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Thesis Abstract

Despite being essential for organismal survival, genomic DNA is chemically
reactive and susceptible to modification to generate mutagenic and/or cytotoxic lesions.
These lesions include oxidation, alkylation, and deamination of the nucleobases. The
removal of modified nucleobase lesions is the responsibility of the base excision repair
(BER) pathway. BER is initiated by glycosylases that search for and remove the lesions.
Previous characterizations of glycosylase activity have used DNA oligonucleotides, but a
majority of eukaryotic DNA exists in a packaged environment. The basic unit of DNA
packaging is the nucleosome core particle (NCP). This thesis focuses on characterizing
the activity of three representative glycosylase-lesion pairs in NCPs: (1) human
oxoguanine DNA glycosylase (hOGG1) on 8-oxo0-7,8-dihydroguanine, (2) uracil DNA
glycosylase (UDG) on uracil (U), and (3) human alkyladenine DNA glycosylase (AAG) on
1,N8-ethenoadenine (¢A). hOGG1 and UDG activity was evaluated using kinetic studies
of lesions positioned in various rotational positions near the DNA ends of the NCP. Lesion
repair was enhanced relative to analogous rotational positions located on the dyad,
suggesting that transient unwrapping of DNA ends facilitated repair. Additionally, histone
tails were shown to suppress hOGG1 activity, but not UDG, emphasizing that local NCP
architectural features can differentially influence glycosylase activity. UDG searching for
lesions was also characterized in NCPs, specifically its processivity, or ability to remove
multiple U in a single DNA binding event. Preliminary results show UDG processivity is
greatly reduced in NCPs relative to duplex. The small amount of processivity observed is
due to dissociative transfer (“hopping”) with no contribution of associative transfer
(“sliding”). Lastly, AAG activity was characterized across a variety of translational and
rotational positions simultaneously utilizing a global €A-containing NCP population to
determine kinetic parameters at 49 distinct sites. Overall, the amount of excision by AAG

correlated with solution accessibility characterized by hydroxyl radical footprinting and

XViii



exhibited monophasic kinetics. Exceptions to this repair-accessibility correlation are likely
due to local NCP architectures, such as differences in DNA dynamics, DNA wrapping, and
interaction with histone tails. These in vitro NCP experiments provide powerful molecular
understanding for biological relationships between DNA damage and repair seen in
eukaryotic genomes. These comparable observations between in vivo and in vitro systems
allows for a more complete understanding of BER-specific contributions to mutational
spectra in human cancers and may provide insight into the resolution of these disease-

inducing mutations.
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Chapter 1. Introduction t

T Adapted from:
Kennedy E.E.*, Caffrey P.J.*, Delaney, S. (2018)
Initiating base excision repair in chromatin.
DNA Repair 71, 87-92

*These authors contributed equally to this work



1.1. Introduction to DNA

The genetic information essential for the survival of all organisms is stored in the
crucial biomolecule called deoxyribonucleic acid (DNA). The double helical structure of
DNA, as first described by James Watson and Francis Crick in 1953, contains two
complementary polynucleotide strands arranged in an antiparallel orientation to create
what is known as a DNA duplex.! Each strand of the duplex is made up of monomeric
units called nucleotides, connected in a linear manner by phosphodiester bonds. Each
nucleotide is composed of a deoxyribose sugar, a phosphate group, and a nitrogenous
nucleobase. There are four canonical nucleobases: adenine (A), thymine (T), cytosine (C),
and guanine (G). The nucleobases are derivatives of either pyrimidines (T and C) or
purines (A and G). Complementary DNA strands are paired via hydrogen bonding of

nucleobases on opposite strands, A with T and C with G (Figure 1.1.)

Phosphate H
backbone

5 wH”
a Ou\\‘ H “‘\'LI/C\|
(I) - \\\‘“ (?
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Figure 1.1. DNA double helix structure and canonical base pairing. Duplex
formation occurs when G pairs with C, and A pairs with T on complementary strands.
The sugar phosphate backbone connects the nucleotides together on a single strand.
Dashed bonds represent hydrogen bonding between pairs. The N-glycosidic bonds are
highlighted in green.



1.2. DNA is chemically reactive

Despite containing crucial genetic instructions, genomic DNA has a
physiochemical composition that renders it susceptible to modification and
decomposition.?2 The reactive environment of the cell and the presence of environmental
factors threaten the integrity of the DNA and the genetic information it contains.** Not only
are the sources of damage wide-ranging, but also there is high diversity in the types of
damage including single- and double-strand breaks, inter- and intra-strand crosslinks,
abasic sites, and modification of the nucleobases.®

The basis of this thesis will focus on the modification of nucleobases to generate
lesions. Examples of nucleobase lesions deriving from oxidation, alkylation, deamination,
and hydrolysis are shown in Figure 1.2.” Normal cellular processes can lead to all types
of events: reactive oxygen species generated from cellular metabolism and inflammatory
responses can generate oxidized nucleobases,® lipid peroxidation metabolism
intermediates cause alkylation modifications to nucleobases,® and spontaneous
deamination of exocyclic amines found in A, G, and C simply happen under physiological
conditions.'® Representative lesions that will be discussed further in this thesis include 8-
oxo-7,8-dihydroguanine (8-oxoG) resulting from the oxidation of G, 1,N®-ethenoadenine
(eA) from the alkylation of A, and uracil (U) from the deamination of C.

When formed in DNA, nucleobase modifications may modulate or eliminate base-
pairing properties. For example, the alkylation of A to €A causes the complete loss of
hydrogen bonding to T and causes A to G mutations upon replication (Figure 1.3.A).1!
The deamination of C to U loses one hydrogen bond to create a wobble pair with G (Figure
1.3.B). The persistence of the U:G mispair during replication can allow for an A to be
inserted opposite U, resulting in a C to T mutation. In the case of 8-0x0G, its base pairing

with C remains the same. However, the 8-oxoG can rotate 180 degrees about the



glycosidic bond to base pair with A, which can result in a G to T mutation after replication

(Figure 1.3.C).
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Figure 1.2. Nucleobase lesions result from oxidation, alkylation, deamination,
and hydrolysis events. The above structures show examples of DNA lesions that
form due to chemical modification of the nucleobase: 8-oxo-7,8-dihydroguanine
(80x0G); thymine glycol (Tg); 5,6-dihydrouracil (5,6DHU); hydroxymethyluracil (hmuU);
5-hydroxycytosine (5hC); 4,6-diamino-5-formamidopyrimidine G (FapyG); 4,6-diamino-
5-formamidopyrimidine A (FapyA); guanidinohydantoin (Gh); spiroiminodihydantoin
(Sp); 3-methyladenine (3meA); 7-methylguanine (7meG); 7-methyladenine (7meA); 3-
methylguanine (3meG); 1,N%-ethenoadenine (€A); uracil (U); xanthine (X);
hypoxanthine (Hx); 5-hydroxyuracil (5hU). Hydrolysis of the glycosidic bond produces
an abasic site. Figure adapted from reference 7.
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Figure 1.3. Examples of mutagenic mispairing due to chemical modifications to
nucleobases. (A) The alkylation of A results in the formation of €A and the complete
loss of hydrogen bonding to T. (B) The deamination of C to U results in a loss of a
hydrogen bond that causes a wobble U:G bp. (C) The oxidation of G results in 8-0xoG
which can either remain paired with C (anti conformation), or may rotate 180 degrees
about the glycosidic bond to hydrogen bond in the syn conformation with A. Structural
features that differ from the canonical base are highlighted in pink.

1.3. Base excision repair
The preservation of the genome is crucial for cell and organismal survival, as well
as for the faithful transfer of genetic information to the next generation for species’ survival.

Under normal physiological conditions, the typical cell is estimated to acquire between



10,000 - 20,000 lesions per day.? Fortunately, our cells have multiple repair processes to
rectify a majority of the damage that can form in DNA.® These pathways, including single-

strand break repair, double-strand break repair (either non-homologous end joining or

5l

homologous recombination), mismatch repair, I I I I I I
nucleotide excision repair, and base excision 3 11111
repair, are each responsible for the resolution l Glycosylase
of different types of damage that may occur.'?- 5 I I
14 Repair of DNA is possible due to the 5 | | |
redundancy of genetic information stored in the l APE1
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_ \CG-dRP
on one strand is directed by the information 5 I I I I I
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excision repair (BER) pathway, which is 3 | |
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Figure 1.4. Base excision repair. BERis
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beta (polB) processes this intermediate by repair.

Endonuclease-1 (APE1l), which cleaves
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site containing a 3'-OH and 5'-deoxyribose

phosphate group (5'-dRP). Polymerase



first removing the 5'-dRP and then inserting the correct nucleotide on the 3' side of the
nick.’> A DNA ligase seals the nick to rejoin the phosphate backbone and completes the

repair.

1.4. DNA glycosylases

There are eleven glycosylases that have been identified in humans and they are
categorized based on their structural architecture, falling into one of six superfamilies.®
The advent of synthetic organic chemistry methods to produce DNA oligonucleotides with
a single and site-specifically incorporated lesion made it possible for substrate specificity

identifications and mechanistic studies of glycosylases to understand how BER is initiated.

1.4.1. Searching for lesion substrates by glycosylases

The first task of the DNA glycosylase is to find its rare lesion substrate among the
entirety of the genomic DNA. Given the average formation of ~10,000 lesions per cell per
day, this searching task of DNA glycosylases is a formidable challenge analogous to
finding a needle in a haystack, due to the presence of ~12,000,000,000 undamaged
nucleobases to search through as well.?!” Fast, efficient lesion searching by glycosylases
to initiate BER is critical to removing damage before replication to prevent mutagenic
events. Unlike other repair pathways, BER substrates are typically non-bulky and are
therefore not as disruptive to the local DNA environment as bulkier lesions, like thymine
dimers repaired by nucleotide excision repair. Our understanding of how lesions are found
in a vast excess of undamaged DNA is incomplete despite many studies trying to address
this question.’

The current working model in the field proposes a combination of both long-range,
three-dimensional diffusion as well as shorter-range one-dimensional diffusion for the

most efficient means of finding lesions. The majority of studies have focused on the one-



dimensional method, specifically how the glycosylase travels from one lesion site to
another in a single binding event, or its processivity.'® Processivity is believed to be most
efficient by utilizing two modes of travel between lesion sites: associative transfer, or
“sliding” along the phosphate backbone; and dissociative transfer, or small “hops” of
micro-dissociations. A portion of the proceeding work will focus on processivity in the

context of the human genome and will be discussed in more depth in Chapter 4.

1.4.2. Substrate specificity of glycosylases

Each glycosylase has specificity for removal of a small number of lesions (Table
1.1.). Some glycosylases are very specific for the removal of one type of lesion. For
example, uracil DNA glycosylase (UDG) is most specifically responsible for the removal
of U lesions.’®2° Conversely, AAG has a relatively broad specificity in lesion removal,

having the ability to remove at least five lesions due to alkylation or deamination of

Table 1.1. Human DNA glycosylases and their preferred substrates and bend

angles.
Human E. coli Also works Bend
Glycosylase homolog Substrate(s)? on ssDNA angle
AAG AlkA 3meA, 7meA, €A, Hx, X (not well) 22022
UNG1/2 UDG U yes 45°23.24
SMUG1 MUG U; hmU yes > 45°25
TDG T:G; UG, T:C; T:T no 43026
MBD4 T:G; U:G; hmU:G no 57°%
MUTYH MutY A:8-0x0G no 55°28
hOGG1 Fpg 8-0x0G; FapyG no 70°%°
FapyG; Tg; 5,6DHU;
NTH1 Nth 5hC; 5hu no 55030
Sp; Gh; FapyG; FapyA;
NEIL1 5,6DHT; 5,6DHU yes 42031
Nei Sp; Gh; 5hU; 5,6DHT;
NEIL2 5,6DHU; 5hC prefers ssDNA
NEIL3 Sp; Gh; FapyG; FapyA  prefers ssDNA

2 N:N represents a mispair where the bolded nucleobase is the one that is removed by
the glycosylase



purines.? It is also important to note that sometimes a canonical base must be removed
by glycosylases based on the duplex context. For example, the human MUTY glycosylase
recognizes and removes the A that was incorporated across from an 8-oxoG lesion after
replication to prevent a G to T point mutation.®? Additionally, thymine DNA glycosylase
(TDG) removes T from T:G mispairs, resulting from the deamination of 5-methyl C.3334
Interestingly, not all nucleobase lesions must be removed from a duplex context. Some
glycosylases have the ability to remove lesions in both single- and double-strand contexts,

while others only have activity on double-strand DNA.35-38

1.4.3. General mechanism of glycosylases

Despite the difference in their structures and target lesions, the eleven human
glycosylases share the same mechanism for removing lesions from duplex.'® Briefly, this
mechanism is referred to as the “pinch, push, plug, pull” mechanism.3%4° Once the lesion
is found, the glycosylase binds to the lesion and results in a “pinch”, or bend in the
surrounding DNA that causes a 22-70° kink depending on the glycosylase observed
(Table 1.1.). This distortion of the DNA
structure allows for the glycosylase to
“push” the lesion out of the double helix via
base flipping, into the active site of the
glycosylase (Figure 1.5.). The glycosylase
“plugs” the void left behind by the extruded

lesion with an amino acid residue to

stabilize the duplex structure. The “pull”
Figure 1.5. Structure of UDG bound to

duplex DNA. The UDG enzyme (blue) is  refers to the stability of the lesion within the
bound to the duplex (black) such that the

lesion (red) is flipped into the active site  active site, where chemistry of cleaving the
and primed for hydrolysis of the N-

glycosidic bond. glycosidic bond takes place.*



1.4.4. Kinetics of glycosylases

A minimal kinetic scheme for DNA glycosylases (Figure 1.6.) begins once the
nucleobase lesion has been found, and includes the three steps of the enzymatic cycle:
(1) specific binding to the DNA lesion substrate; (2) the chemistry step (Kchem), Which is
cleavage of the glycosidic bond to excise the lesion; and (3) release of the DNA product
(kre1). For most glycosylases, product release is rate limiting and is defined by kca, which
is measured under multiple turnover (MTO) conditions ([glycosylase]<<[DNA]). For
glycosylases, ke reflects product release rather than chemistry. By carrying out
experiments under single-turnover (STO) conditions ([glycosylase]>>[DNA]), each
enzyme has only one chance to perform chemistry before the substrate is consumed and
ket does not factor into the kinetic model. The koss value is therefore reflective of the
slowest step up to or including chemistry. When performing STO experiments using

duplex substrates, searching and binding to the DNA substrate by glycosylases is known

‘ kbind kchem ‘€ kreI ‘
— R o

Lesion recognition & Base flipping & Product
specific binding lesion hydrolysis release

to be fast and Kobs = Kchem.

Figure 1.6. Minimal kinetic scheme for base-flipping glycosylases. Once the lesion
(red rectangle) is found, the glycosylase (blue crescent) binds specifically to the DNA
to flip the damaged base into the enzyme active site, while plugging the void left in the
duplex with an amino acid. From here, the glycosylase performs the chemistry of
cleaving the N-glycosidic bond (Kchem). After chemistry, the DNA product is released

(krel)-
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1.5. Deficiency in BER

Failure for proper and complete repair of modified nucleobases due to insufficient
activity from any of the BER enzymes can have major consequences, including decreased
cell viability, accelerated aging, and cancer.*>* Indeed, homozygous deletions of TDG,*
APE1,* and polB,* are embryonic lethal in mouse models and therefore implicated in
early embryonic development. Gene mutations that inactivate oxoguanine DNA
glycosylase (hOGGL1), the glycosylase responsible for removing 8-oxoG lesions, have
been associated with esophageal, lung squamous cell carcinomas, kidney, and gastric
cancers.* Specifically, mutations that influence the glycosylase’s ability to perform
chemistry efficiently have been shown to be detrimental to cell viability. For example,
mutations in amino acids that are used in lesion searching in alkyladenine DNA
glycosylase (AAG) have shown sensitivity to alkylating damage.*” Additionally, mutations
in polB have been observed in ~30% of tumors in humans.*® The importance of BER to
cell viability has been studied in the context of organismal well-being, but has also

emerged as a therapeutic target to specifically combat cancer cells.4%%°

1.6. Eukaryotic DNA is packaged into NCPs

Most of the mechanistic studies and substrate specificity characterizations of
glycosylases were identified using duplex substrates. However, eukaryotic genomic DNA
is highly compacted and packaged into chromatin to fit about 2 m of DNA into the cell
nucleus. The primary repeating unit of chromatin is the nucleosome core particle (NCP)
and therefore the lowest-order element of DNA accessibility. NCPs consist of 145-147 bp
of DNA wrapped ~1.7 left-handed superhelical turns around a core of histone proteins
(Figure 1.7.), with a 2-fold axis of pseudosymmetry known as the dyad axis.®® The

octameric histone core is made up of two copies of each of the canonical histone proteins
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Figure 1.7. Representations of the NCP. (A) Top view and (B) side view of the NCP
represented as a spool-and-thread cartoon. The DNA is colored blue and the histone
octamer is gray. The dyad axis is indicated by a dashed orange line in (A) and an
orange rod coming out of the plane in (B). The pseudosymmetry of the histone octamer
about the dyad axis is indicated by the green arrow. In (C) and (D) the histone proteins
are shown as ribbon diagrams. NCP representations are merged crystal structures of
an NCP containing the Widom 601 DNA, with a histone octamer containing N-terminal
tail regions (PDB entries 31z0 and 1kx5, respectively). (E) Rotational positions of
nucleobases relative to the histone octamer core (only one DNA strand is shown for
simplicity). Outward (red), midway (purple), and inward (blue) bases are indicated.

H2A, H2B, H3, and H4.%2 Each histone protein contains a globular domain and an
unstructured tail region that protrudes from the center of the core.®® As a result of the
DNA'’s wrapping around the histone core, the DNA structure becomes slightly distorted
and stretched compared with duplex.5%54

The position of each nucleobase in an NCP can be described with respect to the
histone core, which can be varied in two ways: (1) rotational position, referring to the
helical orientation, i.e. if the nucleobase is facing out towards solution or in towards the
histone octamer core; and (2) translational position, referring to the location of the
nucleobase relative to the dyad axis. Ensemble® and single molecule®®>® FRET

measurements have shown that spontaneous unwrapping of nucleosomal DNA transiently

12



exposes nucleobases that face in towards
the histone octamer core (Figure 1.8.).
Specifically, the rate of increasing the
distance between the DNA ends and the
histone octamer (unwrapping) were

determined to be ~0.28 ms™. Conversely,

the rate of re-wrapping was ~0.49 ms*.%8

Figure 1.8. DNA unwrapping inan NCP.  Thjs dynamic motion ultimately results in
Spool-and-thread representation of an

NCP showing an unwrapped state of one  jhcreased  solution  accessibility — of
end of the DNA from the histone octamer

core. nucleobases closer to the ends of DNA
compared with bases at the dyad axis. Indeed, restriction enzymes showed increased
accessibility to recognition sites closer to ends of nucleosomal DNA compared with sites
on the dyad axis.>%° Interestingly, NCPs have been shown to preferentially unwrap one
end over the other, referred to as asymmetric unwrapping.®*-52
Beyond the four canonical histone proteins, there are a variety of histone variants
that differ from the canonical structures,®* and are involved in the facilitation of cellular
processes, including double-strand break repair.®® In addition to swapping out canonical
histone proteins, the canonical histones can be modified with post-translational
modifications (PTMs) such as methylation and acetylation. An less-understood histone
modification of recent interest is histone tail clipping, in which endopeptidases completely
remove the histone tails to either prevent further modification or remove all previous
modifications.®® Previous studies have shown that changing the histone octamer

composition in one of the above-mentioned ways may influence BER in the NCP.%"-"°
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1.7. Experimental parameters and considerations for studying glycosylase activity
in NCPs

There are multiple experimental factors to consider when constructing an NCP
model system to examine BER in vitro. Some of these factors include: the histone proteins,
the DNA sequence and length, and the location and geometric position of the lesion of
interest. It has become increasingly clear that each of these factors can modulate the
efficiency of each enzymatic player in the BER pathway. Due to this variety of experimental
parameters, one must choose the best option to address the desired question(s). Below
are descriptions for some of the most commonly-used systems to assemble NCPs in the

laboratory.

1.7.1. Source of histone proteins

Isolation of histone octamer cores from a biological source. Many of the first
studies on reconstituted NCPs used a biological source of histone octamer cores isolated
from chicken erythrocytes.” In this procedure, chromatin is isolated and digested with
micrococcal nuclease to obtain NCPs containing chicken DNA. The original chicken DNA
is then exchanged for the experimental DNA of interest by incremental dialysis from high
to low concentrations of salt.”*"? Similar experiments have been performed using HelLa
cells as a biological source of histone octamer cores.”’ An important consideration of
these NCPs assembled using isolated histones is that they are subject to a diverse array
of PTMs and represent a heterogeneous population.

Recombinantly expressed histone proteins. Luger and Richmond reported the first
high-resolution crystal structure of an NCP.5! Crystallization of the NCP required a
homogeneous population of NCPs and led to the recombinant expression and purification
of individual Xenopus laevis histone proteins in E. coli.>~"® These individual histone

proteins are then combined to form the histone octamer core. The high conservation of
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the histone proteins H2A, H2B, H3, and H4 across evolution makes studies using X. laevis
histone proteins generalizable to all eukaryotes.”® Creating NCPs using recombinant
histone proteins is an important step if a homogeneous substrate population is required.
This homogeneity, however, comes at the expense of histone PTMs which are known to

be biologically relevant.

1.7.2. DNA sequence

While most DNA sequences have affinity for the histone proteins, a small subset
(< 5%) have a stronger, sequence-derived affinity that dictates NCP positioning.”” These
DNA are called nucleosome positioning sequences and bind histones in a predictable and
reproducible manner with a defined translational and rotational position. The most
commonly-used positioning sequences are the 5S rDNA and the Widom 601 sequences.

5S rDNA sequence. The first demonstration that a DNA duplex could create
predictable, positioned nucleosomes used the 5S sequence from the sea urchin L.
variegatus.’ The 5S sequence is appealing to use for in vitro experiments because it is a
naturally-occurring sequence that is highly conserved in other organisms.” Periodicity of
the 5S DNA sequence in an NCP changes relative to the unwrapped version, as revealed
by hydroxyl radical footprinting (HRF). It is also known that the periodicity changes within
the NCP depending on the translational position relative to the dyad axis.®* These changes
in periodicity based on translational location have also been observed for other DNA
sequences.®8 Additionally, the 5S sequence adopts multiple translational positions that
are offset by multiples of 10 bp, especially when the length of the DNA surpasses the
minimal 145-147 bp required to form an NCP.82% However, incubating the NCPs at
elevated temperatures allows the DNA to “heat shift” to a single, thermodynamically

favored translational position.8®
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Widom 601 sequence. The Widom group recognized the potential benefits of using
a positioning sequence and sought to identify the characteristics that define such DNA.&
Using a SELEX approach, they selected from a library of randomized DNA sequences
those that had the highest affinity for the histone octamer core. These experiments
identified the 601 sequence, a synthetic positioning sequence that binds the histone
octamer core in a single orientation. Crystal structures of NCPs containing 601 DNA and
X. laevis histones serve as useful references for designing experiments to address BER
in NCPs.538187 |n comparison with the naturally-occurring 5S sequence, the 601 NCP has

been shown to be less dynamic and less accessible to digestion by restriction enzymes.%°

1.7.3. Incorporation of DNA lesion

Single, site-specific lesions. A common experimental set-up utilizes one lesion in
a well-defined rotational and translational position. A site of interest for the lesion can be
identified, in some cases with reference to a crystal structure, and DNA can be prepared
in which the canonical nucleobase is replaced with a lesion. Each NCP in the population
has the same lesion located in the same rotational and translational position. HRF and
digestion by exonuclease Ill can be used to confirm the rotational and translational position
of the lesion. A substantial body of literature exists that used site-specific incorporation of
a lesion and serves as a major source of our current understanding of BER in NCPs.

Global incorporation of lesions. Another method of studying BER in NCPs is one
that uses global incorporation of lesions. Using either PCR or chemical synthesis
techniques, a population of DNA sequences can be prepared in which a lesion is globally
incorporated across a variety of rotational and translational positions in NCPs. This
technique has been used to create populations of NCPs in which, on a single strand, all
the T sites have been replaced by U,%*° and the G sites have been replaced by 8-oxo-

7,8-dihydroguanine (8-0x0G).%* While T and G have been globally substituted, each NCP
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contains only one lesion. By using the entire population of NCPs as a substrate in BER,

the global profile of repair in packaged DNA can be identified.

1.8. Gap in knowledge and concluding remarks

The repair of DNA damage is essential for the survival of an organism. Nucleobase
lesions can result from oxidation, alkylation, and/or deamination events that originate from
endogenous or exogenous sources. The persistence of these nucleobase lesions leads
to mutagenesis and genomic instability. Fortunately, the BER pathway is responsible for
the recognition, removal, and repair of single-base lesions to protect the genetic
information. However, the ubiquitous sequestration of eukaryotic DNA into chromatin
presents a conundrum for BER enzymes, which interact intimately with DNA. This thesis
work specifically focuses on efforts to address the initiation of BER by glycosylases in
packaged DNA.

The proceeding work utilizes three different lesion-containing NCP substrate set-
ups to explore the relationship between glycosylase activity in a packaged DNA
environment. First, Chapter 2 examines the activities of hOGG1 and UDG in site-specific
NCPs located in three rotational positions near the DNA end to determine how DNA-
histone dynamics influence glycosylase activity. Chapter 3 surveys the repair profile of €A
excision by AAG in 49 distinct translational and rotational positions using a population of
global eA-containing NCPs to study the relationship between repair and NCP architecture.
Lastly, Chapter 4 explores the processivity of UDG in NCPs containing two U lesions to
investigate searching capabilities in the context of the packaged eukaryotic genome. With
these studies, we aim to elucidate how BER initiation is influenced by DNA packaging. A
more complete understanding of BER in the context of eukaryotic DNA will provide

valuable insight into the balance between DNA damage, repair, and mutation.
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2.1. Abstract

If unrepaired, damage to genomic DNA can cause mutations and/or be cytotoxic.
Single base lesions are repaired via the base excision repair (BER) pathway. The first step
in BER is the recognition and removal of the nucleobase lesion by a glycosylase enzyme.
For example, human oxoguanine glycosylase 1 (hOGG1) is responsible for removal of the
prototypic oxidatively damaged nucleobase, 8-oxo-7,8-dihydroguanine (8-0xoG). To date,
most studies of glycosylases have used duplex DNA substrates. However, cellular DNA
is packaged as repeating nucleosome units, with 145 base pair segments of DNA wrapped
around histone protein octamers. Previous studies revealed inhibition of hOGG1 at the
nucleosome dyad axis and in the absence of chromatin remodelers. In this study, we find
that even in the absence of chromatin remodelers or external cofactors, hOGG1 can
initiate BER at positions off the dyad axis and that this activity is facilitated by spontaneous
and transient unwrapping of DNA from the histones. Additionally, we find that solution
accessibility as characterized by hydroxyl radical footprinting is not fully predictive of
glycosylase activity and that histone tails can suppress hOGG1 activity. We therefore
suggest that local nuances in the nucleosome environment and histone-DNA interactions

can impact glycosylase activity.

2.2. Introduction

Genomic DNA is under constant threat of damage from free radicals, radiation,
and environmental toxins.! Persistent chemical modification of a nucleobase can be
cytotoxic and/or mutagenic and is the underlying cause of aging and cancer.! Therefore,
cells have developed a variety of essential repair pathways to remove lesions from DNA.
Single base lesions are rectified via the base excision repair (BER) pathway, which is
initiated by a glycosylase enzyme specific to the lesion. For example, the oxidation of

guanine to 8-oxo-7,8-dihydroguanine (8-0xoG) is repaired in humans by oxoguanine
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glycosylase 1 (hOGG1). Glycosylases bind the DNA and flip the lesion out of the base
stack into the enzyme’s active site. Glycosylases share a common Syl type mechanism
for cleavage of the glycosidic bond at the lesion, ultimately resulting in an abasic site.?™
The majority of studies to examine glycosylase activity have used duplex DNA as
the substrate. While these studies provide essential mechanistic information about
glycosylases, cellular DNA packaged as chromatin presents a more complex substrate
context for repair in vivo.> The primary structural repeating unit of chromatin is the
nucleosome. Individual nucleosomes, or nucleosome core particles (NCP), serve as a
model system for the lowest-order element of DNA packaging. An NCP consists of 145-
147 base pairs of duplex DNA wrapped around a protein core. The octameric protein core
contains two copies each of the four histone proteins: H2A, H2B, H3, and H4. The histone
proteins have unstructured lysine-rich tails which are subject to post-translational
modification, such as acetylation.®* The NCP contains a dyad axis of pseudosymmetry
aligned with the central base pair of the wrapped DNA. The translational position of a base
refers to its distance from the central base pair. Further, the rotational position of a base
describes its rotational orientation relative to the histone core. Outward facing bases are
solution accessible while bases facing inward to the histone core are sequestered.
Several factors have been proposed to impact the initiation of repair by
glycosylases in packaged DNA substrates, including the steric bulk of the histone proteins
and the specific position of the lesion. A recent review by Odell et al. summarized the
studies to date and proposed a set of general tenets for glycosylase activity in NCPs.®
First, spontaneous unwrapping of nucleosomal DNA transiently exposes sites that are
normally occluded. Ensemble FRET measurements’® and single molecule FRET
techniques'®!! have quantified the rates and extent of DNA end unwrapping. This dynamic
motion ultimately results in increased accessibility of bases closer to the ends of DNA

compared to bases at the dyad axis. Early work using restriction enzymes showed
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increased accessibility of restriction sites closer to ends of nucleosomal DNA compared
to restriction sites on the dyad axis.??"'®> This trend was also observed with the human
glycosylase endonuclease Il (hNNTH1), which had increased excision of thymine glycol at
the ends of the DNA compared to on the dyad axis;*® interestingly, it was recently reported
that human cells contain a factor that facilitates hNTH1 activity in NCP substrates.!®
Further, previous studies have revealed significant inhibition of several other glycosylases,
including hOGG1, acting on lesions positioned at the dyad axis.!*":1® Notably, the abilities
of uracil DNA glycosylase (UDG) and human alkyladenine glycosylase (AAG) to excise an
outward facing lesion at the dyad axis were observed as exceptions.!’ Finally, it has been
proposed that lesions with outward rotational position are more easily repaired than
inward-facing lesions, though exceptions have been observed.*171%-25 Most importantly,
the general applicability of these principles to all glycosylases and lesions has yet to be
fully explored.

In the case of hOGG1, inhibition has been observed in NCP substrates when the
lesion is located at the dyad axis.'”*82¢ Activity of hOGGL1 in NCP substrates has been
observed upon addition of chromatin remodeling complexes.'2% and when the lesion is
located in the linker region between two NCPs of a dinucleosome substrate.?® Given the
known importance of transient DNA unwrapping, hOGG1 activity with lesions of varied
translational position warrants further exploration.

To investigate the role of DNA unwrapping on hOGG1 activity, we created site-
specific NCP substrates with single base lesions incorporated off the dyad axis. The
lesions were positioned approximately 20 base pairs from the end of the DNA within the
region that is known to show dynamic unwrapping. To further investigate how the
rotational position of a lesion impacts glycosylase activity, we incorporated lesions in

positions of varying solution accessibility. Finally, we investigated the impact of the local
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histone environment on hOGGL1 activity via acetylation and omission of the histone H2B

tail.

2.3. Experimental Procedures
2.3.1. Oligonucleotide Synthesis and Purification

Oligonucleotides were synthesized on a MerMade 4 (BioAutomation) DNA
synthesizer using phosphoramidite chemistry. All synthesis reagents and
phosphoramidites were purchased from Glen Research. The final trityl group was retained
for an initial round of HPLC purification (Dynamax Microsorb C18 column, 10 x 250 mm;
A = acetonitrile, B = 30 mM ammonium acetate; 5:95 to 35:65 A:B over 30 min at 3.5
mL/min). Following this first round of purification, oligonucleotides were incubated with
20% v/v aqueous acetic acid for 60 min at room temperature to remove the trityl group.
For oligonucleotides containing only canonical bases or uracil (U), HPLC at 90°C was
used for a second round of purification (Agilent PLRP-S column, 250 mm x 4.6 mm; A =
100 mM triethylammonium acetate [TEAA] in 5% aqueous MeCN, B = 100 mM TEAA in
MeCN; 0:100 to 35:65 A:B over 35 min at 1 mL/min). For oligonucleotides containing 8-
0x0G, incorporation of 8-oxoG was carried out according to Glen Research protocols. The
trityl group was removed on the synthesizer before purification and 2-mercaptoethanol
was included during cleavage of the oligonucleotide from the bead. Anion-exchange HPLC
was used to purify the 8-oxoG-containing oligonucleotides (Dionex DNAPac PA100 anion-
exchange column; A = 10% acetonitrile, B = 0.8 M ammonium acetate in 10% acetonitrile;
70:30 to 0:100 A:B over 35 min at 1 mL/min). Collected peaks were desalted by buffer

exchange using centrifugal concentrators (Sartorius Vivaspin Turbo 15, 5 kDa MWCO).
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2.3.2 Ligation of 145 mer Oligonucleotides

DNA substrates assembled for this study were designed using the synthetic 145
mer Widom 601 nucleosome positioning sequence?’ as a template (Scheme S.2.1). The
two strands forming the duplex are differentiated as “I strand” and “J strand” based on the
Widom 601 NCP crystal structure.?® Specifically, we placed lesions in the “I strand.”

We synthesized the DNA strands in shorter pieces for assembly into full-length 145
mer via enzymatic ligation. The short oligonucleotides were phosphorylated with T4
polynucleotide kinase (New England Biolabs) with an additional 2 mM ATP in the reaction
buffer. Phosphorylated oligonucleotides were annealed to scaffold oligonucleotides in a
1:1 ratio by heating to 90 °C for 5 min followed by cooling to 25 °C at a rate of 1 °C/min.
Next, the oligonucleotides were ligated for 3 h at room temperature using T4 Ligase (New
England Biolabs). Full-length ligation products were purified by 8% denaturing PAGE (0.8
mm thickness). Electrospray ionization mass spectrometry was used to confirm the
identity of the purified 145 mers. Oligonucleotide concentrations were determined by their
absorbance at 260 nm using molar extinction coefficients calculated with the

OligoAnalyzer tool (www.idtdna.com).

2.3.3. Glycosylase Expression and Purification

His6-tagged hOGG1 was recombinantly expressed in E. coli and purified as
previously described.1”?° SDS PAGE analysis showed hOGG1 purity to be >98%. E. coli
UDG was purchased from New England Biolabs. The active site of E. coli UDG is over
55% identical and 73% similar to human UDG?® leading to many previous studies to use
E. coli UDG as a comparable alternative to using human UDG.?* In addition, both types of
UDG have similar competency for removing U from NCPs.17:2%31 The total concentration
of each enzyme was determined by Bradford assay with y-globulin standards (Bio-Rad

Laboratories).
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2.3.4. Histone Proteins and Octamer Assembly

Expression and purification of canonical Xenopus laevis histone proteins and
assembly of the histone octamer were performed according to the published method of
Luger, et al.*?34 Chemically acetylated H2B protein was prepared based on previously
published methods,*** which provides solution-accessible lysine residues as potential
substrates. Briefly, 0.3 ymol of purified H2B was dissolved in 1 mL of freshly prepared 7
M urea solution with 500 mM ammonium acetate and 50 mM ammonium bicarbonate (pH
8.5). The mixture was kept on ice, and 1.5 uL of freshly prepared 10.6 M acetic anhydride
was added every 15 min. Concurrently, the pH of the reaction was constantly adjusted to
8.0-8.5 with ammonium hydroxide. After 60 min, the reaction was quenched with 100 uL
of 1 M Tris-HCI before transferring to a dialysis device for overnight dialysis into water with
2 mM 2-mercaptoethanol. Electrospray ionization mass spectrometry revealed that
between 4-14 acetyl groups were added to H2B. The acetylated H2B protein was
lyophilized and stored at -20 °C until used for octamer assembly. The tailless Xenopus
laevis H2B protein (residues 24-122) was purchased from The Histone Source (Colorado

State University).

2.3.5. Nucleosome Core Particle Reconstitution

NCPs were prepared by stepwise dialysis as reported previously.1’3! Briefly, a
Slide-a-Lyzer MINI dialysis device was equilibrated in buffer (10 mM Tris-HCI [pH 7.5], 1
mM EDTA, 1 mM dithiothreitol [DTT], 2 M NaCl) at 4 °C. Radiolabeled duplex (50 uL of 1
MM) was added to the dialysis device and allowed to incubate for 30 min before addition
of histone octamer in a 1:1.05 molar ratio. The concentration of NaCl in the dialysis buffer
was progressively lowered at 60 min intervals (1.2 M, 1.0 M, 0.6 M, 0 M). The final dialysis
step was carried out for 3 h. Samples were filtered to remove precipitate and NCP

formation was confirmed by 7% native PAGE (60:1 acrylamide:bisacrylamide; 0.25X TBE)
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run for 3 h at 150 V in 4 °C. Only NCP preparations with less than 5% unincorporated

duplex DNA (as determined by native gel) were used in the experiments.

2.3.6. Hydroxyl Radical Footprinting

Hydroxyl Radical Footprinting (HRF) procedures were based on previously
published methods.?*8 Briefly, 5 pmol of NCPs containing *?P-radiolabeled DNA were
suspended in 52.5 uL buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA) and mixed with 7.5
ML each 10 mM Fe(I1)-EDTA, 10 mM sodium ascorbate, and 0.12% w/v aqueous hydrogen
peroxide. The reaction was incubated at room temperature for 10 min before quenching
with the addition of 50 yL 1 mM EDTA in 25% wi/v glycerol. The sample was immediately
loaded on a pre-running 7% native PAGE (60:1 acrylamide:bisacrylamide, 0.25 X TBE)
and electrophoresed for 3 h at 150 V at 4 °C. The band containing NCPs was excised and
NCPs were eluted into buffer (300 mM sodium acetate [pH 8.0], 1 mM EDTA) overnight.
The resulting eluent was concentrated (Sartorius Vivaspin Turbo 15, 5 kDa MWCO) and
extracted twice against 25:24:1 phenol:chloroform:isoamyl alcohol (PCI; Sigma). An
ethanol precipitation was performed with the addition of 20 uL co-precipitation reagent
(0.5 mg/mL tRNA in 300 mM sodium acetate [pH 8.0], 1 mM EDTA). Samples were
dissolved in formamide and run on an 8% denaturing PAGE. The gel was dried and
exposed before phosphorimaging. The bands were quantitated using SAFA gel analysis

software.3°

2.3.7. Glycosylase Kinetics Experiments

Kinetics experiments were based on previously published protocols.!” Briefly,
radiolabeled, lesion-containing substrate (either duplex or NCP-incorporated) and
glycosylase were prepared at 2X experimental concentration (final concentration 20 nM

and 0.64 uM, respectively) in reaction buffer (20 mM Tris-HCI [pH 7.6], 25 mM NaCl, 75
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mM KCI, 1 mM EDTA, 1 mM DTT, 200 ug/ml BSA). Following a temperature pre-
equilibration at 37 °C for 2 min, equal volumes of substrate (8 uL) and glycosylase (8 uL)
preparations were mixed for varying amounts of time before addition of 1 M NaOH quench
(16 uL, final concentration 500 mM). For each time course a negative control sample (QC)
was prepared by adding 1 M NaOH quench (16 uL) to substrate (8 uL) followed by addition
of glycosylase (8 L) before incubation at 37 °C for the duration of the longest time point.
This control serves to reveal any pre-existing damage or incidental damage due to heating
or sample work-up (generally less than 10%). Samples were heated to 90 °C for 2 min
after addition of quench to induce a strand break at abasic sites. DNA was isolated from
proteins by extraction with 25:24:1 PCI before desalting by ethanol precipitation. Samples
were electrophoresed on an 8% denaturing PAGE, imaged by phosphorimagery (BioRad
Pharos FX) and quantitated by densitometry. The fraction of product at each time point,

(t), was determined by the formula

8, (t

Ey (1) = 10
8s(8) + 6,(0)

where §,(t) and 6, (t) are the densities of the substrate and product bands, respectively,

at time t. The product yield, F,(t), was corrected for pre-existing and incidental substrate

damage using the following formula:

B (®) - Fy(0)
PO="T"F 0

where F,(0) is the fraction of product observed in the QC sample. The mean product yield
from four independent trials (two separate NCP preparations with two trials each) was
determined at each time point. The averaged data were fit to the modified first-order
integrated rate law:

[P(6)] = [()](1 — e Forst)

or
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[P(©)] = [P1(00)](1 — e ors1t) 4 [P2(c0)] (1 — e~ ors12)
where [P(t)] is the concentration of product at time t, [P(c)] is the maximum
concentration of product, and [P(0)] is the amount of product at time t = 0 (generally close
to zero), using a nonlinear least squares regression (Kaleidagraph). Reaction rates, ks,
were reported from the fits. A two-tailed student’s t test was performed to obtain the p
values for the tailless H2B NCPs and acetylated H2B NCPs in comparison to the canonical

NCPs. We considered p < 0.05 to be significant.

2.3.8. Molecular Modeling

Molecular models were created in PyMOL (The PyMOL Molecular Graphics
System, Version 1.74 Schrodinger, LLC.) to visualize hOGG1 binding to the 601 NCP.
Structures of hOGG1-bound-NCPs were created by aligning the crystal structure of
hOGG1 bound to DNA (PDB ID: 1ebm) with the 601 NCP crystal structure (PDB ID: 31z0)
as described previously.!” The glycosylase surface was colored in PyMol according to
proximity to the histone core (regions within 5 A of the octamer are yellow; regions within

5-10 A of the octamer are red; regions greater than 10 A from the octamer are blue).

2.4. Results
2.4.1. Formation of Homogenous NCPs

In this study, we evaluated the impact of lesion position on BER in packaged DNA.
Our DNA substrates were based on the Widom 601 positioning sequence, which binds in
a single translational and rotational position around the histone octamer.?4° We used the
Widom 601 NCP crystal structure?® to guide our placement of DNA lesions off the dyad
axis and in one of three rotational positions: out toward solution (OUT), approximately 90°

from solution (MID), or in toward the histone core (IN) (Figure 2.1.A,B). These OUT, MID,
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and IN positions correspond to locations -49, -52, and -54, respectively, on the “I strand,”
which indicate the distance from the center of the DNA duplex, i.e. 49, 52, and 54 bp
toward the 5'-end. (Alternatively, the lesion positions are 24, 21, and 19 bp away from the
5'-end of the DNA duplex, respectively.) A single 8-oxoG or U was incorporated at these
sites during DNA synthesis (Figure 2.1.C). The complementary 601 strand was modified
such that 8-oxoG was paired with C, and U was paired with G to mimic a deaminated C:G
base pair. Xenopus laevis histone proteins were individually expressed in E. coli, purified,
assembled into an octamer, and used to form NCPs following the salt dialysis method.3134
Histone octamers containing either a tailless or acetylated H2B protein were also used to
assemble NCPs. A native gel showing representative reconstitutions of each NCP type is

shown in Figure 2.2.

A

Figure 2.1. NCP structure and lesions used in this study. (A) Merged crystal
structure of an NCP containing Widom 601 DNA (PDB ID: 31z0) and histone octamer
with tails (PDB ID: 1kx5) with off-dyad lesion locations highlighted using PyMol. The
DNA strands are numbered such that O corresponds to center of the 145mer DNA, and
the 5' end is base -72. The OUT, MID, and IN facing lesion positioned at base -49, -52,
and -54, respectively. (B) Rotational positions of lesions (one DNA strand shown for
simplicity). The location of the OUT facing lesion is highlighted in red, the MID facing
lesion in purple, and the IN lesion in blue. (C) Lesions used in this study. (D) Side view
of the NCP. The H2B tail is highlighted in green and represented in surface mode.
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Figure 2.2. Representative native PAGE. Native PAGE was used for evaluating the
reconstitution of canonical, tailless H2B, and acetylated H2B NCPs. Radiolabeled
samples were loaded on a 1 mm thick 7% native gel (60:1 acrylamide:bisacrylamide,
0.25X TBE). The gel was run at 4°C for 3 hours at 150 V. Variable migration distances
are observed for single strand, duplex, and NCP-incorporated DNA samples.

2.4.2. Hydroxyl Radical Footprinting Defines Rotational Position of Lesions

Hydroxyl radical footprinting (HRF) was used to characterize the solution
accessibility of each lesion position. The HRF technique uses Fenton chemistry to
generate hydroxyl radicals, which abstract a hydrogen atom from the DNA backbone to
create a strand break.*® A sample of duplex Widom 601 DNA treated with hydroxyl radicals
shows an unbiased pattern of reactivity throughout the length of the DNA strand (Figure
2.3.A, DNA lane). In comparison, DNA incorporated into an NCP shows an oscillating
pattern of damage (Figure 2.3.A, NCP lane). There are regions of protection and damage
corresponding to the DNA wrapping in toward the histone core and out toward solution,

respectively. Notably, the oscillatory pattern persists both upstream and downstream of
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Figure 2.3. Hydroxyl Radical Footprinting of DNA in an NCP. (A) The hydroxyl
radical footprinting experiment was analyzed by denaturing PAGE. The flanking “A+G”
lanes display a ladder of the 601 DNA sequence created using Maxam Gilbert
reactions. The “NT” lane shows a no treatment control. The “DNA” lane shows
unbiased damage of hydroxyl radical treatment on duplex DNA. Hydroxyl radical
treatment of canonical (“NCP”), tailless H2B octamer (“tIH2B”), and acetylated H2B
octamer (“AcH2B NCP”) NCPs reveals an oscillating pattern of damage. The location
of OUT (red), MID (purple), and IN (blue) lesions in this study are highlighted. (B)
Quantitation of band density of the footprinting using SAFA software to show relative
solution accessibility. The vertical lines highlight the location of each lesion position.
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the lesion positions, indicating that while this region is known to be more dynamic,*! it is
still in contact with the histone core and does not react like duplex DNA with hydroxyl
radical treatment. The integrated band area at each base position,®® and the relative
reactivity of lesion positions is shown in Figure 2.3.B. This was further confirmed with
HRF treatment of the complementary strand radiolabeled for visualization, shown in
Figure 2.4. In addition, the incorporation of the lesions themselves did not change the
expected solution accessibility at the observed rotational positions, as shown for U
incorporation in the three rotational NCP positions in Figure 2.5. Indeed, the relative
hydroxyl radical reactivity at the selected lesion positions correlates with predicted solution

accessibility based on the Widom 601 NCP crystal structure (i.e. OUT > MID > IN).
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Figure 2.4. Hydroxyl radical footprinting in an NCP labeled for the nucleobases
complementing the off-dyad U nucleobase positions. The hydroxyl radical
footprinting experiment was analyzed by denaturing PAGE. The flanking “A+G” lanes
display a ladder of the “J strand” of the 601 DNA sequence created using Maxam
Gilbert reactions. The locations of the respective nucleobase complements of the
observed OUT (dark red), MID (light purple), and IN (light blue) lesions in this study are
highlighted in the quantitation of band densities that show relative solution accessibility.
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Further, HRF was used to evaluate the impact of changes to histone proteins on
the solution accessibility of the DNA bases. NCPs prepared using a histone octamer
containing either tailless H2B or acetylated H2B histone proteins showed no systematic
differences in the oscillating pattern or the relative solution accessibility of the studied

OUT, MID, and IN positions when compared to the canonical histone octamer (Figure

2.3).
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Figure 2.5. Hydroxyl radical footprinting of NCPs with U incorporated at indicated
off-dyad positions. (A) The hydroxyl radical footprinting experiment was analyzed by
denaturing PAGE (contrast adjusted for better visualization). The flanking “A+G” lanes
display a ladder of the lesion-containing “lI strand” of the undamaged 601 DNA
sequence created using Maxam Gilbert reactions. Hydroxyl radical treatment of U-
containing NCPs at the indicated rotational positions reveals an oscillating pattern of
damage. The location of OUT (red), MID (purple), and IN (blue) U in this study are
highlighted. (B) Quantitation of band density of the footprinting using SAFA software to
show solution accessibility at U base positions indicated (colored lines) and
surrounding region of gel.
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2.4.3. Glycosylase Activity in NCPs with Off-Dyad Lesions

Kinetics experiments were performed to test the activity of glycosylase enzymes
on NCP substrates. NCP substrates containing a single 8-oxoG or U lesion were
incubated at 37 °C with hOGG1 or UDG before quenching with NaOH. Formation of
product over time was monitored on denaturing PAGE gels (Figure 2.6.). In these
experiments, a 32-fold excess of enzyme over substrate was used to ensure single-
turnover conditions. We have previously shown that further increases in the excess of
enzyme do not yield an increased rate of glycosylase activity in NCP substrates.'® The
observed rate (kobs) therefore reflects the slowest step up to or including the chemistry

step of glycosidic bond cleavage.

duplex

O
w g Time

P L e e— -

Figure 2.6. Representative denaturing PAGE. A representative denaturing PAGE
showing the formation of product by UDG in a single turnover experiment. The
conversion of the lesion containing NCP substrates (S) to nicked product (P) is
observed with increasing time. A positive control of UDG acting on duplex (“duplex”
lane) is included to verify the activity of UDG. The “—E” lane is a negative control
prepared by incubating the NCP substrate in the absence of UDG at 37 °C for the
duration of the longest time point. The “QC” lane is a second negative control that was
prepared by adding 1 M NaOH quench (16 pL) to substrate (8 yL) followed by the
immediate addition of UDG (8 pL) before incubation at 37 °C for the duration of the
longest time point. As NaOH prevents glycosylase activity, this control serves to reveal
any pre-existing damage or incidental damage. Radiolabeled samples were loaded on
a 0.4 mm thick 8% denaturing sequencing gel. The gel was run for 45 min at 80 W to
achieve adequate separation of substrate and product. The bands corresponding to
substrate and product were quantified using densitometry.
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Control experiments were performed in which duplex DNA substrates containing a
single 8-0xoG or U lesion (the OUT facing lesion position is shown as a representative
example) were converted to 87 and 99% product, respectively (Figure 2.7.). The data
were fit to a single exponential, and the differences in kqps and product formation for duplex
DNA substrates of each lesion/glycosylase pair varied minimally with lesion position (data
not shown).

For NCP substrates, we previously showed complete inhibition of hOGG1 activity
on lesions located at the dyad axis, regardless of rotational position.!’ Interestingly, in the
current work, we observe that activity of hOGG1 is restored on NCP substrates when the
lesions are located off the dyad axis (Figure 2.7.A). Surprisingly, however, the product
yield of these kinetic time courses does not correlate with the solution accessibility of the
lesions as characterized by hydroxyl radical footprinting. The most product formation of
93% was observed at the MID facing lesion site and 49% product formation was observed
for the IN facing lesion site. The most unanticipated result was the relative inhibition of
hOGGL1 at the most solution-accessible lesion tested in this experiment (OUT), which
reached a maximum of 38% product (Figure 2.7.A, Table 2.1.). In contrast to the duplex
substrates, the data for all NCP substrates were best fit to a double exponential model,
reflecting a faster kinetic phase and a slower kinetic phase (Table 2.1.). While the product
yield varies between different rotationally positioned substrates, the kops vValues are the
same within error.

The unexpected pattern of glycosylase activity and solution accessibility was also
manifested for another glycosylase, UDG, acting on the off-dyad lesions. However, for
UDG, rather than observing differences in the amount of product, we observed differences

in kobs; While full product conversion was achieved for both the OUT and MID positions, U

44



at the MID position was excised approximately 10-fold faster than at the OUT position

(Figure 2.7.B, Table 2.1.).
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Figure 2.7. Single-turnover kinetic results for hOGG1 and UDG in NCP substrates.
Kinetic time courses were performed to evaluate the activity of (A) hOGG1 or (B) UDG
on either duplex DNA (o) or NCP substrates with off-dyad lesions. The NCP substrates
contained lesions of varying rotational position: OUT (¢), MID(A), or IN(m). Experiments
were conducted using 20 nM NCP substrate and 0.64 uM glycosylase in 20 mM Tris-
HCI (pH 7.6), 25 mM NaCl, 75 mM KCI, 1 mM EDTA, 1 mM DTT, 200 ug/mL BSA. Data
for duplex substrates were fit to a single exponential equation; all NCP data were fit to
a double exponential equation. Error bars represent the standard error (n=4).

Table 2.1. Kobs Values determined for duplex DNA and NCP substrates

Enzyme NCP Substrate Kobs/min (% product)

hOGG1 NI/A 8-0x0G duplex 2.6 £0.2 (87%)
canonical 8-0x0G°YT 1.4 £ 0.4 (23%), 0.03 + 0.03 (15%)
canonical 8-oxoGMIP 2.0 + 0.4 (63%), 0.06 + 0.04 (30%)
canonical 8-oxoG 0.8 £ 0.1 (25%), N.R.2 (= 24%)
tailless H2B 8-0x0GOUT 2.3+ 0.4 (28%), 0.05 + 0.02 (18%)
acetylated H2B  8-0x0GOUYT 4.7 + 1.4 (23%), 0.11 + 0.03 (33%)

UDG N/A U duplex 12.6 £ 1.6 (99%)
canonical Yoyt 37.7 £ 33.4 (29%), 0.3 £ 0.05 (67%)
canonical ymio 20.1 £ 5.3 (52%), 3.3 + 0.6 (46%)
canonical U 42.3 +19.9 (34%), 0.3 + 0.04 (33%)

aN.R. indicates an undetermined Kkobs Value for this kinetic phase.
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2.4.4. Glycosylase Activity in NCPs with H2B-Modified Octamers

Upon observing the disaccord between the solution accessibility of the lesions and
the resulting glycosylase activity, we modeled the Widom 601 DNA wrapped around a
histone core containing histone tails (PDB ID: 1kx5), which are present in our in vitro
experiments. In this model we observed that our off-dyad lesions are near the H2B tail
that protrudes between the superhelices (Figure 2.1.D). We hypothesized that
interactions between the histone tail and the incoming glycosylase could explain the
suppressed product yield of hOGG1 at the OUT lesion position as well as the slower Kops
for UDG.

To test the impact of the nearby H2B tail on hOGGL1 activity, we created two
modified histone octamers. First, we created NCPs using an octamer with chemically
acetylated H2B proteins (Figure 2.8.), where addition of an acetyl group neutralizes the

positive charge of lysine. In order to further test the steric impact of the H2B tail, we created
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Figure 2.8. Acetylation of H2B. Electrospray ionization mass spectrometry was used
to evaluate the acetylation of H2B. (A) Mass spectrometry reveals H2B acetylation.
The peak at 13914.29 amu corresponds to the addition of 10 acetyl groups. (B) A
zoomed-in view of the mass spectra reveals a distribution in the number of acetyl
groups added. Peaks corresponding to the addition of 4-14 acetyl groups were
observed.
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NCPs using an octamer with tailless H2B proteins. We tested the activity of hOGG1 on
these H2B-modified NCPs with an OUT facing 8-oxoG and compared product formation
to the canonical NCP substrate (Figure 2.9.). While the tailless H2B NCP does not show
a statistically significant increase in product formation, there is an increase in product with

the acetylated H2B substrate (p = 0.0016).
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Figure 2.9. Single-turnover kinetic results for hOGG1 and 8-oxoG OUT NCP
substrates with H2B modified NCPs. The octamer used to create the NCPs was
varied to include a canonical octamer (¢, solid line), tailless H2B octamer (¥, short
dashed line), or acetylated H2B octamer (A, long dashed line). All data were fit to a
double exponential equation. Error bars represent the standard error (n=4).

As a comparison point, we tested the impact of the H2B tail on the activity of UDG
on off-dyad U lesions incorporated into the tailless H2B octamer. When the U was placed
in the OUT off-dyad position in the tailless H2B octamer, the observed rate was
comparable to that seen in the canonical octamer (Figure 2.10.A). We also observed UDG
removal of the U IN off-dyad position in the tailless H2B octamer to test if enhanced

product formation could be achieved with the missing tail. The observed rate and the
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amount of product accumulation were comparable to those seen in the canonical octamer

(Figure 2.10.B.).
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Figure 2.10. Single-turnover kinetics for the removal of off dyad U lesions by
UDG in tailless H2B NCPs. Kinetic time courses were performed to evaluate the effect
of the H2B tail on UDG in observed off-dyad positions. The U was placed in a tailless
H2B NCP facing (A) OUT (¢, short dashed lines) or (B) IN (o, short dashed lines). All
NCP data were fit to a double exponential equation. Error bars for tailless H2B data
are the standard error calculated (n=2). Canonical NCP data (closed shapes, solid
lines) for each position is duplicated from Figure 2.7.B. for comparison purposes.

2.5. Discussion

To investigate the role of DNA unwrapping on glycosylase activity, we created NCP
substrates with single base lesions located approximately 20 base pairs from the end of
the DNA. In general, activity of the tested enzymes increases when the lesions are moved
closer to the DNA ends, relative to when the lesions are at the dyad. While hOGG1 was
completely inhibited at the dyad axis regardless of the rotational position of the lesion,’
product formation is observed at every off-dyad position studied here.

While the data for duplex DNA substrates fit well to a single exponential model, the

kinetic data for the NCP substrates are more complex. For the off-dyad lesions, double
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exponential models were required to fit the data for all lesion positions and glycosylases.
We attribute the biphasic kinetics to the existence of two distinct substrate populations.
Each NCP substrate shows a fast phase, which we attribute to a configuration that can be
processed directly by the glycosylase. The slow kinetic phase for NCP substrates is
generally two orders of magnitude slower than the fast phase. We attribute the slower
phase to a population of NCPs that require a rate-limiting conformational change to adopt
a structure permissive for repair. This conformational change is consistent with the
transient unwrapping of DNA to expose the off-dyad lesion sites, and is not observed in
experiments with lesions positioned on the dyad.'’ Previously, the Stivers group reported
multiphasic kinetics in experiments with UDG excising U at sites off the dyad.*!

As no crystal structures of glycosylase-bound NCPs have been reported, we used
molecular modeling to analyze the interaction of the glycosylase and the NCP (Figure

2.11)). To generate these models, we merged the crystal structure of the 601 NCP with

0510 70 A

Figure 2.11. Molecular model of NCP-bound hOGG1. The NCP binding surface of
hOGG1 was generated by merging the 601 NCP PDB (3Iz0, gray) and hOGG1 bound
to DNA (1ebm). (A) A side view of hOGG1 bound to the NCP is shown. (B) A front
view of the binding surface of hOGG1 to NCPs with off dyad 8-oxoG OUT facing (base
position -49) is shown and the NCP is hidden for clarity. The hOGGL1 surface model is
colored according to the distance to the histone core (regions less than 5 A away from
the octamer are yellow; regions within 5-10 A of the octamer are red; region beyond 10
A away from the octamer are blue).
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the crystal structure of DNA-bound hOGG1. We chose to model the glycosylase-bound
NCP using the 601 NCP crystal structure lacking histone tails?® in order to avoid assigning
static positions to the unstructured histone tails. The surface of the glycosylase was
colored according to its proximity to the histone core as follows: regions within 5 A of the
octamer are yellow; regions within 5-10 A of the octamer are red; regions greater than 10
A away from the octamer are blue.’

Upon modeling hOGG1 bound to the NCP at the outward facing off-dyad lesion,
we found the region near the enzyme’s active site to have several amino acid residues
within 5 A of the octamer and an even larger region between 5-10 A of the octamer. This
region represents a significant steric clash between the histone core and hOGG1, which
we might predict would prevent enzyme binding and, ultimately, excision of the lesion.
However, 38% product formation is observed for hOGG1 at this off-dyad lesion position.
The formation of product despite the potential for steric clash in a static model at this
position emphasizes the contribution of DNA unwrapping and dynamics to hOGG1
accessibility in an NCP. This unwrapping off-dyad may also allow for hOGG1 to create the
necessary 70° bend for cleavage of the N-glycosidic bond that was previously not possible
on the dyad.*

There are conflicting reports on the correlation between solution accessibility of a
lesion and enzyme activity in an NCP substrate.!3171925 We found that for hOGG1, the
product yield for NCP substrates did not correlate with the solution accessibility of the
lesions as determined by hydroxyl radical footprinting. Furthermore, while full product
conversion was observed for both the OUT and MID position with UDG, the rate of excision
at the MID position was ~10 times faster than at the OUT position. It is clear that solution
accessibility as determined by hydroxyl radical footprinting is not able to predict all
chemistry within an NCP. We therefore suggest that local nuances in the NCP

environment and histone-DNA interaction have a significant impact on glycosylase activity
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and may have a more influential role than solution accessibility at certain positions in the
NCP. Other groups who have observed complex kinetics of UDG in NCP substrates have
come to similar conclusions.3!

We created a tailless H2B version of the histone octamer to test the influence of
completely removing the histone tail on glycosylase activity. We found that for hOGG1,
removing the H2B tails does lead to an increase in product formation, but is not considered
statistically significant. Alternatively, UDG activity for off-dyad positions observed
remained relatively unchanged when the H2B tail was absent. This might suggest that the
H2B tail is interacting in a way with hOGGL1 that is not observed for UDG. While we
therefore conclude that the inhibition of hOGG1 is not completely derived from steric
interference of the histone tail, the phenomenon of histone tail clipping in vivo by
endopeptidases is an area of recent interest and has been observed in all histone proteins
in several organisms.*? It has been shown that histones lacking N-terminal tails allow for
increased accessibility of nucleosomal DNA to transcription factors via increased
unwrapping of DNA from the NCP.**-%> Other BER enzymes have also shown varying
levels of inhibition in NCP substrates due to the presence of histone tails.464’

Histone proteins are also targets for post-translational modification, particularly
acetylation at the positively charged lysine residues in the N-terminal tails. In this study,
NCPs with acetylated H2B proteins showed an increase in hOGG1 product formation
when compared to unmodified NCPs. While the H2B tail associates with the nearby DNA
in unmodified NCPs, it has been shown that acetylation causes release of H2B tails from
the DNA.*® Further, FRET studies have shown that acetylation of histones facilitates DNA
unwrapping.*®*° We therefore attribute the significant increase in product formation to the
neutralization of the lysine residues and resulting relaxation of the NCP structure.

However, the incomplete recovery of product formation in acetylated H2B NCPs suggests

51



that electrostatic interference of the lysine residues on H2B is not the only contributing

factor to hOGG1 inhibition at the OUT lesion position.

2.6. Conclusion

In summary, we demonstrate that hOGGL1 can excise 8-0xoG from nucleosomal
DNA in the absence of external cofactors or chromatin remodelers and that this activity is
modulated by transient DNA unwrapping. We further demonstrate the complexity of the
NCP environment, as we observe a disparity between solution accessibility and enzyme
activity. Increased activity of hOGG1 in response to acetylation of H2B reveals intricacies
in the NCP environment due to the electrostatic influence of the histone tails. A more
complete understanding of BER in NCP substrates will require additional studies on the
impact of histone maodifications, chromatin remodeling complexes, and other cellular

factors.
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2.8. Appendix: Supplementary Information

Scheme S.2.1. Oligonucleotide sequences used in this work. The 145mer
oligonucleotides were synthesized as three component oligonucleotides. Each strand was
divided into a 45mer, a 40mer, and a 60mer, as indicated by the vertical lines. The
component oligonucleotides were assembled for ligation using the scaffolds listed. The
table below details the base identity at locations X (lesion strand) or Y (complement strand)
explored in this study.

145mer lesion strand (numbering based on I strand” of Vasudevan et. al.)?:
5'- ATC AGA ATC CCG GTG CCG X%4GX™52 CCX~4? CTC AAT TGG
TCG TAG ACA GCT |CTA GCA CCG CTT AAA CGC ACG TAC GCG
CTG TCC CCC GCG T|TT TAA CCG CCA AGG GGA TTA CTC CCT

AGT CTC CAG GCA CGT GTC AGA TAT ATA CAT CGA T -3’

Scaffold 1: 5'- TTT AAG CGG TGC TAG AGC TGT CTA CGA ccCA -3’

Scaffold 2: 5'- CCC TTG GCG GTT AAA ACG CGG GGG ACA GCG -3’

145mer complement strand (numbering based on “J strand” of Vasudevan et. al.)?:
5'- ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA GAC TAG

GGA GTA ATC|CCC TTG GCG GTT AAA ACG CGG GGG ACA GCG

CGT ACG TGC G|TT TAA GCG GTG CTA GAG CTG TCT ACG ACC

AAT TGA GY*49G GY*52C Y*54CG GCA CCG GGA TTC TGA T -3’

Scaffold 3: 5'- TTT AAC CGC CAA GGG GAT TAC TCC CTA GTC -3’

Scaffold 4: 5'- CTA GCA CCG CTT AAA CGC ACG TAC GCG CTG -3’

Substrate |X*°  |Y™ X2 |y"? x> Y+
8-0x0G°"" |8-0x0G| C G C G C
8-oxoG"'® | G C |8-o0xoG| ¢ G C
8-oxoG™ G C G C |8o0x0G| C
UV U G C G C G
uMP C G U G C G
u™ C G C G U G
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Chapter 3. The architectural nuances of nucleosomes revealed by global repair

profiling of human alkyladenine DNA glycosylase T

T Adapted from:
Kennedy E.E., Li C., Delaney, S. (2019)
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3.1. Abstract

Alkyladenine DNA glycosylase (AAG) is the only known human glycosylase
capable of excising alkylated purines from DNA, including the highly mutagenic 1,N°-
ethenoadenine (gA) lesion. Here we examine AAG’s ability to excise €A from a
nucleosome core particle (NCP), which is the primary repeating unit of DNA packaging in
eukaryotes. Using chemical synthesis techniques, we assembled a global population of
NCPs in which A is replaced with ¢A. While each NCP contains no more than one €A
lesion, the total population contains €A in 49 distinct geometric positions. Using this global
eA-containing NCP system, we obtained kinetic parameters of AAG throughout the NCP
architecture. We observed monophasic reaction kinetics across the NCP, but varying
amounts of AAG excision. AAG activity is correlated with solution accessibility and local
histone architecture. Notably, we identified some highly solution-accessible lesions that
are not repaired well, and an increase in repair within the region of asymmetric unwrapping
of the nucleosomal DNA end. These observations support in vivo work and provide

molecular-level insight into the relationship between repair and NCP architecture.

3.2. Introduction

Despite its being the code of life, DNA has a physiochemical composition that
makes it susceptible to modification and decomposition by endogenous and exogenous
sources.! Failure to rectify these modifications can result in mutagenic consequences
such as cancer.? The repair of nucleobase lesions can be accomplished with the base
excision repair (BER) pathway. BER is initiated by a glycosylase enzyme specialized for
removing a particular lesion(s).> Most glycosylases use a base-flipping mechanism to
extrude the lesion from the helix and catalyze N-glycosidic bond cleavage, resulting in an
abasic site.* Interestingly, alkyladenine DNA glycosylase (AAG) is the only known human

glycosylase that removes alkylated nucleobases, including 3-methyladenine, 7-
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methylguanine, and 1,N°-ethenoadenine (¢A).>® Specifically, €A can be generated by
environmental exposure to vinyl chloride, or by attack of endogenous lipid peroxidation
products (Figure 3.1.A).” The current study focuses on the removal of €A by AAG.

Many prior studies characterized glycosylase activity using short oligonucleotide
duplex substrates. However, eukaryotic DNA is highly packaged, presenting a more
complicated environment for repair in vivo. The primary repeating unit of chromatin is the
nucleosome core particle (NCP) (Figure 3.1.B,) with 70-90% of genomic DNA packaged
as such.® NCPs consist of 145-147 bp of DNA wrapped in ~1.7 left-handed superhelical
turns around an octameric core of histone proteins.® The histone core contains two copies

of each histone, H2A, H2B, H3, and H4, with two-fold rotational symmetry about a dyad

A CH;

H Hnnuuluu\o
7/
N N

N \ um“H/N N
/ N N
LS T

o, A:T CH,§
0]
N N
N /\ N \
/ N H™ N\
() 7 Ty
""»/h eA:T

C

28,29 384042 48,51 58:6064,68

= 19 1042485 54, 89.9096,97102.005 112 119123
I:5'-ATC [ TCCCGGTGCCERGGCCGCT! [ TTGGTCG' GCTCTRGCBCCGCT CGORCGTCGCGCTGTCCCCCGCGTTT! |CCGC GGGGRATTRCTCCCTRGTCTCORGGURCGTGT \TCCRAT
% F " - gl e

J: 3"~ CGTGGC 'TTTGCGTGC

srertliececdliceeeTecaacd clircrercdidir rdldlcercceredidiicTe
-45,-4 -67 -74,-76 -85:-88 -103-107-114 -126,-1

crrillcdllc rccecdldlicessaeat [iceecetiveees e e

-26-30-34 : -128135
-31 -37 -104 -111-116 -133-137

Figure 3.1. Representations of lesions, NCP, and DNA sequence. (A) An A:T bp
and mutagenic €A:T bp. (B) Representation of an NCP. (C) The 145 bp Widom 601
duplex. Locations of A in sequence are highlighted in the | strand (green) and J strand
(blue). Base pairs are numbered starting from the 5'-end of the | strand, with the J
strand nucleobase indicated by a negative.
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axis. As a consequence of wrapping around the histone core, the DNA becomes
structurally distorted and locally stretched.®*? The presence of the histones also means
that there are regions of DNA that are sterically blocked while other regions are physically
more accessible to DNA-binding proteins. 1314

The geometric position of a nucleobase in an NCP can be described in two ways:
the rotational position and the translational position. Rotational positioning of a nucleobase
refers to its helical orientation; i.e. if the lesion is facing outward toward solution, or inward
toward the histone core. Translational positioning refers to the location of the nucleobase
relative to the dyad axis. It has been shown that nucleobases located toward the ends of
the DNA have increased solution accessibility compared with those near the dyad region
due to transient and spontaneous DNA unwrapping.t®1®

Previous studies have shown that geometric positioning of a lesion and local
histone environment can modulate glycosylase activity on an NCP.1® Most of these
previous studies created NCPs containing a site-specific lesion. To obtain information
about activity in other NCP regions, additional site-specific lesion-containing NCPs were
created with the lesion in a different geometric position. These initial experiments showed
that each local histone environment had varying effects on glycosylase activity beyond
solution accessibility. Because every nucleobase in an NCP inherently has a unique
microenvironment, no lesion location can be used as a representative of repair in a
packaged DNA context. Furthermore, although studies using site-specific lesions in NCPs
are informative, it would be time-consuming and impractical to study DNA repair across
the entirety of the nuanced NCP architecture containing 145-147 bp in this manner.

With these considerations in mind, we recently designed a global system for
simultaneous study of multiple lesion positions, and therefore probing of multiple NCP
microenvironments, to describe glycosylase activity across an NCP.'” Global lesion-

containing DNA is prepared by chemical synthesis using a building block mixture of the
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lesion of interest and the unmodified nucleobase that maximizes the number of strands
containing 0 or 1 lesion throughout the sequence. Reconstitution of NCPs using global
lesion-containing duplex and histone octamer creates a population of NCPs with the lesion
positioned in a variety of well-defined translational and rotational positions. Here, we utilize
the global system to substitute €A for A in either the | or J strand of the Widom 601 NCP*!
to study excision by AAG in a total of 49 distinct geometric positions (Figure 3.1.C,
Scheme S.3.1.). Whereas our previous work qualitatively described repair of 8-oxo-7,8-
dihydroguanine lesions in NCPs, our current work elevates the global system to provide

kinetic parameters to describe €A excision by AAG in duplex controls and NCPs.

3.3. Experimental Procedures
3.3.1. Global eA-containing 145 mer oligonucleotide synthesis and purification

All oligonucleotides used in this study were synthesized on a MerMade 4 DNA
synthesizer (BioAutomation). All phosphoramidites and reagents were purchased from
Glen Research. We utilized the 145 bp Widom 601 nucleosome positioning sequence for
duplex and NCP assembly (Scheme S.3.1.).18 Base pairs are numbered starting from the
5'-end of the | strand, with the J strand designated with a negative (-) (Figure 3.1.C). The
145 mer oligonucleotides containing global €A were synthesized on 1,400 A controlled
pore glass beads using phosphoramidites with ultramild protecting groups and
deprotected according to the manufacturer’'s specifications. ¢A was substituted for A
throughout the DNA on either the | strand or J strand of the Widom 601 sequence to
ultimately have at most one €A:T bp per duplex. To accomplish this, we used methods
similar to our recent report.r” Briefly, a mixture of €A and A phosphoramidites was used
during the synthesis with the molar ratio determined by the Poisson distribution (A= 0.355),

such that 95% of the DNA population contains either 0 or 1 €A lesion per 145 mer
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oligonucleotide. The final trityl group was removed on the synthesizer. The DNA was
cleaved from the beads by incubation in NH4sOH at room temperature for 2 h and purified
by 8% denaturing PAGE run for 5 h at 80 W. A small portion of the synthesized DNA was
radiolabeled and was loaded in lanes adjacent to where the unlabeled DNA was loaded.
The region of the gel that co-migrated with a 145 mer standard was excised and “crushed
and soaked™® overnight in 15 mL elution buffer (300 mM sodium acetate [pH 8.0], 1 mM
EDTA) with gentle shaking (80 rpm) at 37 °C. The buffer containing the eluted DNA was
passed through a 0.22 um cellulose acetate syringe filter and was concentrated and
desalted with many ethanol precipitations. The concentrations of the PAGE-purified
oligonucleotides were determined by their absorbance at 260 nm using molar extinction
coefficients for the undamaged Widom 601 sequences obtained using the OligoAnalyzer
tool on www.idtdna.com.

The incorporation of €A at A sites was confirmed by cleavage by AAG. Specifically,
the eA-containing 145 mer strand was 5'-radiolabeled using T4 kinase (New England
Biolabs) and y-*?P-ATP (Perkin Elmer) and annealed to its respective undamaged
complement to form duplex (see below). The €A-containing duplex (DUP) was then
incubated with AAG for 1 h at 37 °C, followed by the addition of equal volume of 1 M NaOH
and incubation at 90 °C for 3 min. Samples were supplemented with 40 uL co-precipitation
agent (0.5 mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA) and subsequently
desalted with two ethanol precipitations. Samples were prepared for separation on 12%
denaturing PAGE in a 1:1 mixture of formamide and water. Cleavage at each A position

confirms that the €A lesions are present as expected.
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3.3.2. Ligation strategy to synthesize undamaged 145 mer oligonucleotide complementary
fo eA-containing strands

The 145 mer oligonucleotides complementary to the ¢A-containing
oligonucleotides were prepared by ligating short component oligonucleotides. The
component oligonucleotides for ligation were synthesized using standard phosphoramidite
protecting groups with the final trityl group retained for reverse-phase HPLC purification
at 90 °C (Agilent PLRP-S column, 250 mm x 4.6 mm; A = 100 mM triethylammonium
acetate [TEAA] in 5% aqueous MeCN, B = 100 mM TEAA in MeCN; 5:95 to 35:65 A:B
over 30 min, 35:65to 5:95 A:B over 5 min at 1 mL/min). The trityl group was then removed
with incubation in 20% v/v aqueous glacial acetic acid for 1 h at room temperature,
followed by a second HPLC purification at 90 °C (Agilent PLRP-S column, 250 mm x 4.6
mm; A = 100 mM triethylammonium acetate [TEAA] in 5% aqueous MeCN, B = 100 mM
TEAA in MeCN; 0:100 to 15:85 A:B over 35 min, 15:85 to 35:65 A:B over 5 min at 1
mL/min). Electrospray ionization mass spectrometry was used to verify the identity of the
component oligonucleotides.

Component oligonucleotides were used in ligation (Scheme S.3.2.). Five nmol of
each component oligonucleotide 2 and 3 were 5'-phosphorylated in the presence of 2 mM
ATP using T4 kinase (New England Biolabs). Phosphorylated component oligonucleotides
were combined in equal amounts with component 1 and a 5% excess of two scaffolding
oligonucleotides, s12 and s23, in annealing buffer (10 mM Tris-HCI pH 8.0, 50 mM NacCl,
1 mM EDTA). The strands were annealed by heating to 90 °C for 5 min followed by cooling
to room temperature at a rate of 1 °C/min. The annealed component oligonucleotides were
ligated together overnight at room temperature using T4 ligase (New England Biolabs).
The ligated 145 mer oligonucleotides were purified by denaturing PAGE as described

above for the eA-containing 145 mer.
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3.3.3. Formation of global eA-containing duplex (DUP)

The 145 mer oligonucleotides containing €A lesions were 5'-radiolabeled for
visualization. The global eA-containing | strand was annealed with the J strand 145 mer
that lacked €A lesions. Similarly, the J strand oligonucleotide containing €A lesions was
annealed with the undamaged | strand. DUP was formed by mixing the radiolabeled ¢A-
containing strand with the complementary strand in a 1:1.07 ratio in annealing buffer and
heating to 90 °C for 5 min followed by cooling to room temperature at a rate of 1 °C/min.
DUP formation was confirmed on a 7% native PAGE (60:1 acrylamide : bisacrylamide;
0.25x TBE). The samples were loaded using 5% (v/v) glycerol in 10 mM Tris-HCI (pH 7.5),
1mM EDTA and run for 3 h at 160 V at 4 °C. Only DUP containing < 5% single-strand DNA

were used in further studies.

3.3.4. Reconstitution of global eA nucleosome core particles (NCPs)

Recombinant Xenopus laevis histones were individually expressed and purified,
and subsequently assembled into octamers.?®?* NCPs were reconstituted by dialyzing the
radiolabeled eA-containing DUP population and histone octamer together via salt gradient,
as described previously.'” Briefly, a 10% molar excess of histone octamer was gently
added to 25 pL of 1 uyM radiolabeled €A-containing 145 bp DUP in buffer (10 mM Tris-HCI
[pH 7.5], 1 mM EDTA, 1 mM dithiothreitol [DTT], 2 M NaCl, 500 pg/mL BSA) in a Slide-a-
Lyzer dialysis device (0.1 mL capacity, 3.5 kDa MWCO; Thermo Fisher Scientific). The
dialysis device started in a buffer of 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, 1mM
dithiothreitol (DTT), 2 M NaCl at 4 °C. At 1 h intervals, the device was placed in analogous
buffers containing decreasing concentrations of NaCl (1.2 M, 1.0 M, 0.6 M, 0 M). The final
dialysis in 0 M NaCl proceeded for 3 h before the reconstitution was filtered with a 0.22
pum cellulose acetate centrifuge tube filter (Corning Costar) to remove precipitates. NCP

formation and relative purity were analyzed using a 7% native PAGE (60:1 acrylamide:
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bisacrylamide; 0.25x TBE) run for 3 h at 160 V in 4 °C. Only NCPs containing < 5% DUP
were used in further studies.

We tested for bias of €A incorporation into NCPs to address the concern of €A
enrichment or depletion as a function of €A location. We reconstituted global eéA-containing
DUP into NCPs and then subsequently removed the histone proteins by extraction with
an equal volume of 25:24:1 phenol:chloroform:isoamyl alcohol (PCI) and subsequent
ethanol precipitation to create “freed DUP”. The freed DUP was incubated with a 30-fold
excess of AAG for 2 h at 37 °C in 20 mM Tris-HCI (pH 7.6), 50 mM NacCl, 150 mM KClI, 1
mM EDTA, 1 mM DTT, 200 ug/mL BSA. Samples were quenched with the addition of an
equal volume of 1 M NaOH supplemented with internal references (Scheme S.3.3.). An
equal volume of PCI was added and the aqueous layer was subjected to two ethanol
precipitations. The samples were prepared in a 1:1 mixture of formamide and water for
separation on a 12% denaturing PAGE to resolve the 5' end of €A positions (ranging from
28-68). Quantitation of band intensity was determined by SAFA.?22 The density
measurements for all lanes was normalized to the internal references; the 23 mer internal
reference was used for the 5'-ends of the sequences (ranging from fragment lengths 9-
68) and the 92 mer internal reference was used for the 3'-ends of the sequences (ranging
from fragment lengths 70-132). The amount of background damage from the -E sample
was subtracted from AAG-treated samples. The resulting amount of cleavage due to AAG
activity observed in the freed DUP substrate was compared with analogous conditions of
the same DUP population that had never been incorporated into NCPs. The ratio of €A
excision in the freed DUP substrate was compared with €A excision in the unincorporated
DUP to quantify equal distribution of €A lesions across the NCP populations. A ratio of 1
indicates that the amount of cleavage in the freed DUP is equal to that in the

unincorporated DUP, and therefore present in equal amounts in both DUP substrates.
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3.3.5. Hydroxyl radical footprinting (HRF)

HRF was carried out using previously-published conditions to establish relative
solution accessibility of nucleobase positions in NCPs under single-hit conditions.1%23
Briefly, 7.5 uL of each 1 mM Fe(ll)-EDTA, 10 mM sodium ascorbate, and 0.12% w/v
agueous hydrogen peroxide were gently combined with 5 pmol NCPs in a total of 52.5 uL
buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA). The reaction proceeded at room
temperature for 10 min in the dark and was quenched with the addition of 16 yL 50 mM
EDTA in 25% v/v glycerol. The quenched sample was immediately loaded onto a 7%
native PAGE (60:1 acrylamide: bisacrylamide; 0.25x TBE) and run for 3 h at 160 V at 4
°C. Gel bands containing the NCP species were excised and NCPs were eluted into buffer
(0.3 M NaOAc, 1 mM Tris-HCI [pH 8.0], 1 mM EDTA) for 16-20 h at 37 °C with gentle
shaking (80 rpm). The NCP eluent was concentrated using a centrifugal concentrator
(Sartorius Vivaspin Turbo 15, 5 kDa MWCO) and filtered using a 0.22 um cellulose acetate
centrifuge tube filter (Corning Costar). The sample was extracted twice with equal volume
additions of PCI to remove histone proteins, and the resulting aqueous phase was
concentrated by SpeedVac evaporation. Following the addition of 40 yL co-precipitation
agent (0.5 mg/mL tRNA in 300 mM NaOAc [pH 8.0], 1 mM EDTA), samples were desalted
with two ethanol precipitations. Samples were prepared in a 1:1 mixture of formamide and
water for denaturing PAGE. Cleavage fragments were resolved after splitting the sample
into two halves. Each half was loaded onto separate denaturing PAGE (12% gel for 5'-end
fragments, 8% for 3'-end fragments).?#?® Denaturing PAGE were visualized by
phosphorimagery (Bio-Rad PharosFX).

Bands resulting from HRF cleavage were quantitated using SAFA gel analysis
software.? The more solution-accessible a nucleobase position is to hydrogen
abstraction, the stronger the intensity of the corresponding cleavage fragment.

Categorization of solution accessibilities of nucleobases were determined as a ratio of
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band intensity at a given position relative to the highest band intensity within the helical
turn. Highly solution-accessible (HIGH) positions were defined as those with a ratio greater
than 0.7; medium solution-accessible (MID) positions with a ratio range from 0.3-0.7;

solution-inaccessible (LOW) positions were defined as those with a ratio less than 0.3.

3.3.6. AAG kinetics on global eA-containing DNA

AAG was purchased from New England Biolabs. The total concentration of AAG
was determined by the Bradford method using bovine y-globulin standards (Bio-Rad
Laboratories). All AAG concentrations given below or in figure captions are total enzyme
concentrations.

Reactions were initiated after the DNA substrate and AAG were pre-equilibrated
at 37 °C for 2 min by combining an equal volume of 26.6 nM DNA substrate (DUP or NCP)
and 0.8 uM AAG for a final experimental sample of 13.3 nM DNA and 0.4 uM AAG in 20
mM Tris-HCI (pH 7.6), 50 mM NaCl, 150 mM KCI, 1 mM EDTA, 1 mM DTT, 200 pg/mL
BSA. The reactions were incubated at 37 °C for 5, 15, 30, 60, 90, 120, or 180 min before
they were guenched with an equal volume of 1 M NaOH supplemented with the
radiolabeled internal references and incubated at 90 °C for 3 min. Timepoints were
initiated in such a way that all samples were quenched at the same time before immediate
sample workup; this process was used to avoid extended incubation of €A lesions in NaOH
after quenching which could result in degradation and false-positive results of AAG-
catalyzed cleavage.?®?’ After incubation with NaOH, an equal volume of PCI was added
followed by 40 L of co-precipitation agent (0.5 mg/mL tRNA in 300 mM NaOAc [pH 8.0],
1 mM EDTA) and the samples were subsequently desalted with two ethanol precipitations.
The (-E) sample was not incubated with AAG but instead an equivalent volume of reaction
buffer was added and incubated at 37 °C for 180 min, quenched, and subsequently

worked up like the rest of the samples. Any incidental damage due to experimental
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conditions or workup was revealed by this sample which was used for a background
subtraction for AAG-treated samples.

After the final ethanol precipitation all samples were resuspended in a 1:1 mixture
of formamide and water and split in half. Each half was loaded onto separate denaturing
PAGE (12% gel for 5'-end fragments; 8% for 3'-end fragments). The PAGE gels were
visualized by phosphorimagery on a Bio-Rad PharosFX and quantified by SAFA.?? The
internal references served as a loading control and also allowed us to account for loss of
€A cleavage products due to sample workup, especially smaller fragments that have a
decreased ability to precipitate.?® Accordingly, the band intensities in each lane were
normalized to an internal reference. The 23 mer internal reference was used for the 5'-end
fragments (ranging from 9-68) and the 92 mer internal reference was used for the 3'-ends
fragments (ranging from 70-132). After this normalization the band intensity in the -E lane
was subtracted from the AAG-treated samples.

As a result of the global lesion substitution, <1% of the DNA population is available
as a substrate at each €A position. Therefore, the exposure time needed for
phosphorimagery leads to overexposure of the parent band which then cannot be
accurately quantified and used as a reference point to determine the amount of cleavage
product at each €A. To address this technical challenge, we defined the amount of product
observed with the DUP control after 180 min as the theoretical maximum amount of
product at a given lesion position (DUP1g0). Therefore, product accumulation at time t is
represented as a ratio relative to DUP1g. In DUP, product accumulation at time t is
represented as DUP/DUP1g0, Wwhere DUP fraction product is normalized to 1.0 for the 180
min sample. In NCPs, product accumulation at time t is represented as NCPy/DUP1g,
where a ratio of 1.0 indicates the €A is removed completely, as in DUP. Replicate data at
each observed €A position were averaged for every timepoint, and then fit to a single

exponential model y(t) = ymax(l — e‘kobst), where ymax is the amplitude of the reaction’s
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fit, kops IS the observed rate constant, and t is time. Error bars shown are calculated

standard errors (SE) from 3-10 replicates for each €A position at each timepoint: SE = %

where o is the standard deviation of the population and n is the number of replicates.

We confirmed that AAG retains full activity during the 180 min time course. The
activity of AAG pre-incubated for 180 min (3 h sample) at 37 °C under experimental
conditions was compared to that of AAG directly added (0 h sample) to global €A-
containing DUP. After addition, the reactions proceeded for 1 h at 37 °C before quenching
with NaOH supplemented with radiolabeled internal references and sample workup as
described above. Cleavage products resulting from €A excision were resolved on a 12%
denaturing PAGE to resolve the 5'-end fragments and quantified by SAFA.?? After
normalization using the 53 mer internal reference and background subtraction of the -E
data the ratio of product formation for the 180 min sample relative to the 0 h sample was

determined. A ratio of 1 indicates that after 180 min at 37 °C AAG retains full activity.

3.3.7. Molecular modeling of NCP

A crystal structure modeling the Widom 601 sequence wrapped around a X. laevis
histone octamer with histone tails was created using the “merge” function in PyMOL
(Figure 3.1.B). The NCP crystal structure containing the Widom 601 sequence but lacks
histone tails (PDB ID: 3Iz0) was merged with an NCP crystal structure containing the
alpha-satellite DNA sequence but containing the histone tails (PDB ID: 1kx5) by aligning
the overlapping histone protein amino acid sequences. The Widom 601 duplex and the
histone octamer containing the histone tails were combined and merged to create a new,

separate PyMOL obiject.
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3.4. Results
3.4.1. AAG activity on global eA-containing duplex

After confirming €A incorporation into our global population (Figure 3.2.A,B), we
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determined the observed rate (kons) Of AAG excision at the 49 €A positions in DUP, which
ranges from 0.030-0.091 min?t (Table 3.1 for all kess values). These koss values are
comparable to previous reports for site-specific €A lesions in both short oligonucleotide

duplexes?? and 145 bp duplex.?
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Figure 3.3. AAG retains full activity for 180 min. (A) AAG was either added directly
(0 h lane) or pre-incubated at 37 °C under experimental conditions for 180 min (3 h
lane) before incubation with global ¢Al DUP. After AAG addition, the reaction
proceeded for 1 h at 37 °C before quenching with NaOH and sample workup for loading
on denaturing PAGE. Three internal references, a 23 mer (*), 92 mer (**), and 53 mer
(***) used for quantitation are indicated. The N lane shows the DUP sample without
any treatment. The -E lane is quenched with NaOH to show any damage due to
experimental conditions and workup. (B) Quantification of AAG activity at various
positions in DUP, shown as a ratio of €A excision seen in the 3 h pre-incubation sample
to the amount of €A excision seen in the 0 h sample. A ratio of 1 indicates that pre-
incubation of AAG for 3 h before reaction does not influence its activity.
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Figure 3.4. Quantitation of €A excision over time in global DUP. Lesions removed
from the (A) | strand and (B) J strand from observed positions. Product accumulation
at time t is represented as a ratio relative to product accumulation at 180 min
(DUPYDUP13g0), the defined maximal product. Error bars are calculated standard errors
(n=3-10).

75



A DUP NCP C €A Excision

(NCP/DUP4)
tlme - |me VX 0. D0
-8 ' O 070707 N*
% Tm "m! 25
-26 Y R 5
3031 A *,s! 3] L
-34,-37 e =gt 34 = W60
-37T =€1)go
-45,-47 44 1] _45? M 180
-56,-57 *k -—:—_;;;; T L L -47é
562
67 A=
) 1 67
-74,-76 TH Th=
Ll 5 76—
-88:-85 T Y | % S
g 86=—
: o 8=
-103,-104 ==x sa228 s 88—
-107 : - -
111 : —1033
114 - Ty N ————————
-116 4 : 1072
111=—
* - - - _114——
-126 2 2 '116;
-128 - - -126
-128_—‘
-133=
-133 : coos SkK———————=
-135 - cod Sky——————
B -87 -133
1.0 | . ! ! °
o8t/ 1 L/t L T ¥
so
2306 L
8 © 0.4 f
uo J —+DUP
02 o dedeeote] t <= NCP
0 k&> e
0 50 100 150 200 O 50 100 150 200 O 50 100 150 200

Time (min)

Figure 3.5. Single-turnover kinetic time course experiments of €A excision on the
J strand by AAG. (A) Representative PAGE gels showing €A excision on the J strand
of DUP (left) and NCP (right). DNA samples only treated with NaOH (-E lanes) show
incidental damage from experimental conditions and sample workup. Two internal
references, a 23 mer (*) and 92 mer (**), used for quantitation are indicated. Four
separate gels are shown, indicated by the spaces between the images, with each gel
cropped for alignment. The top two panels are aligned to show DUP and NCP data for
positions -8 to -76. The bottom two panels are aligned to show data for positions -85
to -135. (B) Selected kinetic fits showing examples of low (site -87), medium (site -
128), and high (position -133) amounts of €A excision on DUP (closed symbols) and
NCPs (open symbols). (C) Quantitation of ¢A excision over time on the J strand in
NCPs. Error bars are calculated standard errors (n= 3-10). Analogous activity on the |
strand in NCPs is shown in Figure 3.6.
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Figure 3.6. Single-turnover kinetic time course experiments of €A excision on the
| strand by AAG. (A) Representative PAGE gels showing €A excision on the J strand
of DUP (left) and NCP (right). DNA samples only treated with NaOH (-E lanes) show
incidental damage from experimental conditions and sample workup. Two internal
references, a 23 mer (*) and 92 mer (**), used for quantitation are indicated. Four
separate gels are shown, indicated by the spaces between the images, with each gel
cropped for alignment. The top two panels are aligned to show DUP and NCP data for
positions -8 to -76. The bottom two panels are aligned to show data for positions -85
to -135. (B) Selected kinetic fits showing examples of low (site -87), medium (site -
128), and high (position -133) amounts of €A excision on DUP (closed symbols) and
NCPs (open symbols). (C) Quantitation of €A excision over time on the J strand in
NCPs. Error bars are calculated standard errors (n= 3-10).
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3.4.2. AAG activity on global eA-containing NCPs

We next prepared global eA-containing NCP populations to examine AAG activity
in packaged DNA (Figure 3.7.). We previously reported!’ 213  extensive control
experiments to determine strategies that minimize, to the greatest extent possible,
unincorporated DNA in NCP preparations. Only NCP preparations with < 5% DUP are
used in experiments. In this work, the upper bound of contaminating DUP used in NCP
experiments is the lowest amount of €A excision observed at a single site: site -56 has an
average accumulation of 4% (Figure 3.8.). Therefore, DUP cannot account for more than
4% of the reported NCP product in excision experiments.

Product accumulation in the NCP was determined at time t as a ratio relative to
maximal product accumulation, NCP/DUP1g, (Figure 3.5.A,C, Figure 3.6.B). Unlike AAG

excision from DUP, not all €A lesions in NCPs were fully excised by 180 min; 30/49 sites

A B
eAl eAJ

ss DUP NCP ss DUP NCP
NCP e NCP -
SS
SS
DUP
DUP

Figure 3.7. Formation of global €¢A-containing DUP and NCPs. Representative
native PAGE gels showing differential migrations of global eA-containing single-strand
(ss), DUP, and NCPs on the (A) | strand and (B) J strand. When €A was in the | strand
it was paired with the J strand lacking damage. When €A was in the J strand, it was
paired with | strand lacking damage. Only DUP preparations having < 5% single-strand
DNA were used in further studies. Similarly, only NCP preparations having < 5% DUP
were used in further studies.
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had less than 30% excision (Figure 3.8.). We next obtained Kkqus describing AAG excision
of €A from the global NCPs. As observed for DUP, excision of €A across NCPs displayed
monophasic behavior (Figure 3.5.B, open symbol). In addition, kops Values across NCPs
are comparable to those observed in DUP and to those obtained for a site- specific lesion
in an NCP (Table 3.1).%

42 1 T T High

excision

Medium
excision

Low
excision

Medium
excision

€A Excision (NCP,g,/DUP

High
excision

-103,-104 -114  -126 -135 _
-133-137

Base Position

Figure 3.8. Quantitative assessment of relative AAG activity in NCPs. Relative
AAG activity at each NCP position was categorized based on the average product
accumulation after 180 min. Low €A excision is defined as product accumulation < 0.3,
medium €A excision ranges between 0.3-0.7, and high €A excision is defined as > 0.7.
A ratio of 1 represents full repair in NCPs as seen in DUP. Error bars are calculated
standard errors (n= 3-10).

3.4.3. Relationships between AAG activity and solution accessibility of €A lesions in NCPs

We performed hydroxyl radical footprinting (HRF) to characterize solution
accessibility of nucleobases in global NCPs (Figure 3.9., shaded gray area; Figure
S.3.10.A-D for gels). €A positions with high (HIGH), medium (MID), and low (LOW)

solution accessibilities were grouped based on the ratios of accessibility to the maximal

79



Base DUP NCP
Position k... (min') Frac.pdt.  R*fit kg (min') Frac.pdt.  RZ*fit
19 0.057 0.965 0.991 0.044 0.133 0.817
-26 0.060 0.965 0.955 n. d. <0.18 n.d.
28 0.037 0.990 0.977 0.019 0.157 0.950
29 0.067 0.970 0.977 0.054 0.139 0.932
-30 0.086 0.954 0.933 0.017 0.435 0.705
-31 0.038 0.979 0.967 0.009 1.092 0.949
-34 0.089 0.930 0.861 n. d. < 0.240 n.d.
-37 0.054 0.988 0.992 n. d. < 0.240 n.d.
38 0.054 0.982 0.979 0.073 0.146 0.884
40 0.070 0.957 0.970 0.087 0.167 0.727
42 0.036 0.930 0.964 0.027 0.880 0.966
-45 0.038 0.991 0.983 n.d. <0.120 n.d.
-47 0.040 0.984 0.988 n.d. <0.120 n.d.
48 0.051 0.958 0.963 0.070 0.171 0.842
51 0.055 0.943 0.970 0.052 0.443 0.785
-56 0.046 0.990 0.995 n. d. < 0.055 n. d.
-57 0.034 1.020 0.992 n. d. < 0.065 n. d.
58 0.050 0.965 0.974 n.d. <0.220 n. d.
59 0.052 0.955 0.977 0.073 0.156 0.907
60 0.059 0.960 0.984 0.068 0.201 0.785
64 0.046 0.964 0.949 0.038 0.953 0.962
-67 0.039 0.952 0.971 n. d. < 0.085 n.d.
68 0.053 0.990 0.963 n. d. <0.335 n. d.
-74 0.031 0.994 0.987 0.015 0.232 0.866
-76 0.068 0.948 0.965 n. d. < 0.230 n. d.
-85 0.088 0.951 0.925 0.008 0.660 0.786
-86 0.065 1.007 0.993 0.009 0.322 0.728
-87 0.070 1.007 0.983 n.d. <0.190 n.d.
-88 0.056 1.007 0.987 n. d. <0.150 n.d.
89 0.048 1.005 0.989 n. d. <0.130 n.d.
90 0.060 1.001 0.989 0.045 0.066 0.911
96 0.048 1.000 0.984 0.023 0.621 0.867
97 0.059 0.983 0.976 0.036 0.187 0.852
102 0.076 0.983 0.973 n. d. < 0.070 n.d.
-103 0.091 0.980 0.997 0.032 0.998 0.928
-104 0.043 0.993 0.994 0.021 1.068 0.974
105 0.041 1.013 0.980 0.021 0.899 0.942
-107 0.065 0.977 0.998 0.009 0.370 0.749
=111 0.054 0.969 0.995 0.007 0.292 0.718
112 0.046 0.963 0.938 n.d. <0.193 n. d.
-114 0.079 0.957 0.988 0.023 1.015 0.957
-116 0.071 0.964 0.993 0.010 0.677 0.808
119 0.059 0.958 0.950 n. d. < 0.260 n. d.
123 0.068 0.945 0.981 0.012 0.854 0.975
-126 0.049 0.964 0.983 0.019 1.025 0.976
-128 0.080 0.976 0.970 0.017 0.537 0.887
-133 0.031 0.965 0.991 0.021 0.939 0.963
-135 0.033 0.982 0.988 0.031 0.944 0.945
-137 0.043 0.962 0.965 0.053 0.971 0.969

Table 3.1. kops Values for €A excision by AAG. Product accumulation over time was
characterized by monophasic kinetic fits by Kaleidagraph to yield kos and % product
values for €A positions on the | strand (green rows) and J strand (blue rows) of the
global ¢A-containing DNA substrates. Fields displaying “n. d.” were unable to be

determined based on the small amounts of product accumulation observed.
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Figure 3.9. Relationship between AAG activity on and solution accessibility of
€A positions in the NCP. The amount of AAG excision after 180 min is shown as bars
at each €A position along the | strand (green) and J strand (blue). Error bars represent
the standard error (n = 3-10). The HRF profile characterizes relative reactivity as a
function of base position and is depicted as gray area in the background.

Table 3.2. Solution accessibilities of ¢A positions in NCPs.

Solution io" Positions
Accessibility HRF Ratio

19, -26, 28, 29, 38, -45, 48, -56,

LOW 0-0.3 -57, 58, 59, 60, -67, 68, -76, -86,
-87, 88, 89, 90, -107, 112, 123, -128
-34, -37, 40, -47, 51, -85, 102, -111, -1186,

MID 0.3-0.7 119, -126, -137

HIGH 0.7-1.0 -30, -31, 42, 64, -74, 96, 97, -103, -104,

105, -114, -133, -135
a2The HRF ratio is the ratio of band intensity at a given cleavage fragment in the HRF
profile relative to the highest band intensity within the associated helical turn. This ratio
represents the amount of solution accessibility of the nucleobase position relative to the
most solution-accessible nucleobase position within the helical turn. LOW was defined as
having a ratio of less than 0.3, MID as 0.3-0.7, and HIGH as more than 0.7.

accessibility within a helical turn of the HRF profile (Table 3.2.). Overall, we found the
extent of €A excision from NCPs by AAG is highly correlated with solution accessibility.

About half of the HIGH positions, i.e. sites 42, 64, -103, -104, 105, -114, had maximal €A
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excision (90-100%). Conversely, minimal amounts of product were observed at most LOW

positions, with no greater than 20% €A excision. MID positions had low to moderate €A

excision, ranging from 10-60%.
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Figure 3.10. HRF denaturing PAGE gels to characterize nucleobase solution
accessibilities in global eA-containing NCPs shown in Figure 3 of the main text.
The HRF reaction on the global eA-containing | strand NCPs of the (A) 5'-end and (B)
3'-end are shown in the respective HRF lanes. The HRF reaction on the global eA-
containing J strand NCPs of the (C) 5'-end and (D) 3'-end are shown in the respective
HRF lanes. The A+G lanes display a sequence ladder created using Maxam-Gilbert
reactions using undamaged Widom 601 sequences.
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Interestingly, these experiments with global €A lesion NCPs reveal exceptions to
the correlation between solution accessibility and AAG activity. Specifically, there are
instances of HIGH positions that are inefficiently excised by AAG. For example, position
-74 only had 20% €A excision observed. Sites -30, 96, and 97 are also HIGH positions
that are also inefficiently excised by AAG, but have the additional feature of each being
adjacent to a site where €A is more readily excised. For instance, AAG excised 40% of €A
at position -30, but nearly quantitative conversion to product was observed at position -
31. All other consecutive-run €A positions observed, such as 28 and 29; 58 through 60;
89 and 90; -57 and -56; -85 through -88; and -103 and -104, have €A excision correlated
with relative solution accessibility as expected.

In addition to seeing a decreased in AAG activity in HIGH positions, we also
observed instances of increased AAG activity despite solution accessibility
characterization. Specifically, we observe increased activity in our global éA NCPs from
base pair 123 to the DNA end, regardless of solution accessibility (Figure 3.9.). At least
60% excision of €¢A was observed at LOW positions, where similar solution-accessible
positions elsewhere in the NCP, like positions 28, 29, -45, 48, 59, -67, -88, had at most
30% excision. MID positions on this end, such as 123, 126, -135, showed at least 80% €A

excision, while MID positions on the other end, such as 19, -24, -34, had at most 20%.

3.5. Discussion

To investigate the effects of the histone octamer on repair of AAG on NCPs, we
created a global population of eéA-containing NCPs to observe AAG activity on a variety of
translational and rotational positions in 49 distinct positions. Compared with DUP, we find
a suppressed amount of activity across the Widom 601 duplex when incorporated into the
NCPs (Compare Figure 3.4. with Figures 3.5. and 3.6.), indicating that the presence of

the histone octamer interferes with AAG activity. We verified that all DNA containing €A
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lesions formed NCPs and there was no bias in NCP formation based on the geometric
position of the lesion (Figure 3.11.); therefore, a lack of excision from NCPs is due to a

lack of AAG activity.
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Figure 3.11. Non-biased incorporation of e¢A-containing DNA into NCPs. NCPs
were assembled with global €A-containing | strand DUP, and then separated from
histone octamers using a PCI extraction to create “freed DUP.” AAG was incubated
with freed DUP for 2 h at 37 °C and with DUP never incorporated into an NCP to
compare differences in AAG activity. Different amounts of €A excision between the two
samples would suggest biased incorporation of €A lesions during NCP reconstitution.
(A) Denaturing PAGE gel of reactions for quantitative comparison. Two internal
references, a 23 mer (*) and 53 mer (***) used for quantitation are indicated. — AAG
lanes were only treated with NaOH to show any damage due to experimental conditions
and workup. The freed DUP samples are indicated with + PCI designations. (B)
Quantification of €A excision in each DUP substrate. A ratio of 1 indicates that the
amount of cleavage in the freed DUP is equal to that in the unincorporated DUP.
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In addition to quantifying relative amounts of €A excision by AAG as a function of
position in the NCP, we also determined kinetic parameters observing excision
accumulation over time at each position. We observed monophasic behavior of AAG
across the sequence in NCPs, as in DUP. This characteristic, paired with the varying
amounts of €A excision in NCPs, may reveal the subpopulations of NCPs that are
conformationally competent for AAG activity. Previous kinetic characterizations of human
glycosylases hOGG1 and UNG2 acting on site-specific lesion NCP systems revealed
multiphasic kinetics (=2 phases) for removal of lesions in some positions, which was
attributed to conformation changes in the NCP.2°3! Considering AAG’s slower rate of
glycosylase activity compared with hOGG1 and UNG2, the monophasic behavior
observed across the NCP suggests that analogous conformational changes cannot be
resolved on this time-scale.

We next characterized the relationships between AAG activity and solution
accessibility of the €A lesions to better understand how the histone octamer influenced
activity. Like many site-specific lesioned NCP systems studying glycosylase activity have
described previously,'® we too found a strong correlation between activity and solution
accessibility of the NCP at a majority of the positions observed (Figure 3.9.). The overall
correlation between glycosylase activity and solution accessibility observed in these in
vitro chromatin experiments is consistent with in vivo observations. A report®? using yeast
mapped alkylation damage and its subsequent repair by the yeast homolog of AAG across
the genome. The examination of 10,000 strongly-positioned NCPs in the genome revealed
decreased repair in less solution-accessible sites. Another recent study® reported that
somatic mutational rates in ~3,500 human tumors are enriched in sequences packaged
by NCPs. Further, a subset of tumor types had a relative increase in mutation rates where
minor grooves faced the histone core, specifically attributed to decreased repair at less-

accessible positions. A reduction of AAG activity observed here within chromatin may
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lead to this imbalance in DNA damage and repair that could cause mutagenicity and
genetic instability described in vivo.*234 Indeed, it has been shown that DNA packaged in
an NCP has been shown to be as susceptible as unpackaged DNA to alkylating agents.®
We have observed in this work that AAG can remove €A lesions from HIGH positions, but
has minimal activity on LOW positions. These results may suggest that €A repair by AAG
at LOW positions in vivo may require additional nuclear factors, such as histone variants,
histone post-translational modifications, and/or chromatin remodelers to increase access
to LOW-positioned lesions.1436

However, we did find some exceptions to this correlation between AAG activity and
€A lesion solution accessibility that we attribute to a variety of architectural features of the
NCP. In our initial survey, we observed a broader range of €A excision at MID positions.
Upon consultation with an NCP representation of the Widom 601 duplex wrapped around
the histone octamer, we noticed that the MID positions with less than 20% €A excision are
located near histone tails; sites -34, -37, -47, -111 are closest to the base of an H2A tail,
and position 119 is similarly near an H2B tail. Indeed, other glycosylases®*?*” and BER
enzymes® have shown variable amounts of inhibition due to histone tails. The proximity
of histone tails to certain positions may interfere with AAG in similar ways to reduce
activity.

Next, we noted some HIGH positions that showed decreased AAG activity. The
first such position is -74, where there was only 20% €A excision. Position -74 is located
near the dyad axis, and the surrounding DNA around this dyad region has been shown to
have different characteristics from the rest of the NCP. Any combination of these
characteristics, including less DNA-histone dynamics,'® a straighter conformation, and
being underwound!® may contribute to suppressed AAG activity. Indeed, we'’?! and
others 313940 have found that repair of lesions in the ~20-bp of DNA centered at the dyad

region is suppressed relative to other regions of the NCP. In vivo observations have also
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shown these patterns of decreased BER within the dyad region of strongly-positioned
NCPs.3? Sites -30, 96, and 97 were also HIGH positions where AAG showed decreased
activity. Specifically, sites -30 and -31 had differing amounts of €A excision, which may be
due to the potential influence of the unstructured tails of nearby H2B and/or H2A (Figure
3.12.A). Additionally, these two positions are close to superhelical location (SHL) 5, a
location in nucleosomal DNA known for stretching and disrupted base stacking.'? This
DNA stretching could influence the -30 position, to decrease AAG excision relative to
position -31. Similarly, positions 96 and 97 had decreased €A excision, and may be

influenced by nearby H2B and/or H4 tails (Figure 3.12.B), or nearby DNA stretching

Figure 3.12. Proximity of histone tails to HIGH positions with low AAG activity.
Zoom-in views of NCP crystal structure showing proximity of histone tails that may be
within the potential area of effect on HIGH positions with decreased AAG activity. (A)
Positions -30 and -31 (shown as gray sticks with a surface overlay) are in proximity to
the nearby tails of H2A (yellow) and/or H2B (red). (B) Positions 96 and 97 (shown as
gray sticks with a surface overlay) are similarly near the tails of H4 (green) and H2B
(red). Only the histones and lesion-containing strand are shown for simplicity. The
histone tails are shown with a surface overlay for emphasis. A merged NCP crystal
structure of the Widom 601 duplex (PDB code 3Iz0) and histone octamer with tails
(PDB 1kx5) was created for these images using PyMOL.
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between SHL #1 to +2 that results in severe kinking!? to prevent AAG activity. The
differential €A excision by AAG in the described positions emphasizes the effects of subtle,
local NCP microenvironments unique to each nucleobase position and highlights the
complexities that DNA packaging into an NCP presents for a glycosylase. Instances of
decreased AAG activity in HIGH positions create an imbalance between damage and
repair that can contribute to mutagenic signatures, and describe potential hotspots in the
packaged genome for persistent alkylation damage due to a deficiency in repair.

Finally, we observed increased AAG activity from base pair 123 to the end of the
sequence in the global ¢A-containing NCPs regardless of solution accessibility. Although
both ends of the DNA in NCPs have been shown to spontaneously and transiently unwrap
to allow for increased access to nucleobases, one end is known to be more dynamic than
the other. This asymmetric characteristic has been characterized previously in vitro with
FRET studies to show asymmetric DNA-histone dynamics at the ends.*~** However, we
directly observe the consequence of this asymmetric unwrapping in our global eA NCPs,
with increased AAG activity toward the end known to unwrap preferentially in the 601
NCP.%243 These results are consistent with in vivo observations of higher levels of BER-

related repair asymmetric to the dyad in genomic DNA.3?

3.6. Conclusion

In summary, we determined the repair profile and various kinetic parameters in
global DUP and NCPs to observe €A excision by AAG activity at 49 distinct geometric
positions. AAG activity across the DUP had maximal amounts of excision, but varying
amounts of activity across the NCP architecture. We show that the presence of the histone
octamer, and therefore the packaging of DNA into chromatin, modulates repair by AAG.
Although AAG’s monophasic kinetic behavior remained consistent across the NCP, we

observed interesting relationships between the amounts of €A excision and NCP
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architecture. More specifically, we observed a general correlation between AAG activity
and solution accessibility in the NCPs. However, we observed a few exceptions to this
correlation, including HIGH positions with low repair likely due to distinct NCP
microenvironments that suppress AAG activity, and increased €A removal at the DNA end
that asymmetrically unwraps. Our characterizations of AAG excision of €A in global NCPs
have revealed interesting microenvironments that inhibit repair that could not be
appreciated previously in site-specific lesion NCPs. Future studies using this global NCP
system could provide a more comprehensive understanding of the nuanced relationships

between NCP architecture and DNA repair in cells.
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3.8. Appendix: Supplementary Information

Scheme S.3.1. Widom 601 sequences. | and J strand designations are based on the
crystal structure of Vasudevan, et al. for the Widom 601 NCP.1!

| strand:

5'-ATC AGA ATC CCG GTG CCG AGG CCG CTC AAT TGG TCG TAG ACA GCT CTA
GCA CCG CTT AAA CGC ACG TAC GCG CTG TCC CCC GCG TTT TAA CCG CCA
AGG GGA TTA CTC CCT AGT CTC CAG GCA CGT GTC AGA TAT ATA CAT CGA T

J strand:

5'—- ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA GAC TAG GGA GTA ATC
CCC TTG GCG GTT AAA ACG CGG GGG ACA GCG CGT ACG TGC GTT TAA GCG
GTG CTA GAG CTG TCT ACG ACC AAT TGA GCG GCC TCG GCA CCG GGA TTC
TGA T
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Scheme S.3.2. Ligation strategy for complementary 145 mer oligonucleotides
lacking damage. Each 145 mer is assembled by the ligation of three component
oligonucleotides. Components 2 and 3 are 5'-phosphorylated and combined with
component 1 and two scaffold oligonucleotides s12 and s23 for annealing. Annealed
strands are subsequently ligated to create the full-length strands. When global €A was in
the | strand, it was annealed to the non-lesion-containing J strand. Similarly, when global
€A was in the J strand, it was annealed to the non-lesion-containing | strand.

I 5 i.1 i.2 i.3 3
EEEEER EEEEER
i.s12 i.s23
. j1 j-2 j-3 .
J 5 EEEEEDN EEEEEN 3
j-s12 j.-s23
Component | Length | Sequence (5'to 3)
i.1 35mer | ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTC
i.2 45mer | GTAGACAGCTCTAGCACCGCTTAAACGCACGTACGCGCTGTCCCC
i.3 65mer | CGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCGAT
i.s12 32mer | GTGCTAGAGCTGTCTACGACCAATTGAGCGGC
i.523 26mer | GGCGGTTAAAACGCGGGGGACAGCGC
j.l 45mer | ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATC
j.2 65mer | CCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTAC
j.3 35mer | GACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT
j.s12 30mer | TTTAACCGCCAAGGGGATTACTCCCTAGTC
j.s23 32mer | GCCGCTCAATTGGTCGTAGACAGCTCTAGCAC
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Scheme S.3.3. Sequences of internal reference  oligonucleotides.

23 mer:
5'-ATC AGA ATC CCG GTG CCG AGG CC

92 mer:
5'-ATC AGA ATC CCG GTG CCG AGG CCG CTC AAT TGG TCG TAG ACA GCT
CTA GCA CCG CTT AAA CGC ACG TAC GCG CTG TCC CCC GCG TTT TAA CC

53 mer:

5'"-ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA GAC TAG GGA GTA ATC CCC
TTG
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Chapter 4. Finding a damaged needle in a packaged haystack:

Observing uracil DNA glycosylase processivity in the nucleosome core particle

I designed and performed all the experiments and analyzed the results discussed here.
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4.1. Abstract

Before base excision repair (BER) can be initiated with the cleavage of the N-
glycosidic bond of a lesion nucleobase, glycosylases must first search for and find the rare
lesions among billions of undamaged nucleobases. This crucial process is not fully
understood and is a topic of interest in the DNA repair field. In the nucleus, both three-
dimensional (volume-wide) and one-dimensional (local) searches must take place for
efficient probing of the genome. Of particular interest is a glycosylase’s one-dimensional
transfer, or its processivity. Processivity is described as relative contributions from both
associative transfer (“sliding” close to the phosphate backbone) and dissociative transfer
(small “hopping” and re-binding events). Previous in vitro studies on duplex have shown
that multiple factors influence the relative contribution of each mode of one-dimensional
transfer. However, the genomic DNA is packaged into nucleosome core particle (NCP)
subunits, which likely influence glycosylase searching and initiating BER. In this study, we
set out to determine how glycosylase processivity is influenced by DNA packaging in two-
site NCP substrates. We find that the presence of the histone octamer core strongly

inhibits the associative transfer mode to favor dissociative transfer in NCPs.

4.2. Introduction

In the course of a typical day, a single cell deals with ~10,000 spontaneously-
generated lesions that could potentially threaten its very existence.! Without efficient
repair of these lesions, the genetic information that the DNA contains is endangered. The
task of finding nucleobase lesions belongs to the DNA glycosylases belonging to the base
excision repair (BER) pathway. On the scale of the human genome, glycosylase searching
for lesions is a monumental task akin to looking for a needle in a haystack, since there are
also ~12,000,000,000 undamaged nucleobases. To further complicate matters, 70-90%

of the human genome is packaged into NCPs for compaction into the nucleus, which may
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compromise repair activities.?® Specifically, it is not understood how BER, the main
pathway responsible for repairing modified nucleobase lesions, is initiated by glycosylase
searching in the packaged genome environment. Once the lesion is found, the minimal
kinetic scheme of glycosylases can begin, and the subsequent treatment by downstream
BER enzymes. Once the job of the glycosylase is finished, the glycosylase then seeks out
its next damaged needle in the genomic haystack to repeat the process. Unlike other
repair pathways, BER substrates are typically non-bulky, like uracil (U), 8-oxo-7,8-
dihydroguanine, and abasic sites, and are therefore not as disruptive to the local DNA
environment as bulkier lesions, like thymine dimers repaired by nucleotide excision repair,
for easy recognition.

It is widely accepted in the field that the most efficient means of searching the
genome in vivo includes relative contributions of both longer-range three-dimensional
diffusion, and shorter-range one-dimensional diffusion. Previous studies of glycosylase
searching have focused on one-dimensional transfer, specifically the movement between
two lesions during a single DNA encounter event, known as processivity. There are two
main modes of processivity: associated diffusion (traditionally referred to as “sliding”) and
dissociative transfer (traditionally referred to as “hopping”) (Figure 4.1.).* Associative
transfer is characterized by a glycosylase maintaining near-constant contact with the DNA
structure in such a way that follows the helical turning,>® while not necessarily reliant on
the electrostatics of the phosphate backbone to do so.>”® This mode of transfer is
advantageous in scanning local stretches of DNA, but becomes more tedious and slower
as distances between lesions increase. On the other hand, dissociative transfer is made
up of more transient, micro-dissociations from the DNA where the glycosylase is still near
enough to rebind with high probability. This mode of transfer is helpful in decreasing the
overall searching volume over longer distances, where the probability of encountering

another lesion upon re-binding is less likely. These two modes are thought to work
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Dissociative Transfer

Associative Transier

Figure 4.1. Associative vs. dissociative transfer on DNA duplex. After cleavage of
the first lesion, the glycosylase (blue crescent) travels to the second lesion site along
the DNA (dark gray) using either associative transfer (yellow arrows) or dissociative
transfer (green arrows). Associative transfer is characterized by close contact with the
helical turning of the DNA strand, while dissociative transfer is characterized by micro-
dissociations and re-bindings.

together for fast, efficient searching of lesions among undamaged DNA before replication
takes place to lock in the mutagenicity of lesions left unrepaired. We know that these two
modes of processivity occur, but we do not know the relative contributions of each under
various environmental conditions and DNA contexts.

Previous studies have been conducted to characterize processivity in duplex
systems with a few glycosylases, such as human oxoguanine glycosylase (hOGG1),*
human alkyladenine DNA glycosylase (AAG),5'41¢ and uracil DNA glycosylases
(UDG).>"817-20 |n general, UDG is one of the most-studied and therefore best-understood
of the glycosylases?-?> and is an attractive candidate for processivity studies in a new
context. In the experiments discussed in this chapter, we wish to expand upon these
transfer systems and apply them in an NCP system to examine how the presence of the
histone octamer core affects searching and processivity. We used two-site NCP ensemble
systems to observe the relative contributions of associative and dissociative transfer of
UDG in packaged DNA under different environmental conditions to mimic those found in

the nucleus. The results show that dissociative transfer is the major mode of one-
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dimensional transfer in packaged DNA to navigate the presence of the histone octamer

core.

4.3. Experimental Procedures
4.3.1. Oligonucleotide synthesis and purification

Oligonucleotides were synthesized on a MerMade 4 (BioAutomation) DNA
synthesizer using standard phosphoramidite chemistry. All synthesis reagents and
phosphoramidites were purchased from Glen Research. The final trityl group was retained
after synthesis for use in the initial HPLC purification 90 °C (Agilent PLRP-S column, 250
mm x 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 5% aqueous MeCN, B =
100 mM TEAA in MeCN; 5:95 to 35:65 A:B over 30 min, 35:65 to 5:95 A:B over 5 min at
1 mL/min). The trityl group was removed with incubation in 20% v/v aqueous glacial acetic
acid for 1 h at room temperature, followed by a second HPLC purification at 90°C (Agilent
PLRP-S column, 250 mm x 4.6 mm; A = 100 mM triethylammonium acetate [TEAA] in 5%
aqueous MeCN, B = 100 mM TEAA in MeCN; 0:100 to 15:85 A:B over 35 min, 15:85 to
35:65 A:B over 5 min at 1 mL/min). Electrospray ionization mass spectrometry was used

to verify the identity of the prepared oligonucleotides.

4.3.2. Ligation of full-length 145/146 mer oligonucleotides

Full-length 145 mer (Widom 601 sequence)® or 146 mer (5S sequence)?’
oligonucleotides used in studies were synthesized in shorter pieces and ligated together
enzymatically (Schemes S.4.1 and S.4.2 for 601 145 mers, Schemes S.4.3 and S.4.4
for 5S 146 mers) The short oligonucleotides were phosphorylated with T4 polynucleotide
kinase (New England Biolabs) and subsequently annealed to scaffold oligonucleotides in
a 1:1.1 ratio by heating to 90 °C for 5 min followed by cooling to room temperature at a

rate of 1°C/min. The annealed oligonucleotides were then ligated using T4 ligase (New
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England Biolabs) for 3 h at room temperature. Full-length ligation products were purified
using an 8% denaturing PAGE (0.8 m thick). Concentrations of the retrieved full-length
purified oligonucleotides were determined by their absorbance at 260 nm using molar

extinction coefficients calculated with the IDT OligoAnalyzer tool (www.idtdna.com).

4.3.3. Enzymes and histone proteins

E. coli UDG, uracil DNA glycosylase inhibitor (UGI), and human single-strand-
selective monofunctional uracil DNA glycosylase 1 (SMUG1) were purchased from New
England Biolabs. We used E. coli UDG in our studies because it has an active site that is
over 55% identical and 73% similar to human UDG (UNG2)?* and has been used in many
previous studies as an acceptable alternative to using UNG2.28 In addition, both enzymes
have similar competency for removing U from NCPs.262%-31 Human apurinic/apyrimidinic
endonuclease 1 (APE1) was expressed and purified as previously reported.®? The total
concentration of each enzyme was determined by the Bradford method using y-globulin
standards (Bio-Rad Laboratories). All concentrations reported here are total enzyme
concentrations.

Recombinant Xenopus laevis histones were individually expressed and purified,

and subsequently assembled into octamers for use in NCP reconstitutions.26:3334

4.3.4. Duplex substrate preparation

Full-length oligonucleotides containing U lesions were 5'-radiolabeled for
visualization. The processive products of the substrate containing two U on the same 145
mer strand (UUsame) contained an internal radiolabel located between the two U lesions
for direct visualization of the double-cleavage product (Schemes S.4.1. and S.4.2.).
Taking the Widom 601 ligation as an example, we applied the internal radiolabel by

splitting the 145mer ligation into two component strands, i.1 and i.2, each containing a U
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lesion. In a five nmol-scale ligation, a portion of the i.2 population (~10%) was 5'-
radiolabeled using T4 kinase and *?P-y-ATP (Perkin Elmer); the remaining population was
phosphorylated with 10 mM cold ATP. The two strands were ligated and gel-purified as
described above. The oligonucleotide containing the two U and the internal radiolabel was
annealed to its J-strand complement in a 1:1.05 ratio to form duplex.

For substrate preparation of the duplex with one U in each strand of duplex
(UUopp), the full-length oligonucleotides were 5'-radiolabeled after ligation and combined
in equal amounts of radioactive signal for relative quantitation of excision. Cold U-
containing oligonucleotides were supplemented to reach the desired duplex concentration
before annealing in a final 1:1 ratio.

All duplex formations took place in annealing buffer (10mM Tris-HCI pH 8.0, 50
mM NaCl, 1 mM EDTA) that was heated to 90 °C for 5 min followed by cooling to room
temperature at a rate of 1 °C/min. Duplex formation was confirmed on a 7% native PAGE
(60:1 acrylamide : bisacrylamide; 0.25x TBE) run for 3 h at 160 V in 4 °C to separate
single-strand DNA and duplex species. Only duplex preparations containing < 5% single-

strand DNA were used in duplex studies.

4.3.5. Nucleosome core particle (NCP) reconstitution

NCPs were prepared by stepwise dialysis as previously described.?® The duplex
to be reconstituted was gently mixed with the histone octamer in a 10% molar excess to
25 pL of 1 uyM duplex in buffer (10 mM Tris-HCI [pH 7.5], 1 mM EDTA, 1 mM dithiothreitol
[DTT], 2 M NaCl, 500 ug/mL BSA) in a Slide-a-Lyzer dialysis device (0.1 mL capacity, 3.5
kDa MWCO; Thermo Fisher Scientific). The dialysis device started in a buffer of 210mM
Tris-HCI (pH 7.5), 1 mM EDTA, 1 mM dithiothreitol (DTT), 2 M NaCl at 4 °C. At 1 h
intervals, the device was placed in analogous buffers containing decreasing

concentrations of NaCl (1.2 M, 1.0 M, 0.6 M, 0 M). The final dialysis in 0 M NaCl (RO
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buffer) proceeded for 3 h before the reconstitution was filtered to remove precipitated
species. Successful NCP formation and relative purity were confirmed using a 7% native
PAGE (60:1 acrylamide: bisacrylamide; 0.25x TBE) that ran for 3 h at 160 V in 4°C to
separate NCP and duplex species. Only NCPs containing < 5% duplex were used in
further studies. In the case of the NCPs containing the 5S sequence templates, the NCPs
were heat-shifted (incubated in RO buffer at 40°C for a minimum of 30 min) to a single

translational species®*° before use in further experiments, unless otherwise specified.

4.3.6. Hydroxyl radical footprinting (HRF)

The HRF reaction was carried out using previously described conditions in order
to establish relative solution accessibilities of nucleobase positions in NCPs.26:3¢ Briefly,
7.5 pL of each 1 mM Fe(ll)-EDTA, 10 mM sodium ascorbate, and 0.12% w/v aqueous
hydrogen peroxide were gently combined per 5 pmol NCPs containing *?P-end-labeled
DNA in a total of 52.5 uL RO buffer. The mixture incubated at room temperature for 10 min
in the dark, and then the reaction was quenched with the addition of 16 yL 50 mM EDTA
in 25% v/v glycerol. The quenched sample was immediately loaded on a 7% native PAGE
(60:1 acrylamide: bisacrylamide; 0.25x TBE) and run for 3 h at 160 V in 4 °C to separate
the NCP and duplex species. Gel bands containing the NCP species were incised, and
NCPs were eluted into buffer (0.3 M NaOAC, 1 mM Tris-HCI [pH 8.0], 1 mM EDTA)
between 16-20 h at 37 °C with gentle shaking. The reacted NCP eluent was concentrated
using a centrifugal concentrator (Sartorius Vivaspin Turbo 15, 5 kDa MWCO) and filtered
with a cellulose acetate membrane (Thermo Scientific). The sample was extracted twice
using 25:24:1 phenol:chloroform:isoamyl alcohol (PCI; Sigma) to remove the proteins, and
the resulting aqueous phase was concentrated by Speedvac evaporation. Following the
addition of 40 uL co-precipitation agent (0.5 mg/mL tRNA in 300 mM sodium acetate [pH

8.0], 1 mM EDTA), samples were desalted with two ethanol precipitations. Cleavage

105



fragments were resolved after splitting the sample onto two denaturing PAGE (12% gel
for 5-end, 8% for 3'-end visualization) with accompanying Maxam Gilbert's (A+G)
sequencing ladder for reference, and imaged by phosphorimagery. Relative strand

cleavage at base positions were quantitated using SAFA gel analysis software.*’

4.3.7. Processivity assays

Determination of processivity in duplex and NCP substrates was modeled after
previously published protocols.®88 Briefly, radiolabeled U-containing substrate (either
duplex or NCP) and glycosylase were prepared at 2x experimental concentration (final
concentrations: 40 nM substrate, 200 pM UDG,; substrate is in 200-fold excess) in reaction
buffer. Reaction buffer for low-salt conditions was 10 mM NacCl, 20 mM Tris-HCI (pH 7.6),
10 mM EDTA, 200 mg/mL BSA, 1 mM DTT. Reactions that took place in high-salt
conditions occurred in an analogous buffer containing 100 mM NaCl. Reactions containing
a final concentration of 10 mM free uracil were prepared with 20 mM uracil in the substrate
pot before mixing with UDG.

Following a temperature pre-equilibration at 37 °C for 2 min, equal volumes of
substrate and UDG were mixed and incubated for varying amounts of time (0.5, 1, 2, 5,
10, 20, 30, 60 min, unless otherwise indicated) before quenching the reaction with the
addition of 0.1 U UGI. Each time course included a quench control sample (QC) that was
prepared by adding the UGI to the substrate before UDG addition and subsequently
incubated at 37 °C for the duration of the longest timepoint. This control shows that the
amount of UGI added is sufficient to prevent further chemistry and potentially a false-
positive of processivity. For reactions exploring SMUG1 processivity activity in NCPs,
samples were instead quenched with the addition of an equal volume of the final reaction
worth of PCI for an immediate separation and extraction of protein. (SMUG1 cannot be

guenched with UGI because the inhibitor is only specific for binding the UDG catalytic
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site.®) SMUG1 samples were then ethanol-precipitated before the addition of APE1 and
subsequent workup.

After quenching, all samples were subsequently treated with 18.5 nM APE1l
(unless otherwise specified) for 1 h at 37 °C to cleave strands at the resulting abasic sites
from UDG activity (APE1 reaction buffer: 20 mM NaCl, 20 mM Tris-HCI [pH 7.6], 200
mg/mL BSA, 1mM DTT, 10 mM MgCl,). Proteins were then digested with the addition of
1/5 volume of 2.5% (v/v) SDS, 250 mM EDTA, and 2.5 mg/mL fresh proteinase K,
incubated at 37 °C overnight. In some cases, protein extraction was performed using an
equal volume of PCI and subsequent ethanol precipitation to further clean up samples.

Samples were then prepared for electrophoresis to separate substrate and product
species. UUsame samples were prepared in formamide and water for electrophoresis on
a 10% denaturing PAGE to separate substrate and product. UUopp samples were
resuspended in water and split into two: half of the samples were prepared in formamide
and water for electrophoresis on a 10% denaturing PAGE, and the other half of the
samples were prepared in RO buffer and 5% (v/v) glycerol for electrophoresis on a 10%
native PAGE (60:1 acrylamide: bisacrylamide; 0.25x TBE) and run for 3.5 h at 150 V at
room temperature. PAGE results were visualized by phosphorimagery (Bio-Rad Pharos
FX). Preliminary observations of processivity capabilities was determined qualitatively by

the relative amounts of processive product appearance.

4.4. Results
4.4.1. General approach for observing processivity
To observe processivity of a glycosylase, the substrate for study contains two

lesion sites in such a way that relative amounts of chemistry acting on both sites in a single
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Poroc = [B] + [AB] + [BC]

Figure 4.2. Example of experimental substrate set-up and quantitation for
observing processivity. (A) An experimental substrate with an internal radiolabel
(star) present between two lesions, X; and X; for visualization of unique cleavage
products. Cleavage at X results in the visualization of product BC (orange). Cleavage
at X results in the visualization of AB (light blue). Products BC and AB are single-
cleavage products. Cleavage at both lesions result in the visualization of double-
cleavage product B (green). (B) Quantitation of processivity (Pproc) iS a ratio of the
amount of double-cleavage products to the amounts of all products observed.

enzyme-binding event can be determined (Figure 4.2.). Therefore, the substrate is
designed so that one can distinguish between events when either one lesion is removed,
the other lesion is removed, or both lesions are removed during a single binding event. As
an example, Figure 4.2.A shows a length of DNA containing two lesions, X; and X, with
an internal radiolabel for visualization of all chemistry events that may occur. Glycosylase
activity alone at a lesion forms an abasic site. The addition of APE1 converts the abasic
sites to strand cleavages to generate unique fragments. Here, cleavage at only site X;
results in the visualization of product BC, cleavage at only site X, results in the
visualization of product AB, and cleavage at both sites results in the visualization of
product B. Products BC and AB are the result of single-cleavage events, when the
glycosylase removes only one lesion in a binding event. Product B is the result of a double-

cleavage event and is indicative of processivity taking place. The probability of
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processivity, Pproc, IS quantified using the ratio of the amounts of observed double-
cleavage products relative to all cleavage products (Figure 4.2.B). The theoretical
maximum of Pproc iS a ratio of 1, which represents the scenario of a glycosylase always
removing both lesions in a single binding event.

In these assays, it is imperative to use multiple turnover (MTO) conditions, where
[UDG]<<[DNA], for correct interpretation of observing processivity.®3° By limiting amounts
of UDG, the probability of two UDG binding the same DNA substrate to remove both
lesions is reduced, and therefore limits the chance for a false-positive output of
processivity. An additional safeguard against the observations of false-positive processive
products is to track only the first 10-25% of total product accumulation.®4%4! The reasoning
for this is to minimize the possibility of UDG’s removing the second lesion from a single-
cleavage intermediate.*° For the described processivity studies below, the DNA substrate
was in 200-fold excess over UDG.

Using a DNA substrate containing two uracil lesions, UDG processivity assays are
initiated with the addition of UDG to DNA and incubated for various amounts of time before
guenching. The reaction is quenched using an excess of uracil DNA glycosylase inhibitor
(UGI), a small protein specific for strong binding to UDG’s catalytic site. UGI competes
with DNA for UDG binding to prevent further chemistry. Resulting abasic sites from UDG
activity are enzymatically converted to strand breaks with the addition of APE1 to generate
the unique fragments corresponding to both single- and double-cleavage events. The
samples are then prepared for separation by PAGE, and quantified to determine Pproc.

The determination of Pyoc alone explains the likelihood that the glycosylase will
make it to the second lesion in a single binding event; it does not explain how the

glycosylase got to the second lesion. Ppoc is the sum of the probabilities of how the
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Figure 4.3. Processivity is the sum of contributions from associative and
dissociative transfer. (A) Associative and dissociative transfer can be experimentally
differentiated with the use of a trap that binds to the glycosylase active site to prevent
double-cleavage of the DNA substrate. Only processivity due to associative transfer is
visualized under trapping conditions. (B) The relative contributions of associative and

dissociative transfer to processivity can be revealed with their respective dependencies
on the amount of trap present in the experiment.

glycosylase makes it to the second lesion, with contributions from associative and
dissociative transfer: Pproc = Passoc + Pdiss (Figure 4.3.). Quantifying relative probabilities of
each mode of transfer depends on the environmental conditions under which the
processivity assay is observed. Under non-limiting low-salt (usually 10-20 mM monovalent
ions) conditions, Ppoc IS maximal, and represents both associative and dissociative
transfer contributions. Repeating the assay under specific environmental conditions can
directly reveal the Passoc contribution (Pproc = Passoc) Dy preventing dissociative transfer. For
instance, in the case of UDG, the addition of high concentrations of free uracil in the same
low ion conditions will “trap” any dissociative UDG and prevent further chemistry on a
second site (Figure 4.3.A).18 Alternatively, the use of relatively higher ion concentrations
(e.g. 100 mM) also reveals the associative population, since this mode has been shown
to be more resistant to ion concentration compared with dissociative transfer.*818 Py is

therefore the difference observed under non-limiting vs. limiting conditions (Figure 4.3.B).
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Interestingly, the addition of molecular crowding agents, such as various lengths of
polyethylene glycol (PEG) chains, have also been used to mimic the crowded nuclear
environment to study processivity.®1° The presence of PEG has been shown to rescue
UDG’s ability for associative transfer in higher salt conditions by acting like a
“macromolecular cage” surrounding the DNA and enzymes to promote associative

transfer.

4.4.2. Designing and characterizing two-site DNA substrates for UDG processivity assays

Substrates employed in this study to examine UDG processivity in NCPs were
designed using the synthetic 145 mer Widom 601 positioning sequence* as a template
(Schemes S.4.1., S.4.2.). This positioning sequence binds to the histone octamer core in
a single, predictable manner to ensure the observation of processivity on a homogeneous
NCP population, as seen as a single NCP species on a native PAGE (Figure 4.4.).3 The

601 NCP also has a crystal structure

2
available for reference.* GE) 2
< o ‘UUsame“UUopp.
Two U lesions were placed either 4 S
i ds NCP ds NCP
within the same strand of duplex,
separated by 9 bp (UUsame; Figure . . .
4.5.A,B) or on opposite strands with 4 bp -
in between (UUopp; Figure 4.5.C,D). U . .
lesions were base paired with G to mimic
spontaneous deamination of C. When the
Figure 4.4. Representative native

duplex are assembled into NCPs, the U
lesions are located in the dyad region
facing outward toward solution (Figure

4.5.B,D). High-solution accessibilities of

PAGE showing migration of 601 DNA
substrates to study processivity. All
duplex (ds) preparations used in studies
contained <5% single-stranded (ss) DNA;
NCP preparations used in studies
contained 5% duplex.
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U=—=U,

Figure 4.5. Experimental substrates to study processivity in 601 NCPs. Two U
lesions located on the same strand to form UUsame (A) duplex and (B) NCPs. Two U
lesions located on opposing strands to form UUopp (C) duplex and (D) NCPs. NCP
images are straight-on views of the dyad region with the outward-facing lesions
highlighted as bubble structures. NCP views created with PyMol (PDB 31z0).

positioned lesions were confirmed by HRF (data not shown). The relatively close spacing
of the lesions was chosen to increase the probability of seeing potential associative
transfer in the system.'”*® Such close spacing of U in DNA is observed in vivo during
replication, with the misincorporation of U opposite A,* as well as during adaptive
immunity, with activation-induced cytosine deaminase (AID)* or class switch
recombination (CSH)*’ generating U/G base pairing.

UUsame DNA substrates are designed in such a way that an internal radiolabel is
present between the two U lesions to directly visualize each single- and double-cleavage
product of the processivity assay (Figure 4.6.A). Single-cleavage events in UUsame DNA
substrates result in the visualization of either an 80 mer fragment when removal occurs at
Ui, or a 74 mer fragment when removal occurs at U,. Processive events result in the
visualization of a 9mer fragment, due to the cleavage at both U: and U,. Assembly of

UUsame duplex and treatment with UDG and APE1 show expected product sizes and are
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resolved on denaturing PAGE (Figure
4.6.B). Pproc is determined by taking the
ratio of the amount of 9 mer product
relative to all cleavage products.

Each strand of the UUopp DNA
5'-radiolabeled for

substrates is

visualization of single- and double-
cleavage products of the processivity
assay (Figure 4.7.A). In contrast to
UUsame analysis, denaturing PAGE
cannot differentiate between single- and
double-cleavage products of UUopp.
Single-cleavage events in UUopp DNA
substrates result in the visualization of
either a 64 mer fragment (removal at U,),
or a 75 mer fragment (removal at Us).
However, within a single UUopp duplex,
cleavage at both sites result in the
visualization of both the 64 mer and 75 mer

products (Figure 4.7.B). Since there is a
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Figure 4.6. 601 UUsame substrate
design for unique cleavage product
distinctions. (A) Schematic design of
duplex containing an internal radiolabel
(star) for visualization of potential
cleavage products between U; and U..
Single cleavage at Ui results in the
visualization of an 80 mer product; single
cleavage at U; results in the visualization
of a 74 mer product; double-cleavage
results in the visualization of a 9 mer
product. (B) The different cleavage
products of the UUsame duplex are
resolved on a 10% denaturing PAGE and
migrate as expected (+ lane). The 79 lane
shows the migration of a 79 mer ssDNA
control.

population of individual DNA substrates observed during the processivity assay, cleavage
at site U; in one substrate and cleavage at site U, in another substrate will appear as if a
processive, double-cleavage event has occurred in a single substrate by denaturing PAGE
alone. Because a processive, double-cleavage event results in a double-strand break, we
may visualize the two halves of the duplex (“L” and “R”) on native PAGE (Figure 4.7.C).

Using native PAGE, “L” and “R” are
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Figure 4.7. 601 UUopp substrate design for unique cleavage product
distinctions. (A) Schematic design of duplex containing 5'-radiolabels on each strand
(stars) for visualization of potential cleavage products between U; and Us. Single
cleavage at U; results in the visualization of a 64 mer product; single cleavage at Us
results in the visualization of a 74 mer product; double-cleavage results in the
visualization of both the 64 mer and the 74 mer products. (B) The different cleavage
products of the UUsame duplex are resolved on a 10% denaturing PAGE and migrate
as expected (U1Us ds + lane). (C) Double-cleavage within the UUopp DNA substrate
is observed when a double-strand break occurs, separating the duplex into two halves,
“L” and “R”, which may be resolved on native PAGE. Different species were resolved
on native PAGE to distinguish between single- and double-cleavage products in UUopp
DNA substrates. PK represents the presence of fresh proteinase K for degradation of
histone proteins present in the NCP samples observed. “R” migration was confirmed
by radiolabeling only the Us-containing 145mer before duplex formation and
UDG/APEL1 treatment.

differentiated from single-cleavage products and unreacted substrate. In UUopp
substrates, Pproc is determined by taking the ratio of the amount of one of the double-
cleavage products (“R” or “L”, since they accumulate in the same manner) relative to all

cleavage products.
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We tested the reactivities of the U lesions in the NCP context to determine if they
were equally competent for chemistry. We added a 30-fold excess of UDG to intentionally
saturate the two-site NCP substrates (i.e. two UDG simultaneously bind to the same NCP
for chemistry) to determine the relative rates of U removal at each site separately. Any
observed difference between rates of the appearance of the single-cleavage products
would reveal differences in UDG cleavage due to local sequence or histone context, and
may result in a preference for removing one lesion over another. Additionally, this
characterization must show that each lesion can be completely converted to product. Any
observation of inactivity at a site in the processivity assays will not be attributed to UDG’s
inability to bind and perform chemistry, but rather to its lack of processivity in the NCP
substrate. Indeed, a 30-fold excess of total UDG over NCP substrates after 60 min
incubation showed that both the UUsame NCPs (Figure 4.8.A) and UUopp NCPs (Figure
4.8.B) were ~95% converted from substrate to their respective double-cleavage products.
Therefore, ~5% of the U lesions in NCPs are refractory to UDG activity under these
conditions. In the UUopp NCP, the appearance of each single-cleavage product had
similar rates, namely 0.75 min! (75 mer) and 0.60 min (64 mer) for one trial (Figure
4.8.C), suggesting that the sites are comparable for chemistry. Analogous rate
determinations are not available at present because the experiment needs to be repeated
with faster timepoints. Qualitatively, the rates of product accumulation for the 80 mer and

74 mer products appear similar (Figure 4.8.A).

4.4.3. Qualitative observations of processivity in two-site NCP substrates
Initial studies with NCPs showed very little product overall with the 200-fold excess
of substrate over UDG in the course of 1 h, and a delayed appearance of the processive

product until later timepoints. This observation was unlike previous studies in duplex,
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Figure 4.8. Processivity 601 NCPs under saturating UDG conditions shows
competency for chemistry. Processivity NCPs (A) UUsame and (B) UUopp were
treated with a 30-fold excess of UDG over the course of 1 h. Complete excision at both
lesion positions in the UUsame substrate is indicated by the disappearance of the 145
mer substrate and the sole appearance of the 9 mer by the end of the time course.
Conversely, complete excision at both lesion sites in the UUopp substrate is indicated
by the disappearance of the 145 mer substrate and the accumulation of the 75 mer
and 64 mer products. In both cases, ~5% of each substrate (145 mer) was not
converted to product. (C) Rates of single-product accumulation in UUopp shown in
panel B were determined comparable to each other using single exponential models.

where a processive product was formed at a faster rate than either single-cleavage
product.®4%41 The more complicated NCP substrate presents additional challenges for
initial UDG binding“® that likely compound its influence by slowing the rates of processivity
as well. Indeed the observed rate (kobs) for a similar outward-facing site in the dyad, is
about 6x slower in the NCP than in the 145 mer duplex.?® Due to all these complicating
factors whereby the NCP environment slows down observed UDG activity, the delayed
appearance of the processive product may not necessarily be a result of further cleavage
of single-cleavage intermediates, and still indicate processivity. Therefore, instead of
choosing an arbitrarily higher cutoff of reaction observation, we simply set out to
gualitatively observe the binary presence or non-presence of the processive product over
the course of 1 h for these preliminary NCP studies. We ultimately assumed that the
combination of a 200-fold excess of NCP over total UDG, and potentially slower binding

rates on NCPs, might be sufficient to minimize the appearance of false-positive processive
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products. Alternatively, it may not be at all possible to quantitatively measure the amounts
of processivity in an NCP substrate under these current conditions, but could be optimized

in the future.

4.4.4. Processivity studies in UUsame DNA substrates

We first conducted processivity assays in UUsame duplex to serve as controls for
observations seen in NCPs. We explored the maximal amounts of processivity due to both
associative and dissociative modes by looking for the appearance of 9 mer processive
product under low-salt conditions (Figure 4.9.A). Indeed, there was an accumulation of
processive product at a relatively fast rate, starting around 1 min. When the uracil trap was
added to the transfer assay (Figure 4.9.B), the appearance of the processive product was
delayed to around 10 min, and therefore did not accumulate as much by 60 min. Under
high-salt conditions (Figure 4.9.C), the rate and amount of processive product looked like
the uracil-trap results. Generally, the appearance of the 80 mer cleavage product (i.e.
cleavage at the U, lesion shown in Figure 4.5.A) appeared first, followed by the 74 mer
cleavage product, and ultimately the processive product. Qualitatively, the rate of the
accumulation of each single-cleavage product was consistent across environmental
conditions observed, with a slight overall decrease in the amounts of the 74 mer product
in the uracil-trap condition.

We next assembled UUsame NCPs to observe how the presence of the histone
octamer would affect processivity along the same DNA strand. If associative transfer were
to take place, the processive product would accumulate in the presence of the uracil trap
or high-salt conditions. This observation of associative transfer in the UUsame NCP
ensemble might suggest that UDG is able to track along the phosphate backbone by

switching between the phosphate backbones of the two strands to avoid the steric clash
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Figure 4.9. Qualitative observations of processivity in 601 UUsame DNA
substrates. Denaturing PAGE showing processivity assays conducted under varying
environmental conditions in 601 UUsame (A, B, C) duplex and (D, E, F) NCPs. Single-
cleavage products are indicated by the 80 mer and 74 mer, and the processive product
is indicated by the 9 mer. DNA substrate was in 200-fold excess over UDG and the
reaction was observed over 1 h. (A, D) Low-salt conditions were used to show total
amounts of processivity possible. The addition of (B, E) uracil or (C, F) high-salt
conditions directly show contributions to processivity by associative transfer.

of the histone octamer. The transfer assay was first conducted under low-salt conditions
to establish the maximal potential of the accumulation of processive product in the NCP
(Figure 4.9.D). Compared with duplex in the same conditions (Figure 4.9.A), there was

less processive product and a delay in its accumulation appearing around 10 min. The
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addition of the uracil trap essentially prevented the formation of the processive product
(Figure 4.9.E). A similar effect was seen in the high-salt conditions, as well as an
additional observation of fewer single-cleavage products (Figure 4.9.F). Besides the
minimal amounts of processive product overall in each NCP transfer assay observed, the
pattern of the single-cleavage products changed when the DNA was incorporated into
NCPs. In contrast to duplex, the overall intensity and rate of accumulation of the 80 mer
cleavage product was much lower in each environmental condition tested (compare

Figures 4.9.D-F with Figures 4.9.A-C).

4.4.5. Processivity studies in UUopp substrates

Next, we performed processivity assays on UUopp DNA substrates. We first
focused on UUopp duplex and established the maximal amount of total processive product
possible from both modes of transfer in low-salt conditions (Figure 4.10.A). The
appearance of the processive product occurred around 5 min and made up about 45% of
the products by 1 h. With the addition of the uracil trap, there were minimal amounts of
processive product seen in the UUopp duplex (Figure 4.10.B). Similarly, the high-salt
conditions did not show appreciable amounts of processive product (Figure 4.10.C).
Comparing the different environmental conditions across the UUopp duplex, the addition
of the uracil and increased salt also resulted in less accumulation of the single-cleavage
products compared with the low-salt conditions.

Then, we assembled UUopp NCPs in order to study the effects of the histone
octamer on UDG processivity when U lesions are located on opposite DNA strands.
Processive product accumulation in the UUopp NCP would indicate that UDG is able to
make micro-dissociations which could track along the phosphate backbone of one strand,

switch strands, and then reorient before cleavage takes place at the second U without
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Figure 4.10. Qualitative observations of processivity in 601 UUopp DNA
substrates. Native PAGE showing processivity assays conducted under varying
environmental conditions in 601 UUopp duplex (A, B, C) and NCPs (D, E). Single-
cleavage products are indicated by the 1C product migration, and the processive
product is indicated by the accumulation of the R and L products. DNA substrate was
in 200-fold excess over UDG and the reaction was observed over 1 h. (A, D) Low-salt
conditions were used to show total amounts of processivity possible. The addition of
(B, E) uracil or (C) high-salt conditions directly show contributions to processivity by
associative transfer.

being trapped by free uracil or high salt. We performed the transfer assay under low-salt
conditions to observe the maximal processivity in the UUopp NCP ensemble (Figure
4.10.D). Compared with the UUopp duplex (Figure 4.10.A), there was a decrease in
overall processive product appearing at around the same point during the time course.
However, when the uracil trap was added to the assay, there was no appearance of

processive product during 1 h experimental duration (Figure 4.10.E).

4.5. Discussion
4.5.1. Two-site duplex substrates implement both associative and dissociative transfers
As seen in previous processivity assays using UDG and duplex,*®2° the 145 mer

duplex substrates here showed processivity by both associative and dissociative transfer.
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The addition of either free uracil or high salt conditions to the assay still allowed for
processive product formation, indicating associative transfer. The difference in the amount
of processive product seen in the low-salt conditions and the inhibitive conditions is Pugiss.
Qualitatively, Passoc and Pgiss may be more equal to Ppoc in UUsame duplex (compare
Figures 4.9.A and 4.9.B), while Pgiss comprises the majority in UUopp duplex (compare
Figures 4.10.A and 4.10.B). This observation of UUsame duplex qualitatively showing
more associative transfer than the UUopp duplex is consistent with previous studies
(directly compare Figures 4.9.B with 4.10.B).1718

An interesting discrepancy between the two duplex designs was the relative
amounts of processive product observed in the associative transfer population. For the
UUsame duplex, in both the free uracil and high-salt conditions, there were comparable
amounts and rates of the processive product (compare Figures 4.9.B and 4.9.C). In
contrast, the UUopp duplex had different amounts of processive product: very little (but
still observable) processive product in the free uracil assay, and absolutely no processive
product generated in the high-salt conditions (compare Figures 4.10.B and 4.10.C). This
may suggest that UDG initially binding to the UUopp duplex was influenced negatively by

the high-salt conditions.

4.5.2. NCP structure prevents associative transfer of UDG

Overall, the two-site NCP substrates allowed for minimal processivity compared
with analogous duplex substrates (Table 4.1.). The decreased amounts of processive
product from duplex to NCP substrates were likely due to the presence of the histone
octamer’s affecting UDG processivity. However, the biggest impact of the DNA packaging
into NCPs was observed when the assays were conducted in the presence of the uracil

trap or high-salt concentrations. Favoring associative transfer under these conditions,
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UUsame UUopp

| Low salt vvv v vV v
Low salt +

U trap v 0 0 0
High salt vv 0 0 n/a

Table 4.1. Qualitative summary of amounts of processivity seen in 601 DNA
substrates. The amount of processivity in each DNA substrate is indicated by the

number of check marks (\/), with v/ indicating some, vV and indicating the most.
DNA substrates that did not have any processive product accumulation are indicated
with a zero (0). Data that was not collected is indicated with n/a.

there were minimal amounts of processive product seen in both UUsame and UUopp
NCPs. A lack of associative transfer indicates that dissociative transfer is the main mode
of processivity in these two-site NCPs when observed under low-salt conditions. This
result is not entirely surprising since the packaging of DNA into the NCP presents more
steric and electrostatic obstacles for UDG’s searching and binding. Alternatively, seeing
associative transfer in NCPs would have suggested that the organization of the packaged
DNA allowed for a more favorable conformation for similar or better processivity compared
with the less-structured duplex.

Changes in the processivity due to the incorporation of duplex into NCPs were also
manifested in the overall lower accumulation of the 80 mer single-cleavage product
observed in the UUsame NCP time course (compare Figure 4.9.A with 4.9.D). This
decrease in the 80 mer product may be due to the proximity of the U; site to the start of
the second superhelix, i.e. near the terminal DNA wrapping. As a result, UDG is favoring
directionality to generate the processive product by binding and cleaving at U, before

transfer to U for cleavage.
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4.5.3. Putting processivity assay observations in a biological context

As discussed, we saw a decrease in UDG processivity on two different two-site
NCP substrates compared with duplex analogs. These observations from this controlled
in vitro system of packaged DNA suggest that UDG’s dominant transfer mode in vivo is
purely dissociative. Alternatively, these results may suggest the need for additional events
to take place in vivo for efficient one-dimensional searching for BER initiation. The
observation of a purely dissociative mode of processivity in NCPs is counterintuitive to the
hypothesis arguing for a combination of both modes for most efficient searching in the
genome. However, the observation of both processivity modes in duplex assays may
suggest that UDG associative transfer is exclusively utilized during times of open, fully
accessible chromatin, while dissociative transfer is constant throughout the cell cycle. This
hypothesis would support UDG’s important role during S-phase, of quickly removing mis-
incorporated U across A.24% Alternatively, the lack of UDG processivity in NCPs could
suggest another potential method for quickly removing U lesions in packaged DNA by
relying on high copy numbers of the glycosylase and therefore multiple UDG binding within
the same NCP.

These in vitro experiments are important for understanding all aspects of the
initiation of BER, since the first step of BER takes place before any chemistry can be
accomplished. Indeed, damage cannot be repaired unless it is first found. Due to the
complexities of the nuclear and DNA packaging environments, there is a possibility that
the real limiting factor of BER in a chromatin environment may be the search for lesions
in a sea of undamaged DNA. In fact, a previous study using AAG knockout cells, which
were then complemented with different AAG mutants specific for decreasing processivity,
and found that the cells had decreased survival.*® The study also shows the importance
of glycosylase processivity to the initiation of BER and, therefore, cell survival. Once the

damage is found by the glycosylase for BER initiation, it is potentially more obvious for
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intermediates to be recognized and processed further by the downstream enzymes using

coordination and substrate channeling.°

4.6. Future Directions
4.6.1. Expand upon processivity observations in the two-site NCP system

More data is necessary to satisfactorily characterize UDG processivity in two-site
NCP substrates than the above-described experiments. The current experiments are
incomplete and show general, qualitative observations of processivity in packaged DNA
substrates. More replicates of each substrate under various conditions are desired for
showing consistency in the preliminary observations described. Exploring how additional
environmental factors in this NCP system influence processivity, will help inform behavior
in the nuclear environment. Specifically of interest is the exploration of the addition of the
inert crowding agent of PEG chains. The crowding agent would further mimic nuclear
conditions of mass volume in conjunction with the high-salt conditions. Previous studies
have shown that the addition of non-specific “bulk” to the experiments have rescued
associative transfer in duplex systems under high-salt conditions by acting like a
“macromolecular cage,”® and may similarly rescue processivity in NCPs.

Besides expanding upon the qualitative observations of processivity in NCP
substrates, we would ultimately want to quantify Passoc and Puiss in the NCP assays. As
mentioned above, this may not be feasible in the complicated binding landscape of the
NCP. However, the two-site NCP processivity system could be modified and optimized for
guantitation. One potential way to encourage more processivity in the NCP system would
be to relieve the MTO conditions; instead of using a 200-fold excess of NCP substrate
over enzyme as in previous duplex studies, it may be more practical to have only a 10- to

20-fold excess of NCP substrate. More studies would have to be conducted varying MTO
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conditions to determine the possibility and optimization for quantitative determinations of

processivity in NCPs.

4.6.2. Observing processivity in NCPs using the natural 5S positioning sequence

Another goal of studying processivity (g NHS HS
in NCP substrates was to compare the . “
effects of varying DNA-histone dynamics,
using different nucleosome positioning
sequence templates. Preliminary studies e

were conducted using a “looser”, naturally-
Figure 4.11. Representative native

occurring positioning sequence known as

the 5S [rDNA positioning sequence
(Schemes S.4.3. and S.4.4.).275152 There
is no crystal structure for the 5S sequence

in NCPs due to its dynamics and its ability

PAGE showing relative migration of 5S
duplex and NCP species. The 5S NCPs
exist as two translational species, shown
as two distinct bands, immediately after
reconstitution (non-heat-shifted, NHS
lane). Incubation at 40 °C for at least 30
min shifts (heat-shift, HS lane) the NCPs
into a single translational species, shown
as a single band. All duplex (ds)

to adopt multiple translational positions by preparations used in studies contained

<5% single-stranded (ss) DNA; NCP
preparations used in studies contained
<5% duplex.

multiples of 10 bp.>*** With a minimum
duplex of 146 bp, the NCPs form two
translational species, but incubation of the NCPs at an elevated temperature allows the
DNA to “heat-shift” to a single, thermodynamically favorable translational position (Figure
4.11).% Relative solution accessibility was determined in 5S NCPs using HRF to inform
placement of U lesions (Figure 4.12.A,B). In addition, we characterized the relative
solution accessibilities of the two translational positionings of the NCP before (non-heat-
shifted, NHS) and after (heat-shifting, HS) incubation, and verified that the relative

rotational, or solution accessibilities at each observed site, were consistent between the
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Figure 4.12. Hydroxyl radical characterization of 5S NCPs for designing
processivity substrates. Hydroxyl radical footprinting of 5S NCPs with the radiolabel
located on the (A) T strand and (B) B strand characterized relative solution
accessibilities of the NCP species. A+G lanes display a ladder of the undamaged 5S
DNA sequence created using Maxam Gilbert reactions. HRF reactions performed on
non-heat-shifted (NHS) and heat-shifted (HS) NCPs in the lanes indicated. Cleavage
patterns were quantified using SAFA to create associated profiles for the NHS (blue
lines) and HS (red lines) 5S NCP species. The U1l position is indicated by purple
triangles, the U2 position is indicated by pink triangles, the U3 position is indicated by
red triangles, and the dyad position is indicated by the black triangle.

two preparations. Once the solution accessibility of the nucleobases in the dyad region of
undamaged 5S NCPs was determined by HRF, two U lesions were placed in high solution-
accessible sites that were analogous to the 601 NCP substrate designs (Figure 4.13.A,B).

Preliminary studies focused on 5S UUsame duplex and NCPs to observe qualitative levels
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Figure 4.13. 5S processivity substrate design for unique cleavage product
distinctions. (A) UUsame and (B) UUopp DNA substrates for 5S DNA substrates
were similar to the 601 DNA substrate designs.

of processivity in NCPs with more DNA-histone dynamics (Figure 4.14.). Before use in
transfer assays, all 5S NCPs were heat-shifted to a single translational species to ensure
consistency in translational positioning. Similar to the 601 UUsame duplex, the 5S
UUsame 10 mer processive product was seen relatively early in the time course, around
10-15 min (Figure 4.14.A). However, the addition of the free uracil trap and the high-salt
conditions seems to completely inhibit the processive characteristics of UDG in the 5S
UUsame duplex (Figure 4.14.B,C). This result was unlike that of the 601 UUsame duplex,
which had shown some processive product (compare Figure 4.14.B,C with Figure
4.9.B,C). This may suggest that the 5S UUsame duplex is not as amenable to associative
transfer of UDG as is the 601 UUsame duplex. Next, the 5S UUsame duplex was
incorporated into NCPs and assayed for transfer under low-salt conditions (Figure
4.14.D). The 5S UUsame NCPs amassed a smaller amount of processive product

accumulation relative to the duplex, as was seen in the 601 UUsame DNA substrates
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Figure 4.14. Qualitative observations of processivity in 5S UUsame DNA
substrates. Denaturing PAGE showing processivity assays conducted under varying
environmental conditions in 5S UUsame duplex (A, B, C) and NCPs (D, E, F, G).
Single-cleavage products are indicated by 81 mer and 75 mer, and the processive
product is indicated by the 10 mer. DNA substrate was in 200-fold excess over UDG
and the reaction was observed over 1 h. Low-salt conditions (A, D) were used to show
total amounts of processivity possible. The addition of uracil (B, E) or high-salt
conditions (C, F) directly show contributions to processivity by associative transfer. The
addition of 20% PEG6000 to the high-salt conditions was examined to observe possible
rescue of associative transfer in NCPs due to the presence of the inert crowding agent.

(Figure 4.9.A,D). Additionally, the accumulation of processive product in low-salt
conditions for the 5S UUsame NCPs was relatively lower compared with the 601 UUsame
NCPs (compare Figure 4.14.D with Figure 4.9.D). The utilization of the uracil trap and
high-salt conditions in the assays with the 5S UUsame NCPs also completely eliminated
any processive product accumulation over the time course (Figure 4.14.E,F). Further,

there were minimal single-cleavage products observed, which may suggest that these

128



environmental conditions inhibited initial UDG binding to the NCP, completely preventing
any chemistry from occurring. We also tested the effects of crowding agents on
processivity in the 5S UUsame NCPs, adding 20% (w/v) PEG6000 to the high-salt
conditions (Figure 4.14.G). Previous studies with duplex substrates showed that the
addition of PEG counteracted the dissociative-inducing characteristics of the high-salt to
encourage more associative transfer.® Here, any rescue of associative behavior of UDG
was not observed in this assay, since there was neither processive product nor single-
cleavage product.

Indeed, the results from these initial studies using 5S UUsame DNA substrates
were somewhat unexpected. Preliminary analysis based on these few transfer
experiments suggests that the 5S UUsame NCPs were less conducive to UDG
processivity than in the more strongly-bound 601 NCPs. Additional replications of
observations would benefit a higher degree of confidence in analysis and conclusions.
Performing complementary transfer studies with the 5S UUopp duplex and NCPs will
provide a complete dataset to compare how relative levels of DNA-histone interactions
can influence the processivity of UDG in NCPs, compared with the strong-binding of the

601 system.

4.6.3. Variation of two-site substrate design on processivity in NCPs

Each individual nucleobase in an NCP has a different microenvironment of DNA-
histone interactions that could influence glycosylase binding and chemistry differently
compared with another position. In particular, the DNA within the dyad region is known to
be less dynamic and somewhat inhibitory to glycosylase activity compared with other
regions in the NCP.%>*" Changing the translational positioning, or the location of the two
U lesions from their positions on the dyad, will further elucidate how larger structural

features of the DNA wrapping in NCPs can influence glycosylase processivity. Specifically,
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placing the lesions outside of the dyad region involves the stacking superhelices’ wrapping
around the histone core (refer to Figure 4.5.B,D for on-dyad views of the NCP). The
stacked DNA duplex provides another level of accessibility that is not present in the dyad
region, where there is only one duplex wrapping around the histone core. The presence
of the additional superhelix may affect how glycosylases approach and navigate the DNA
thereby affecting their processivity. Alternatively, the increased dynamics toward the DNA
ends®®°° may facilitate processivity despite the presence of the superhelices.

In addition to moving the two lesions from the dyad region, the position of the
lesions may be changed by varying the helical orientation of the nucleobases relative to
the histone core. Despite the regional locations of the lesions, UDG overall shows less
activity when lesions are facing inward toward the histone octamer core.2426:31.60 Although
it would be possible to utilize this two-site NCP transfer system with inward-facing lesions,
it may not be as informative since the preliminary studies shown above using highly
solution-accessible lesions show minimal processive product; less-accessible sites will

cause a further decrease in activity.

4.6.4. Observing processivity of other glycosylases in NCPs

Besides looking at UDG processivity in the two-site NCP substrates, a preliminary
processivity assay was performed in NCPs using another human glycosylase that
removes U lesions: the single-strand-selective monofunctional uracil-DNA glycosylase 1
(SMUG1). SMUGL1 was of interest for processivity studies in NCPs because unlike UDG,
which is upregulated during S-phase, SMUG1 is not cell cycle-regulated and is constantly
present at low levels.*%! Therefore, we hypothesized SMUGL1 to be more amenable to
repair in an NCP due to its role as the “backup” U-seeking glycosylase. We performed a
processivity assay in NCPs under low-salt conditions and saw neither single-cleavage nor

processive products during the time course (data not shown). The addition of APE1, which
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has been shown to stimulate glycosylase activity,52-%° was supplemented in the assay to
test if processivity would be enhanced. However, it did not show improvement throughout
the time course (data not shown). These preliminary transfer assays, as well as a recent
study in NCPs,%¢ suggest that SMUG1 may not be a competent glycosylase for initiating
repair in the NCP.

As mentioned, previous transfer studies have explored the processivity of other
glycosylases such as AAG and hOGG1 in two-site duplex substrates. Of particular interest
for study in NCPs is AAG because it has a stronger overall proclivity for dissociative
transfer due to its ability to navigate both difficult DNA structures (i.e. bubbles, gaps, bent
structures)*® and protein roadblocks.* These processivity characteristics of AAG seen in
modified duplex systems may translate to more successful searching in an NCP context.
Building upon duplex processivity studies with the two-site NCPs using different
glycosylases will allow for a more complete understanding of which lesions are more likely
to be repaired in the context of the chromatin environment. Comparisons of the structural
features representative of different glycosylase families®” and their relative abilities for
processivity in NCPs, might help to better understand the structure-function relationships

between glycosylases and genomic DNA.

4.6.5. Processivity of glycosylases with the addition of other protein factors

The above studies utilize the E. coli UDG and not the human uracil DNA
glycosylase nuclear isoform (hUNG2). We used E. coli UDG in our studies above because
the catalytic domain is 57% identical to the human version, is commercially available, and
is generally accepted for use as a replacement in the literature.?* However, future studies
would benefit by instead using the full-length hUNG2 for better biological significances of
in vitro observations. Previous work with duplex processivity studies has shown that the

retention of the unstructured N-terminal tails of hUNG2 and AAG has increased overall
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processivity.>1°2° |t is hypothesized that the N-terminal tails assist in processivity by
tethering to the DNA and increasing the probability for the catalytic domain of the
glycosylase to rebind and perform chemistry at the second site.

The initiation of BER on DNA in the nuclear environment is not just the interaction
of the glycosylases with the DNA. In reality, the nucleus is a complicated and crowded
environment with a huge excess of undamaged DNA and other protein “bulk”.® Within this
nuclear context, there is also the specific coordination and interactions of the downstream
BER enzymes and factors to facilitate efficient repair.>® The addition of high-salt conditions
and PEG aids in observing nuclear environmental factors affecting processivity, but there
is currently no previous literature on how other BER-interacting factors may stimulate
glycosylase processivity. For instance, the addition of APE1 to glycosylase reactions has
been shown to stimulate glycosidic bond cleavage chemistry by promoting turnover,®2-5°
and its addition may also translate to more processive behavior for more efficient
searching. Another potential candidate to add to the glycosylase processivity studies
would be proliferating cell nuclear antigen (PCNA), which has been shown to interact and
coordinate the activities of many BER enzymes, including UDG, and may assist with a

sliding clamp mechanism in the search for lesions.®®7°

4.7. Conclusions

In summary, we observed both associative and dissociative transfer of UDG in
duplex containing U lesions located on the same strand and opposite strands. When these
duplex were used in the reconstitution of strongly-positioned NCPs, we observe a majority
dissociative transfer mode. Preliminary comparisons with a looser positioning sequence
show a similar proclivity for the dissociative transfer. These studies show that the presence
of the histone octamer core greatly shifts the mode of processivity to that of dissociative

transfer. Studying processivity in the two-site NCP system helps us to better understand
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how lesions, like needles, are found in the haystack of genomic DNA for the initiation of

BER and other repair pathways.
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4.9. Appendix: Supplementary Information

Scheme S.4.1: Ligation strategy for 601 145 mer processivity oligonucleotides.
Ligation schemes for processivity DNA substrates for (A) UUsame and (B) UUopp. Each
| strand 145 mer was assembled by the ligation of two component oligonucleotides; the J
strand 145 mers was assembled by the ligation of three component oligonucleotides. (A)
For the | strand 145 mer containing U1 and U, i.2 was 5'-phosphorylated and combined
with equal amounts of i.1 and scaffold i.s12 for annealing. Annealed strands were
subsequently ligated to create the full-length strand. For the associated J 145 mer not
containing damage, j.2 and j.3 were 5'-phosphorylated and combined with equal amounts
of j.1 and scaffolds j.s12 and j.s23. (B) For the | strand 145 mer containing Ui only, i.3 was
5'-phosphorylated and combined with equal amounts of i.1 and scaffold i.s12 for
annealing. Annealed strands were subsequently ligated to create the full-length strand.
For the associated J 145 mer containing Us, j.4 and j.3 were 5'-phosphorylated and
combined with equal amounts of .1 and scaffolds j.s12 and j.s23.

| and J strand designations based on the crystal structure of Vasudevan et al. of the Widom
601 NCP.#

J5— L Z 3 35 KRN Sy Y

601
Component | Length | Sequence (5'to 3')
i1 66mer | ATCAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCAUG
i.2 79mer | GTACGCGCTUTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCGAT
i.3 79mer | TACGCGCTCTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATACATCGAT
i.s12 30mer | GGGGGAGAGCGCGTACGTGCGTTTAAGCGG
i1 45mer | ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGT
j.2 40mer | TAAAACGCGGGGGAGAGCGCGTACGTGCGTTTAAGCGGTG
j-3 49mer | CTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT
j.4 40mer | TAAAACGCGGGGGAGAGCGUGTACGTGCGTTTAAGCGGTG
j.s12 30mer | CGTAGACAGCTCTAGCACCGCTTAAACGCA
j.s23 30mer | CTCCCCCGCGTTTTAACCGCCAAGGGGATT
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Scheme S.4.2. Widom 601 sequences for processivity DNA substrates.

| strand containing U; and U (for UUsame):

5'- ATC AGA ATC CCG GTG CCG AGG CCG CTC AAT TGG TCG TAG ACA GCT
CTA GCA CCG CTT AAA CGC AUG* TAC GCG CTU TCC CCC GCG TTT TAA CCG
CCA AGG GGA TTA CTC CCT AGT CTC CAG GCA CGT GTC AGA TAT ATA CAT
CGA T

* = position of internal radiolabel

J strand complement for UUsame duplex formation:

5'- ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA GAC TAG GGA GTA ATC CCC TTG
GCG GTT AAA ACG CGG GGG AGA GCG CGT ACG TGC GTT TAA GCG GTG CTA GAG CTG
TCT ACG ACC AAT TGA GCG GCC TCG GCA CCG GGA TTC TGA T

| strand containing Ui only (for UUopp):

5'- ATC AGA ATC CCG GTG CCG AGG CCG CTC AAT TGG TCG TAG ACA GCT
CTA GCA CCG CTT AAA CGC AUG TAC GCG CTC TCC CCC GCG TTT TAA CCG
CCA AGG GGA TTA CTC CCT AGT CTC CAG GCA CGT GTC AGA TAT ATA CAT
CGA T

J strand containing Us (UUopp):
5'- ATC GAT GTA TAT ATC TGA CAC GTG CCT GGA GAC TAG GGA GTA ATC CCC TTG

GCG GTT AAA ACG CGG GGG AGA GCG UGT ACG TGC GTT TAA GCG GTG CTA GAG CTG
TCT ACG ACC AAT TGA GCG GCC TCG GCA CCG GGA TTC TGA T
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Scheme S.4.3. Ligation strategy for 5S 146 mer processivity oligonucleotides.
Ligation schemes for 5S processivity DNA substrates for (A) UUsame and (B) UUopp.
Each 146mer strand was assembled by the ligation of two component oligonucleotides.
(A) For the T strand 146 mer containing U; and U,, T.2 was 5'-phosphorylated and
combined with equal amounts of T.1 and scaffold T.s for annealing. Annealed strands
were subsequently ligated to create the full-length strand. For the associated B 146 mer
not containing damage, B.2 was 5'-phosphorylated and combined with equal amounts of
B.1 and scaffolds B.s. (B) For the T strand 146 mer containing U: only, T.3 was 5'-
phosphorylated and combined with equal amounts of T.1 and scaffold T.s for annealing.
Annealed strands were subsequently ligated to create the full-length strand. For the
associated B 146 mer containing Us, T.3 was 5'-phosphorylated and combined with equal
amounts of B.1 and scaffold B.s.

Top (T) and Bottom (B) strand designations were arbitrarily made based on how the 5S
rDNA sequence was presented in Prasad et al.?’ In the referenced study, strand T was
their lesion-containing strand.

T 5 T.1 | Jl )., T2 3 T 5 T.1 | Jl T.3 3
.;;. .;.s.
B 5 B.1 B.2 3 B 5 B.1 ] B.3 3
B "B

5S
Component | Length | Sequence (5'to 3')
T.1 68mer | ATCCAGGGATTTATAAGCTGATGACGTCATAACATCCCTGACCCTTTAAATAGCTTAACTTTGAUCAA
T.2 78mer | GCAGGAGUCTACGACCATACCATGCTGAATATACCGGTTCTCGTCCGATCACCGAAGTCAAGCAGCATAGGGCTCGAT
T.3 78mer | GCAGGAGCCTACGACCATACCATGCTGAATATACCGGTTCTCGTCCGATCACCGAAGTCAAGCAGCATAGGGCTCGAT
Ts 30mer | GTCGTAGGCTCCTGCTTGATCAAAGTTAAG
B.1 7lmer | ATCGAGCCCTATGCTGCTTGACTTCGGTGATCGGACGAGAACCGGTATATTCAGCATGGTATGGTCGTAGG
B.2 75mer | CTCCTGCTTGGTCAAAGTTAAGCTATTTAAAGGGTCAGGGATGTTATGACGTCATCAGCTTATAAATCCCTGGAT
B.3 75mer | CTCUTGCTTGAGCAAAGTTAAGCTATTTAAAGGGTCAGGGATGTTATGACGTCATCAGCTTATAAATCCCTGGAT
B.s 30mer | TTGACCAAGCAGGAGCCTACGACCATACCA
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Scheme S.4.4. 5S sequences for processivity DNA substrates.

T strand containing Ul and U2 (for 5S UUsame):

5'- ATC CAG GGA TTT ATA AGC TGA TGA CGT CAT AAC ATC CCT GAC CCT TTA AAT
AGC TTA ACT TTG AUC AA*G CAG GAG UCT ACG ACC ATA CCA TGC TGA ATA TAC CGG
TTC TCG TCC GAT CAC CGA AGT CAA GCA GCA TAG GGC TCG AT

* = position of internal radiolabel

B strand complement for 5S UUsame duplex formation:

5'- ATC GAG CCC TAT GCT GCT TGA CTT CGG TGA TCG GAC GAG AAC CGG TAT ATT
CAG CAT GGT ATG GTC GTA GGC TCC TGC TTG GTC AAA GTT AAG CTA TTT AAA GGG
TCA GGG ATG TTA TGA CGT CAT CAG CTT ATA AAT CCC TGG AT

T strand containing U1 only (for 5S UUopp):

5'- ATC CAG GGA TTT ATA AGC TGA TGA CGT CAT AAC ATC CCT GAC CCT TTA AAT
AGC TTA ACT TTG AUC AAG CAG GAG CCT ACG ACC ATA CCA TGC TGA ATA TAC CGG
TTC TCG TCC GAT CAC CGA AGT CAA GCA GCA TAG GGC TCG AT

B strand containing U3 (for 5S UUopp):

5'- ATC GAG CCC TAT GCT GCT TGA CTT CGG TGA TCG GAC GAG AAC CGG TAT ATT
CAG CAT GGT ATG GTC GTA GGC TCU TGC TTG AGC AAA GTT AAG CTA TTT AAA GGG
TCA GGG ATG TTA TGA CGT CAT CAG CTT ATA AAT CCC TGG AT
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5.1. Conclusions

In the preceding work, we have created nucleosome core particle (NCP)
substrates as a model for studying how the initiation of base excision repair (BER) with
glycosylase enzymes is influenced by DNA packaging. In these experiments, we have
created homogeneous NCP populations utilizing the Widom 601 nucleosome positioning
sequencel? as our DNA templates, with the four highly-conserved canonical histone
proteins purified from X. laevis.®# This controlled model system has helped us to create a
foundation for investigating the effects of well-positioned nucleosomes found in the
eukaryotic genome on glycosylase activity. We were able to create three different NCP
substrate set-ups to study the recognition and removal of lesions from NCPs by
glycosylases. Using these NCP substrates, we have gained insight into the activities of
three different glycosylases in the packaged DNA environment: human oxoguanine DNA
glycosylase (hOGGL1), uracil DNA glycosylase (UDG), and human alkyladenine adenine
DNA glycosylase (AAG). These three glycosylases belong to three different structural
superfamilies,® which allow for some general comparisons to be made about the
glycosylase structure-activity relationship on NCPs. Further, the lesions studied for each
glycosylase, 8-oxo-7,8-dihydroguanine (8-oxoG) for hOGG1, uracil (U) for UDG, and
ethenoadenine (¢eA) for AAG, are representative lesions of damage that occur from
oxidation, deamination, and alkylation events.®

First, we assembled site-specific NCPs containing a lesion in one of three
rotational positions (OUT, MID, IN), located ~20 bp from the end of the NCP substrate.
Our goal was to expand upon previous work done on the dyad of the NCPs,’ to see if a
lesion position off-dyad would improve glycosylase activity, specifically comparing hOGG1
and UDG activities. We performed single-turnover kinetics to measure the observed rate
of the nucleobase lesions over time from the off-dyad NCPs. Unlike what was observed

on the dyad,’ the kinetics of each off-dyad NCP rotational location was best explained by
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a double exponential model for both enzymes, consisting of a fast phase and a slow phase
of activity. The first phase was comparable to rates on duplex, which we attributed to a
sub-population of the NCPs being in an amenable configuration for immediate repair. The
second, slower phase was attributed to the need for transient unwrapping to allow access
to the remaining lesion population in NCPs. This was consistent with another study using
human UDG to examine kinetics in multiple site-specific off-dyad positions that described
multiphasic kinetic behaviors.? Although we did see an increase in glycosylase activity at
all rotational off-dyad positions relative to those on the dyad,” we were surprised to
observe a break in the correlation between solution accessibility of the lesion positions
and glycosylase activity. As seen on the dyad, we hypothesized that the off-dyad OUT
position would be conducive for the best glycosylase activity. In the case of hOGG1, the
lowest amount of product accumulation was observed at the OUT position. Conversely,
while UDG had quantitative product accumulation at both the OUT and MID positions, the
U in the OUT position was removed 10-fold more slowly in comparison. Upon consultation
with a merged crystal structure representation of an NCP containing the Widom 601
sequence and histone tails,?° we noticed an H2B tail protruding from the histone core near
our lesion positions, specifically closest to the OUT position. We repeated our kinetic
evaluations of hOGG1 and UDG using NCPs lacking H2B tails and found that while UDG
demonstrated no difference, hOGG1 activity improved, suggesting that the tail was
specifically suppressing the activity of hOGGL1. Indeed, other studies have shown that the
histone tails have varying effects on the activity of other BER enzymes.!%!! Ultimately,
these site-specific NCP studies highlighted the complex environment the NCP creates for
glycosylase activity, from influences of transient unwrapping as a result of translational
positioning, to unexpected correlations of activity with respect to rotational positioning, and
to the potential for histone tails to suppress glycosylase activity that prevent efficient repair

in NCPs.
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Most of the previous literature examining glycosylase activity in NCPs used site-
specific lesion-containing NCPs like our initial experiments outlined above. However, as
described, we quickly appreciated that every nucleobase in an NCP inherently has a
unique microenvironment, and therefore no one lesion location could be representative of
repair in the context of packaged DNA. Instead of obtaining information about each
potential lesion position in the NCP by creating 290 different site-specific NCPs (145
nucleobases/strand x 2 strands) for just one lesion and/or glycosylase of interest, we'? set
out to design a global lesion-containing NCP system for a more high-throughput approach.
With a global population of NCPs, one can simultaneously study multiple lesion positions
and a variety of NCP microenvironments to explore the nuanced relationships between
glycosylase repair and NCP environment.®1? In the current work, we created a global
system that substituted €A lesions for A in either strand of the nucleosomal duplex such
that 95% of each NCP contained 0 or 1 lesion; specifically, our eéA-containing population
made up ~25% of the total population. We used this global éA NCP system to determine
the kinetic parameters of removal of €A at 49 distinct geometric positions by AAG. From
these studies, we observed monophasic characteristics of €A excision at all positions
observed across the NCP landscape, which was contrary to the works in off-dyad
experiments described above.®'® We attributed the lack of multiple kinetic phases to
AAG’s slower activity”1#¢ in comparison with hOGG1 and UDG, thus making AAG unable
to capture the faster phases that reflect dynamic conformational changes in the NCP.
Despite  AAG’s monophasic behavior across the NCP, we captured interesting
relationships between amounts of €A excision and NCP architecture. Overall, there was a
strong correlation between solution accessibility of the lesion position and the amount of
repair observed. However, there were exceptions to this correlation that further revealed
interesting architectural nuances of the NCP landscape. We observed potentially inhibitory

interactions due to nearby tails, as others had observed previously,*111317 or |ocal
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stretching from DNA’s wrapping around the histone core.?%!8 In addition, we also identified
increased repair toward the DNA end that is known to asymmetrically unwrap,®2
providing increased access to repair. These global experiments have allowed us to
appreciate a more complete picture of the subtle relationships between NCP architecture
and DNA repair in cells which might contribute to mutagenesis.

Not only are we interested in the amounts and rates of lesion removal in NCPs,
but we are also interested in how glycosylases find the lesions to initiate BER in the context
of packaged DNA. To explore this concept of glycosylase searching, we have made
preliminary progress in studying the processivity of glycosylases in NCPs. Glycosylase
processivity, or its movement between two lesions during a single DNA binding event, has
only ever been characterized in duplex substrates. The previous literature in duplex
establishes two modes of processivity: associative transfer (“sliding”) and dissociative
transfer (“hopping”). In our studies, we used a two-site lesion-containing NCP system to
gualitatively determine how the presence of the histone octamer core influenced the
processivity behaviors of UDG between U lesions. We created two different such NCP
substrates: UUsame, where the two lesions were located on the same DNA strand, and
UUopp, where the two lesions were located on opposite DNA strands. We first established
that UDG had varying amounts of associative and dissociative contributions depending on
where the second lesion was located relative to the first, as observed in previous
processivity work in duplex.?#2® When the duplex was assembled into NCPs, there was a
strong shift in UDG’s processivity to a fully dissociative transfer mode. Additionally, we
created analogous NCPs using the natural 5S nucleosome positioning sequence, and
observed this same shift, despite a more dynamic template sequence. These data
together suggest that the presence of the histone octamer core greatly shifts the mode of
processivity to favor dissociative transfer for efficient repair in NCPs. This observation was

not entirely surprising, since the presence of the histone octamer has been described to

150



physically impede glycosylase activity in this thesis work, as well as in many previous
studies.?*2° Building upon processivity studies in duplex, we hypothesize that glycosylases
utilize the two modes of processivity depending on the DNA packaging context for the
most efficient searching and repair in the nuclear environment: a focus on more
associative transfer in times/regions where the DNA is more open and accessible, and a
focus on dissociative transfer throughout the cell cycle and among regions of packaged
DNA. Indeed, an in vivo study has shown that there is decreased cell survival when
glycosylase searching is impaired.?® Expansion of processivity studies in NCP substrates
will help us better understand how DNA damage is found to initiate BER efficiently in the
dynamic genomic environment, and potentially how it can be improved to combat

mutagenesis.

5.2. Ongoing and future work

Studies using the above-described NCP systems have not only provided us with
valuable insight about glycosylase activity on NCPs, but they also provide us with a
controlled means to study a multitude of different interactions and hypotheses about repair
in packaged, eukaryotic DNA. However, there is still so much to explore. In vitro
experiments using the NCP systems allow us to bridge the gap between what we know
about how repair enzymes function on duplex and how they function in the context of the
cell in vivo. Inspired by in vivo observations, we can create NCP models to better
understand the molecular mechanisms of the delicate balance between DNA damage,

repair, and human disease.

5.2.1. Studying other human glycosylases on NCP substrates
The ability to create global lesion-containing NCPs allows for a wide variety of

rotational and translational positions for initial observations of less-studied glycosylases in
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the packaged DNA environment. Screening for glycosylase activity across an NCP can
open possibilities for further specific characterizations of a particularly interesting NCP
microenvironment, with the use of a site-specific lesion NCP system. At the time of writing
this thesis, there were three glycosylases that have never been characterized in an NCP
substrate: NEIL2, NEIL3, and MUTYH, all of which are involved in preventing mutations
from oxidized nucleobase damage. NEIL2 and NEIL3 are implicated in the removal of
oxidized nucleobases during S-phase based on their preference for removing lesions from
ssDNA substrates, and their interactions with replication proteins.?”-? Interestingly, UDG
has similar characteristics: a high affinity for ssDNA substrates?®*° and an important role
in repair during S-phase due to increased expression,3! as well as relatively robust activity
in the NCP.”8133233 |t has been suggested previously’ that UDG’s ability to remove lesions
from ssDNA may be a contributing factor for its proficiency in removing lesions from an
NCP context; it would be interesting if this hypothesis were tested with NEIL2 and NEIL3
in the NCP context. Conversely, MUTYH is responsible for the removal of A in A:8-0xoG
mispairs and does not work on ssDNA.** Studying the global NCP repair profile of MUTYH
and comparing it with that of hOGG1'? would be fascinating to see if they might be
complementary in their repair abilities.

In addition to the aforementioned glycosylases having never been studied in the
context of packaged DNA, there have only been cursory site-specific NCP studies on other
glycosylases such as SMUG1,%*3% TDG,% MBD4,*" and NEIL1/NTH1.38%! By gaining
global repair profiles of more glycosylases within the NCP environment, we can create
bigger correlations between types of damage being removed, glycosylase structure, and
NCP architecture. These data might inform on NCP characteristics that are conducive to
different mutagenic hotspots due to inefficient repair of lesions by the various

glycosylases.
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5.2.2. Histone octamer composition on glycosylase activity

We can better understand how structure influences the initiation of BER not only
by studying glycosylases from different structural families, but also by changing the
composition of the histone octamer. Current work in our lab is exploring how architectural
features of the histone proteins might influence glycosylase activity. Of particular interest
are the histone tails, which were directly observed to influence hOGG1 activity in the off-
dyad work,*® and also were implicated in the global eA/AAG work presented in Chapter 3
of this thesis. The tails are known to be targets for different types of post-translational
modifications (PTMSs) including acetylation, methylation, ubiquitination, and sumoylation.?
Specifically, we'® have briefly explored the varied effects of the acetylation of histone
proteins and glycosylase repair. Generally, acetylation is associated with open chromatin
structure because it neutralizes the positive charge of the basic lysines found in the
histone tails.*® The acetylation of histone proteins has previously been shown to increase
DNA-histone dynamics*4° thus increasing accessibility to damaged lesions by repair
enzymes.?® Indeed, other BER enzymes have had varying outcomes on repair due to
acetylation of the histone proteins.3"46 We are interested in exploring how acetylation of
the histone tails influences glycosylase activity.

To understand the full effects of the histone tails and glycosylases during repair in
NCPs, a more dramatic change would be to remove them completely. Interestingly, an
upcoming field of research is focused on histone clipping and the endopeptidases that are
responsible. Histone clipping has been observed to be involved in biological processes
such as development, transcription, and replication.*? Unlike the PTMs described above,
removal of the histone tails is irreversible, and is hypothesized to potentially promote
histone turnover, remove all existing PTMs on histone tails to prevent signaling, or to
destabilize the histone octamer for access.*’*® Early in vitro work found that the removal

of the histone tails did not influence UDG activity in the NCP.1° However, many NCP
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studies have shown that UDG works relatively well in packaged DNA,”8133233 5o there
may not be much improvement gained by removing the tails. However, glycosylases such
as hOGG1 and AAG, which may have suppressed activity as a consequence of the
presence of the tails, may benefit and result in improved repair in the NCP.

In addition to making modifications to the histone tails, we are also interested in
how the replacement of canonical histones with their variant counterparts will influence
NCP architecture and glycosylase initiation. Histone variants are nonallelic isoforms of the
four canonical histone proteins, and their diversity allows for the regulation of a variety of
DNA access-related processes including transcription, gene silencing, replication,
recombination, and repair.*® We are particularly interested in histones that are known to
be involved in other repair pathways, to observe if they have any influence on BER as
well. For instance, the phosphorylation of H2A.X (indicated as y-H2A.X) is a proposed
signal for the recruitment of double-strand break repair machinery.®® Additionally, previous
work studying hOGGL1 activity in NCPs incorporated the histone variant H2A.Bbd and
observed an increase in hOGG1 activity relative to canonical H2A incorporation.®! This
result suggests that the change in DNA-histone contacts with variant histone deposition

during the described cellular processes may also facilitate BER-related repair in NCPs.

5.2.3. Additional protein factors to facilitate glycosylase activity in NCPs

It is important to note that the interactions between glycosylases and packaged
DNA do not occur in isolation in vivo. In fact, the nucleus is a crowded environment with
many enzymes and proteins and undamaged DNA present all at once. It is likely that BER
initiation in vivo is facilitated by other proteins and/or factors present to support
glycosylases. Previous studies have looked at the role of ATP-dependent chromatin
remodelers and their abilities generally to increase BER activity in NCPs.?>%2 However, it

is possible that single NCP systems are essentially stripped of the duplex during, and
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therefore not providing a good representation, of the remodeling event’s influence.
Therefore, it is important to consider less aggressive protein factors that might facilitate
BER initiation in NCPs. For example, the intimate relationships among the BER enzyme
cascade has been well-characterized as a “passing of the baton™? to ensure coordination
for efficient repair of the damage. Specifically, APE1 is known to coordinate with
glycosylases to stimulate glycosidic bond cleavage chemistry by promoting turnover.-57
As of now, there have only been studies combining BER enzymes in the NCPs in the form
of UDG and APE1.10-323358 \We need more variety in combinatorial BER experiments to
get a better picture of the coordination of BER in NCPs. In addition to downstream BER
enzymes, a recently discovered “factor” that is not ATP-dependent, has emerged to have

a potential role in facilitating glycosylase activity in NCPs.*!

5.3. Biological Perspectives

Continuing to study the initiation of BER and its downstream players in the NCP
system will allow us to bridge the gap between in vitro biochemical studies in duplex and
in vivo observations in chromatin to better understand how deficiencies of BER in NCPs
contribute to mutagenesis and human disease. Indeed, recent mutagenic mapping in
eukaryotic genomes of yeast® and human cancers® have underlined the connection
between BER and DNA packaging in NCPs. Both studies show that there is decreased
BER activity when the helical turns of the DNA duplex are facing closest to the histone
octamer cores and along the dyad region. Specifically, the lack of BER activity at these
less accessible regions contributes to mutational signatures that lead to a subset of human
cancers, rather than due to an increase in damage occurence.®® This might suggest that
increased repair at these inaccessible regions might resolve these particular mutagenic

signatures.
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It may also be argued that the suppression of initiating BER within a packaged
DNA environment can be protective and advantageous for a cell.5* Preventing the
formation of an abasic site by suppressing glycosylase can decrease incidences of single-
or double-strand breaks, DNA-DNA interstrand crosslinks, DNA-protein crosslinks from
reaction with histone tails, and other protein adducts, which may be more deleterious to
the cell.’16263|ndeed, E. coli with deletions of all three glycosylases dealing with removing
oxidative lesions were more resistant to ionizing damage compared with wild-type cells
due to reduced double-strand breaks caused by the initiation of BER on cluster damage.®
Additionally, the suppression of BER initiation also shown a protective effect in the context
of non-replicating neuronal cells in preventing trinucleotide repeat expansions.
Specifically, in a mouse model of Huntington’s disease, the deletion of the OGG1 gene
prevented the trinucleotide repeat expansion mutation, suggesting a BER-dependent
mechanism of disease.®®

The delicate balance of repair — either too little, or too much — leading to genetic
instability and disease phenotypes necessitates a better understanding of repair on the
molecular level. Fortunately, in vivo observations including the mutagenic mapping in
eukaryotic genomes of yeast® and human cancers®® reveal similar patterns of repair as
the in vitro work of BER activity in NCPs. The work done in vitro using NCP systems can
provide a molecular-level understanding of such biological observations, and can be
expanded upon to include chromatin remodelers and other protein-protein interactions
with glycosylases to develop a more comprehensive understanding of DNA damage,
repair, and disease. These connections between BER activity-profiling in NCPs and the
incidence of human cancers emphasize the power of the NCP model not only to predict,

but also potentially to inform ways to prevent the disease-inducing mutagenesis.
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