whether the HU foci coincide with a
part of the nucleoid is unclear yet but there is clear disruption of usual HU-nucleoid interaction
which may have led to the change in nucleoid architecture as well. It still remains to be investigated
whether the effect is specific to LIaBIIl binding to the nucleoid or there is an effect of LlaBllII
DNA translocation that leads to removal of HU from the DNA.
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Next, we looked at the effect of LlaBlll expression on mammalian cells. We were able to
transiently express full length LIaBIII n- constructs in HEK293 cells. Addition of NLS tag ensured
that the expressed protein was successfully transported to the nucleus of these cells. Being a large
protein, the size of the plasmid constructs was fairly large, which possibly affected the transfection
procedure and hence resulted in low transfection efficiency, wherein less than ~10-15 percent cells
expressed these proteins. LlaBIlI target site (TNAGCC) is fairly abundant in the human genome
and would often be in close proximity to nucleosome occupying regions. Any changes in the
nucleosome occupancy in these regions would have a direct effect on the gene transcription from
nearby gene loci. Thus, we aimed to gauge the effect of LIaBIll mediated nucleosome remodeling
in these cells by monitoring the effects on gene expression from selected gene loci. Single exon
genes with multiple combinations of LlaBIII target sites in their 5°- and 3’-UTR were selected for
monitoring the effect of LIaBIll expression in these cells. Quantitative RT-PCR analysis for these
genes show no change in gene expression from these gene loci. This lack of change may be
attributed to the masking of an effect, if any, in minority of transfected cells by majority of un-
transfected cells in the samples. An attempt to prepare stable HEK293 cell line also failed. This
could possibly be because stable expression of LlaBlll might be hazardous to the cellular
homeostasis hence result in cell death. To overcome these issues, a way of enriching transfected

cells has to be found before processing the cells for gRT-PCR in future.
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Figure 5.10: Schematic elaborating possible applications of Type I RM enzymes as targeted
chromatin remodelers. A library of Type | RM enzymes can be made available, each recognizing
a specific target sequence, can be used as target dependent chromatin remodelers in live cells. (a)
Potential use of a single target specific enzyme for regulation of different target genes. Nucleosome
occupancy could be modulated by presence of multiple specific target sites and their orientation
in and around gene coding regions causing increase or decrease in DNA accessibility to
transcription factors and RNA polymerase. (b) Potential use for two enzymes recognizing two
different target sites for differential gene regulation at various gene loci depending on the target
site availability and their orientations with respect to the gene body or gene regulation elements
and relative nucleosome occupancy in the given regions. Nucleosomes can either be slid off these

elements to promote gene expression or their sliding can be prevented to inhibit gene expression.

A successful demonstration of LIaBIIl as a chromatin remodeler in live cells would be a significant
finding in the field of targeted chromatin remodelers. LlaBIIl is essentially a target dependent
enzyme that can also remodel nucleosomes. This is a distinguishing characteristic of LlaBIlIl, as
there are not any reports of such a simple, direct and naturally occurring DNA target-dependent
chromatin remodeler in the literature. There are a few studies that report development of a system

for DNA-targeted chromatin modulation. Most of these studies utilize the catalytic domain of a
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canonical chromatin remodeler and fuse it to a specific or non-specific DNA binding domain
(DBD) derived from either a transcription regulator or an engineered DBD (Donovan et al., 2019;
McKnight et al., 2011b, 2016; Patel et al., 2013). Additionally, there are other strategies that have
been tested to achieve chromatin remodeling at desired loci in the genome. For example, the
engineered zinc finger proteins were fused with catalytic subunits of eukaryotic ATP-dependent
chromatin remodelers Swi-Snf, RSC and Ino80 to create fusion proteins that could thus be targeted
to specific regions in the genome (Keung et al., 2014). Alternatively, there are numerous studies
that aim to specifically modify the targeted regions of the chromatin to trigger downstream
chromatin remodeling machinery which may either activate or suppress gene expression from that
region. These utilize fusions of chromatin modifying or regulatory enzymes with either nuclease
dead Cas9 (Hilton et al., 2015; Kearns et al., 2015; Perez-Pinera et al., 2013) or engineered zinc
finger proteins (Nunna et al., 2014; Rivenbark et al., 2012; Snowden et al., 2002) or TALE
proteins (Mendenhall et al., 2013). The DNA regulators used in these are generally DNA or histone
modification enzymes that either add or remove a methyl or acetyl group and hence indirectly
affect gene expression from the targeted loci (Donovan et al., 2019; Hilton et al., 2015; Mendenhall
etal., 2013; Perez-Pinera et al., 2013). The interaction between engineered protein like SpyCatcher
with SpyTag epitope (Zakeri et al., 2012) has also been utilized for targeted gene regulation. Here
the SpyTag epitope is linked to a DBD like a transcription factor, and the SpyCatcher is fused to a
chromatin remodeler catalytic domain (Donovan et al., 2019). Although specific to a certain
degree, these strategies involve extensive gene engineering for creating gene fusions or multiple
gRNA or epitope fusions expression in cells for them to function efficiently. These studies have
either used a homologous protein or used a fusion construct to overcome the complexities of the
cellular conditions when utilizing an engineered enzyme system. Most of these strategies involve
direct competition with endogenous factors for binding sites and also affect the stability of the
interaction once the DBD bind to its target. The effect of these engineered chromatin remodelers
is limited to close proximity of the binding site thus limiting its utility depending on the binding
site availability near target chromatin regions. Since majority of these strategies utilize an
endogenous DBD and chromatin remodeler, these have to be extensively tailored for every target
gene and cell line. A heterologous chromatin remodeler like LIaBIl1, that recognizes a short target
sequence, can overcome these limitations. It is unaffected by the cellular signaling cascades and

the target sites are not in direct competition for binding with other endogenous factors. This
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remodeler does not require extensive protein engineering or gene modifications in the cells to
perform targeted nucleosome rearrangements. Moreover, being entirely heterologous, it can be
employed in many cells lines without making significant changes. It can also be easily incorporated
into the cellular networks allowing temporal control over its expression and chromatin remodeling.
There are numerous Type ISP RM enzymes that recognize a specific target sequence and
translocate DNA. All these enzymes have the potential to be developed into a targeted chromatin
remodeling tool thus providing us with a library of chromatin remodeling enzymes. A single
enzyme can be used to target multiple genes or multiple enzymes can be employed in combination
to upregulate or down regulate different genes based on target site availability in the gene vicinity
(Fig. 5.10). Once successfully tested in live cells, these enzymes would provide an easily
accessible modular library of proteins that require minimal tweaking to be used as sequence
specific chromatin remodelers in multiple cell types and organisms. A single enzyme can be used
to target multiple genes or multiple enzymes can be employed in combination to upregulate or
down regulate different genes based on target site availability in the gene vicinity (Fig. 5.10). Once
successfully tested in live cells, these enzymes would provide an easily accessible modular library
of proteins that require minimal tweaking to be used as sequence specific chromatin remodelers in
multiple cell types and organisms. As elaborated in figure 5.10, the Type | RM enzyme constructs
can be developed for expression in eukaryotic cells. As each of these enzymes recognize a unique
target sequence, they can be targeted to specific genes that need to be modulated. Available
sequencing data would allow mapping of target sites at specific target gene loci and allow selection
of enzymes from this library based on user requirements. The number and orientation of target
sites in and around the gene body and gene regulatory elements (promoter, enhancer, transcription
start site) would allow to either deplete these regions of nucleosomes so that gene transcription can

be enhanced or preserve nucleosome occupancy such that gene transcription is inhibited.
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