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Chapter 1: Introduction’

*Adapted From:

Schermerhorn, K.M. and Delaney, S. (2014) A Chemical and Kinetic Perspective on
Base Excision Repair in DNA. Acc. Chem. Res. 47, 1238-1246.



1.1 Formation and Toxicity of DNA Lesions

DNA nucleobases are chemically reactive; this reactivity leads to a wide variety
of nucleobase modifications that can occur by oxidation, alkylation, deamination, or
hydrolysis. Indeed, more than 70 modified nucleobases have been identified in vitro, of
which ~15 have been found in cellular DNA (/,2). Examples of several modified
nucleobases are shown in Figure 1.1. Oxidation of DNA nucleobases results from
exposure to reactive oxygen species generated during normal cellular metabolism or an
inflammatory response, ionizing radiation, or other oxidizing species. Oxidatively
damaged DNA nucleobases commonly detected in cellular DNA are 8-oxo-7,8-
dihydroguanine (80x0G) and thymine glycol (Tg). DNA alkylation, often at the electron
rich heteroatoms, occurs upon reaction with endogenous methyl donors, environmental
toxins, or chemotherapeutic agents. The alkylated DNA lesions 3-methyladenine (3meA)
and 7-methylguanine (7meQG) are frequently observed in cellular DNA. Hydrolysis of the
exocyclic amine of cytosine (C), adenine (A), or guanine (G) leads to deamination and
formation of uracil, xanthine, and hypoxanthine, respectively. Finally, hydrolysis of the
carbon-nitrogen bond that adjoins the nucleobase to the deoxyribose sugar, the glycosidic
bond, results in loss of the nucleobase and formation of an abasic site, also referred to as
an apurinic/apyrimidinic (AP) site.

Many of these DNA lesions are highly mutagenic when formed in cellular DNA,
meaning they are mispaired by DNA polymerases during replication. For example
80x0G, which should be paired with C during replication, as it is a lesion derived from G,

can also be paired with A to form a Hoogsteen base pair (3). In addition, DNA lesions can



be cytotoxic meaning that they cause a polymerase to stall and halt DNA replication,

leading to cellular apoptosis.
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Figure 1.1. Examples of DNA lesions formed by oxidation, alkylation, deamination, and
hydrolysis of canonical nucleobases. ShU is a product of deamination and oxidation. Shown
are 80xoG (8-0x0-7,8-dihydroguanine), Tg (thymine glycol), 5,6DHU (5,6-dihydrouracil),
hmU  (hydroxymethyluracil), 5hC (5-hydroxycytosine), FapyG (4,6-diamino-5-
formamidopyrimidine G), FapyA (4,6-diamino-5-formamidopyrimidine A), Gh
(guanidinohydantoin), Sp (spiroiminodihydantoin), 3meA (3-methyladenine), 7meG (7-
methylguanine), 7meA  (7-methyladenine), 3meG (3-methylguanine), eA (1,
NS-ethenoadenine), U (uracil), X (xanthine), Hx (hypoxanthine), ShU (5-hydroxyuracil),
and an abasic site.

Due to the extensive range of lesions formed, and the deleterious effects they can have,
the ability to repair the damaged DNA is integral to genomic stability and cell viability.
Cells have evolved a whole host of DNA repair pathways, including base excision repair

(BER), nucleotide excision repair (NER), and non-homologous end joining (NHEJ). Each



DNA repair pathway relies upon the activity and coordination of several DNA repair

enzymes to initiate and complete repair. The BER pathway, comprised of enzymes

STEP 1 Temmmmmmmmmmmenees
Glycosylase

N 3
STEP 4 ] RS
Ligase

Figure 1.2. A modified DNA nucleobase lesion (NB) is
recognized and removed by a glycosylase creating an
abasic site (STEP 1). APEI1 cleaves the DNA backbone
5' to the abasic site, creating a nick with 3'-OH and 5'-
dRP (red) termini (STEP 2). Polf removes the 5'-dRP
and inserts an unmodified nucleotide (blue) at the 3'-OH
(STEP 3). Finally, a ligase seals the nick between the
3'-OH of the newly incorporated nucleotide and
5'-phosphate in the backbone (STEP 4).

including a DNA glycosylase, AP
endonuclease 1 (APEl), DNA
polymerase, and DNA ligase,
along with several accessory
proteins, is  responsible  for
recognizing and repairing modified
nucleobases and abasic sites. The
proceeding sections describe the
role(s) of each of the BER
enzymes. Although focus is placed
on human BER enzymes,
homologous repair enzymes are

present in bacteria and yeast.

1.2. DNA Glycosylases

A DNA glycosylase
initiates the BER pathway, and is
responsible for recognizing and
binding  specific = nucleobase
lesions, and flipping the targeted

nucleobase into the active site to



catalyze cleavage of the glycosidic bond (Figure 1.2, Step 1). There are at least 11 known
human DNA glycosylases; some have activity on a variety of nucleobase lesions, others
are specific for just one or two DNA lesions. Preferred substrate lesion(s) for each
glycosylase are listed in Table 1.1.

The ability of a DNA glycosylase to find its substrate amongst the excess of
unmodified nucleobases present in the genome has been likened to finding a needle in a
haystack; much research has been dedicated to understanding this process. Most models
include short-range sliding along DNA, with the glycosylase probing and extruding
individual nucleobases; in doing so, the glycosylase can identify its substrate(s) and
catalzye cleavage of the glycosidic bond (4). Subsequent BER enzymes are also thought
to employ a sliding mechanism, which allows for enzyme processivity; indeed, several
DNA glycosylases have been shown to remove multiple DNA lesions during a single
binding event (5-7).

Table 1.1. Human DNA glycosylases and their preferred lesion substrates
(E. Coli homolog provided in parenthesis)

Monofunctional DNA Glycosylases Substrate(s)

UNG1/2 (UDG)* U

MBD4* T:G; U:G; hmU:G¢

TDG? T:G; U:G; T:C; T:T¢
SMUG1“(MUG) U; hmU

MUTYH” (MutY) A:80x0G"

AAG’ (AIKA) 3meA; 7TmeG; eA; Hx; X
Bifunctional DNA Glycosylases

OGGl1’ (Fpg) 80x0G; FapyG

NTH1? (Nth) FapyG; Tg; 5,6DHU, 5hC; 5hU
NEIL1“ (Nei) Sp; Gh; FapyG; FapyA; 5,6DHT, 5,6DHU
NEIL2¢ (Nei) Sp; Gh; 5hU; 5,6DHT, 5,6DHU; 5ShC
NEIL3“ (Nei) Sp; Gh; FapyG; FapyA

¢ Activity on single-stranded and double-stranded DNA

’ Activity on double-stranded DNA

“N:N represents a mispair where nucleobase removed is in bold
¢ Prefers lesions in single-stranded DNA



Some glycosylases work on lesions in both single- and double-stranded DNA, others
only work on double-stranded DNA (8-70). Interestingly, some glycosylases have a
preference for lesions in single-stranded bulged or bubble structures (//,72). It is also
noteworthy that not all DNA glycosylases remove modified nucleobases; MUTYH
removes the A from a 80xoG:A mispair (/3). This activity prevents the point mutation
that would result if 8oxoG were removed instead. Furthermore, several glycosylases
work on canonical DNA nucleobases that are mispaired, for example TDG, which
removes T from T:G mispairs (/4).

DNA glycosylases can be divided into two categories: monofunctional and bifunctional
(Table 1.1). Monofunctional DNA glycosylases use an activated water molecule to
hydrolyze the glycosidic bond, affording an abasic site product. Bifunctional DNA
glycosylases utilize an amino group of the enzyme for nucleophilic attack on the 1'-
carbon of the deoxyribose ring, and in addition to glycosidic bond cleavage, bifunctional
glycosylases also have AP lyase activity; such activity catalyzes p-elimination of the
DNA backbone 3' to the abasic site via formation of a Schiff base, creating a single-
stranded break with 3'-a,B-unsaturated aldehyde and 5'-phosphate termini. Some
bifunctional DNA glycosylases can also perform d-elimination to yield a 3'-phosphate.
Notably, it has been proposed that for some bifunctional glycosylases, B-elimination
strand cleavage may be bypassed in vivo, with the subsequent BER enzyme, APEI,
acting directly on the abasic site (/5,16).

Figure 1.3 shows a proposed Syl (Dn*Ax) mechanism for DNA glycosylases, in
which nucleobase removal progresses through two oxocarbenium ion-like transition

states (TS) (Figure 1.3 A,C) and a distinct oxocarbenium intermediate (Figure 3B). TS



analysis of the E. coli homologs of UNG and MUTYH, UDG and MutY, respectively,
has been performed using kinetic isotope effect (KIE) measurements. Examination of
primary °C and "N KIEs along with secondary deuterium and "N KIEs suggests a
strongly dissociative TS with extensive oxocarbenium character for both UDG and MutY

(17,18). KIE measurements for other glycosylases remain to be performed.

A B ¢ P
DNA-O OH
. E o
o ©)
(Ne) = %
DNA-O— 4 DNA-O— & DNA-O— DNA-0— & P
N Nu (0) :
v s Nu N DNA
“Nu
? 9 0 4
DNA DNA DNA DNA F
DNA-O— 5 DNA-O H o

G H | = H20
Enz
E j H\ /H .
DNA-O ® DNA-O N® DNA-O ®_H ©o- P o®
N\H N\H DNA
o (0}

| |
DNA DNA DNA

Figure 1.3. Proposed S n1 (D n*Ayn) mechanism for DNA glycosylases which proceeds through two
oxocarbenium ion-like transition states (A, C) and a distinct oxocarbenium intermediate (B). Monofunctional
DNA glycosylases use H,O as the nucleophile (Nu) yielding an abasic site product (D), while bifunctional
DNA glycosylases use an active site amine with formation of a Schiff base (E) prior to -elimination and
hydrolysis to yield a nick in the DNA backbone with 3'a-,f-unsaturated aldehyde and 5'-phosphate termini
(F). The corresponding transition state and intermediate pyrrolidine analogs are shown in G, H, and I. Chu et

al reports use of both H and I as analogs of the transition state C.

In addition to TS analysis by KIE measurements, electrophoretic mobility shift assays
(EMSA) also support a Dy*Ax mechanism. Using several E. coli monofunctional (AlkA,
MutY) and bifunctional (Fpg, Nth) and human monofunctional (AAG, TDG)
glycosylases, tight binding between a pyrrolidine abasic site analog, which mimics the
oxocarbenium intermediate, (Figure 3H) and the glycosylase was revealed (79,20).
Interestingly, this binding event is strong enough to inhibit activity of many of the
glycosylases on their prototypic substrate lesion(s). A more recent EMSA study using

pyrrolidine abasic site analogs that mimic the two oxocarbenium TS (Figure 3 G.l),



demonstrated binding of bifunctional glycosylases Fpg, Nei, OGGI1, and NEIL1 to
mimics of both TS (27). Interestingly, OGG1 and NEILI displayed different binding for
the two TS mimics, suggesting alternate modes of recognition and catalysis for these

bifunctional glycosylases.

1.3. AP Endonuclease 1

The enzyme following a DNA glycosylase in the BER pathway is AP endonuclease 1
(APEl). APEIl, a Mg*'-dependent enzyme, is responsible for incising the DNA
backbone at abasic sites, creating a nick with 3'-OH and 5'-deoxyribose phosphate (dRP)
termini (Figure 1.2, Step 2). Abasic sites are highly mutagenic and cytotoxic, and can
also form protein-DNA and DNA-DNA crosslinks (22). Therefore, repair of abasic sites
by APEI is critical in maintaining genomic integrity. For APEI, an activated water
molecule has been implicated as the nucleophile for strand incision. A Mg*"ion is also
required; the divalent metal ion coordinates an oxygen of the 5'-phosphate, increasing its
electrophilicty and also orienting the DNA backbone within the APE1 active site (23,24).
Interestingly, in vitro, the authentic abasic site is highly labile leading to a strand break;
therefore, the use of stable abasic site analogs, such as the tetrahydrofuran (THF) site
which lacks the C1'-OH group, are commonly used to understand the molecular

mechanism and kinetics of APE]1.

1.4. Polymerase

Polymerase  (pol P) follows APEl in the BER pathway and has two catalytic

functions: (1) it converts the 5'-dRP to a 5'-phosphate using its dRP lyase activity and (2)



in a Mg”"-dependent reaction, catalyzes incorporation of a single nucleotide to the 3'-OH
of the nick (Figure 2, Step 3)(25). Nucleotide incorporation and dRP lyase chemistry of
pol B occur at separate active sites, although evidence suggests that both catalytic events
occur during a single pol §/DNA binding event. Notably, rate of dRP removal by pol 3 is
20-fold faster than incorporation, and therefore it is postulated that dRP removal occurs

prior to nucleotide incorporation (26).

1.5. DNA Ligase

The final step of the BER pathway is sealing of the nick in the backbone by a DNA
ligase (Figure 2, Step 4). Both DNA ligase I (Ligl) and DNA ligase III (Lig3) have been
implicated in nick sealing by catalyzing formation of a phosphodiester bond between the
3'-OH of the newly incorporated nucleotide and the 5'-phosphate of its neighbor. Human
ligases require ATP and Mg”" for activity, and their mechanism involves three distinct
steps: (1) enzyme adenylation at an active site lysine, (2) adenylyl transfer to the 5'-
phosphate of the nick, and (3) nucleophilic attack of the 3'-OH to seal the nick and
release AMP (27).

For activity in vivo, Lig3 requires the presence of x-ray repair cross-complementing
protein 1 (XRCC1); this protein, described later in this chapter, has no known catalytic
function, but rather acts as a scaffold (28). While it has traditionally been thought that
Lig3 is the major ligase in short-patch BER (vide infra) in the nucleus, it was recently
reported that Ligl is the major ligase in nuclear short-patch BER while Lig3 is essential

for mitochondrial short-patch BER (29,30).



1.6. Long-Patch BER

The pathway described above is typically referred to as short-patch BER (SP-BER), in

which pol f removes the 5'-dRP group at the gap site and inserts a single nucleotide.
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Figure 1.4. Long-patch BER. STEP 1 and 2 are the same as in Figure 1.2. An oxidized
abasic site which is known to require LP-BER, 2-deoxyribonolactone, is shown.
Pol B, 9, or ¢ insert multiple nucleotides at the 3'-OH nick site generated by APEI
(STEP 3; we show insertion of three Gs (blue)). FEN1 removes the 5'-flap (STEP 4)
and Lig] seals the nick in the backbone (STEP 5).
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Under conditions
where the 5'-dRP
group is modified
such that the dRP
lyase activity of
pol B is blocked,
an alternate
pathway,  long-
patch BER (LP-
BER), is utilized
(Figure 1.4)
(31,32). In LP-
BER, multiple
nucleotides  are
incorporated  at

the gap site by

polymerase f3, 9,



or ¢ (Figure 1.4, Step 3).

The polymerase incorporates, on average, 2-6 nucleotides at the gap site; this number
can increase depending on the lesion as well as the sequence context (33). The
incorporation of multiple nucleotides at the gap site generates a displaced single-stranded
flap of DNA, another key feature of LP-BER. This flap must be removed by flap
endonuclease 1 (FEN1) (Figure 1.4, Step 4) so that DNA ligase, Ligl in LP-BER, can
seal the nick (Figure 1.4, Step 5). Importantly, an accessory protein, proliferating cell
nuclear antigen (PCNA), has been implicated in binding and coordinating the activity of

many LP-BER enzymes (34).

1.7. Kinetics of BER Enzymes

Much of our knowledge about chemistry and substrate specificity of each BER enzyme
has been gathered from extensive kinetic studies. The catalytic pathway that an enzyme
follows in converting substrate to product is represented by a minimal kinetic scheme,
such as that shown in Figure 1.5 for glycosylases (35). Arrows represent distinct steps
along the pathway and k represents the rate associated with that step. (Figure 1.5 is used
as an example and represents the minimal kinetic scheme for some, but not all, BER

enzymes).

K K K
E + DNAg ‘71_‘ EsDNAg — 2 » E*DNAp — > > E + DNAp

-1
Figure 1.5. Minimal kinetic scheme for DNA glycosylases. Three steps are
depicted: binding of glycosylase enzyme (E) to the DNA substrate (DNA g
(ky/k.y), glycosidic bond cleavage (and B-elimination, when applicable) (k,), and
DNA product (DNAp) release (k3).
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The number of reactions an enzyme can catalyze from free substrate to free product per
unit of time is represented by kc.r. Therefore, ket is defined by the slow rate-determining
step (RDS) of the catalytic pathway. For most BER enzymes, k., is defined by product
release (k3 in Figure 1.5); as we examine below, this slow rate is an important feature of
BER enzymes, and may serve to coordinate individual steps of the pathway. The kg, of
BER enzymes range from as slow as 0.05 min™' to as fast as 50 s, as determined by
steady-state kinetic techniques (Table 1.2). Although k. is useful for considering an
individual BER enzyme, the best way to kinetically compare enzymes is to examine their
catalytic efficiency, defined as k../Km (Where Ky represents substrate concentration at
which the enzyme has reached half maximal velocity). Because catalytic efficiency
reflects both the rate at which the enzyme completes the entire catalytic cycle, together
with how well the enzyme binds a particular substrate, this term best represents how
efficiently an enzyme works. UNG is currently the most catalytically efficient BER

enzyme known with ke,/Ky of 500 s uM™ (Table 1.2).

Table 1.2. Kinetic parameters of BER enzymes, including DNA Glycosylases used
in this work®"*

Enzyme Keat kead Kng (5" UM™)  Kenemisty  Ref.
UNG 50 500 1155 8,66
0OGGl 0.05min"  0.03 40 min' 67, 68
APE1 25! 100 ~850 s 69, 70
pol (Incorporation) ~ 1.0's™ 1.5 2-205"¢ 65,36
(dRP Lyase) 0.075 s 0.15 25 71,26
Ligl 0.04 s 0.4 125" 65,27

“Rates determined at 37 °C

? Portion of table adapted from®

“ All kinetics performed on well-matched mixed sequence duplex DNA

“Rate of cleavage on tetrahydrofuran abasic site analog

“Rate of insertion depends on ANTP

/Determined at 15 °C. Value represents the slow phase of a biphasic time course; the
fast phase was too fast to measure.
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In addition to catalytic efficiency, it is important to call attention to rate of chemistry,
kchemisiry (k2 in Figure 1.5) (i.e., cleavage of the DNA backbone by APE1 or incorporation
of a nucleotide by pol ). For most, if not all BER enzymes, kchemistry 1s much faster than
kear. Measuring rates of Achemisiry, by performing transient-state kinetic experiments, not
only provides an understanding of how fast each BER enzyme carries out its required
task in BER, but also provides an understanding of substrate specificity. For instance, the
rate of nucleotide insertion by pol  varies depending on the nucleotide inserted (36).
Furthermore, for many BER enzymes, rates are affected by concentration of a required
cofactor. A notable example is Ligl, which requires Mg®" and ATP. At saturating
concentrations of Mg>", enzyme adenylation defines k. at limiting concentration of

Mg**, nick-sealing defines key (27).

1.8. Coordination during SP- and LP-BER

The BER pathway is a highly coordinated process. This coordination is evident in
various kinetic studies, as well as by the presence of scaffold accessory proteins. As
stated above, the RDS of many BER enzymes is product release. It has been postulated
that such a kinetic scheme allows for hand-off of DNA between enzymes of the BER
pathway, and prevents exposure of mutagenic and cytotoxic repair intermediates. Such a
hand-off, which has also been likened to “passing of a baton” (37), suggests a cascade of
enzymes acting much like an assembly line. Furthermore, it is known that some BER
enzymes stimulate slow product release of the enzyme that precedes it in the cascade. For

example, APE1 stimulates product release of many DNA glycosylases (15,38-40).
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Likewise, Ligl plays a role in regulating multinucleotide incorporation of pol ¢ and €
(41), while FENT1 stimulates and coordinates dRP lyase activity of pol  (42).

As an alternative to the “passing of the baton” scheme, it has also been proposed that
participation of several scaffolding accessory proteins suggests formation of a pre-
assembled BER complex (43). These scaffolds have no known catalytic function and are
not required to reconstitute BER in vitro, but are necessary for efficient BER in vivo. The
scaffold protein XRCC1 can bind APE1, pol B, and Lig3, forming a complex at lesion
sites during SP-BER (28). Furthermore, PCNA acts as a processivity clamp for pol f3, 9,
and € to aid in non-dissociative, accurate DNA replication (44,45). PCNA has been
shown to complex with many BER enzymes, such as UNG, AAG, MUTYH, NEILI,
APEI1, FENI, and Ligl(46-49), accordingly, PCNA has been referred to as a docking
station or communication point for such enzymes. Due to extensive interactions amongst
BER enzymes, it has been proposed that a pre-assembled PCNA/BER enzyme complex
slides along DNA searching for lesions (50). PARP1, poly [ADP-ribose] polymerase 1,
has also been proposed to contribute to BER. PARP1 poly(ADP)-ribosylates several
proteins, including itself, and has a defined role in sensing DNA single-strand breaks, but
specific role(s) of PARP1 in BER remain unclear (5/). It remains to be determined which
model is followed in vivo, “passing of the baton” or a pre-assembled complex; it is

possible that a combination of both is at work during SP- and LP-BER.

1.9. Deficiency in BER

The BER pathway is responsible for repair of many modified DNA nucleobase lesions,

and deficiency and/or inactivity of any BER enzyme can have deleterious cellular

14



outcomes. Deficiency or inactivity of DNA glycosylases can lead to various cancers. For
instance, mutation in the OGG1 gene, which inactivates the glycosylase, is linked to
esophageal, lung squamous cell carcinomas, orolaryngeal, kidney, and gastric cancers.
Similarly, mutations in MUTYH are linked to a form of colorectal cancer known as
MUTYH-associated polyposis (52). This mutation leads to MUTYH variants that have
decreased affinity and catalytic activity on 80xoG:A mispairs (53). These are just two
examples of several, in which inactivity of a DNA glycosylase leads to cancer. A single-
nucleotide polymorphism in APE1 causes increased risk of colorectal cancer (54).
Furthermore, APE1 activity is essential for cell viability (55,56). This requirement for
APEI1 is due to the fact that cells rely on APE1 for 95% of all endonuclease activity (57).
In contrast, for DNA glycosylases, polymerases, and ligases, there is often substrate
overlap and therefore, another enzyme can compensate for enzyme deficiency. Mice that
produce ~50% of normal levels of pol P have increased amounts of single-stranded
breaks and chromosomal aberrations, and are hypersensitive to DNA damaging agents
(58). Furthermore, mutations in pol 3 have been detected in ~30% of tumors in humans
(59). Interestingly, in conjunction with DNA damaging agents, APE1 and pol f are also
targets for cancer therapy, with aim of inducing apoptosis in cancer cells by inhibiting

APEL1 or pol B activity (60,61).
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1.10. When BER Goes Awry

Although BER is essential for genetic integrity, there are instances when initiation of
BER contributes to genetic instability; in these instances we consider that BER has gone
awry. In particular, repair of 8oxoG in a CAG/CTG trinucleotide repeat (TNR) sequence
of the huntingtin gene has been linked to expansion of the sequence (62). This expansion
is the molecular basis for Huntington’s disease (HD), one of over 40 TNR disorders.
Thus, while BER of 80x0G typically minimizes the number of point mutations caused by
this modified nucleobase, initiated repair in a CAG/CTG sequence context, results in

genetic instability.
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Figure 1.6. Schematic representation of the toxic oxidation cycle’ (62,64). (Step 1) Genomic DNA is
oxidized to generate 8oxoG (G°*) and (Step 2) OGG1 and APE1 initiate BER by removing the oxidative
lesion from duplex TNR DNA and cleaving the backbone at the abasic site. (Step 3) The resulting gap is
repaired via LP-BER, producing a TNR flap that (Step 4) is refractory to FEN1 and ligation occurs, trapping
a hairpin in the duplex. (Step 5) The resulting hairpin is highly susceptible to DNA damage in the loop
region and the lack of efficient repair of this damage results in (Step 6) it being incorporated into the
expanded duplex. The final product of the cycle now contains DNA damage that will be recognized by
OGG]. Therefore, the cycle is repeated and the DNA can be processed again, incrementally expanding the
TNR tract of DNA.
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Both in vivo and in vitro work suggests repair of 8oxoG in CAG/CTG repeat sequences
proceeds down LP-BER as opposed to SP-BER, even in the absence of a modified 5'-dRP
group (Figure 1.6)(63). It has been proposed that pol  incorporates multiple nucleotides
at the gap site, displacing a 5'-flap of CAG repeats (Figure 1.6, Step 3). This 5'-flap could
then fold on itself forming a hairpin structure that would be refractory to cleavage by
FENI1, but ligated by Ligl, leading to incorporation of excess CAG repeats (Figure 1.6,
Step 4). Furthermore, previous work in the Delaney laboratory has shown that Gs in the
incorporated CAG hairpin are a hotspot for damage, leading to formation of additional
80x0G lesions (Figure 1.6, Step 5), and in addition to this accumulation of damage, it was
also shown that OGGI has reduced activity on 80xoG within these CAG hairpins, leading
to persistence of the lesion (64). Through DNA replication or nick-induced gap filling
synthesis, the damage-containing hairpin can be re-incorporated into duplex DNA,
regenerating a substrate for BER (Figure 1.6, Step 6). Thus, a toxic oxidation cycle

(TOC) has been proposed in which DNA incrementally expands and is re-oxidized.

1.11. Concluding Remarks and Gap in Knowledge

The BER pathway is fundamental in maintaining the integrity of our genome;
without the activity and coordination of the BER enzymes, mutations would persist and
cellular toxicity could result, leading to various cancers and aging. Although previous
kinetic studies have provided some insight into the molecular mechanism of many of the
BER enzymes, much is still unknown about their mechanism, substrate specificity, and
coordination with one another. In this body of work, we aim to use transient-state and

steady-state kinetic techniques to further understand the substrate specificity of BER
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enzymes as well as their molecular mechanism. Importantly, we focus our kinetic studies
on the repair of TNR sequence to further examine the TOC so that we may understand
the molecular mechanism by which BER leads to CAG repeat expansion.

In order for the proposed TOC to hold true, each enzyme of the BER cascade
must perform their required task on CAG repeat DNA. It remains unclear how OGG1
processes an 8o0xoG lesion within the context of CAG repeat duplex DNA and
consequently if this processing leads to incorrect repair by latter BER enzymes.
Furthermore, although it has been shown that APE1 can coordinate and stimulate the
product release of OGGl1, it is unclear if this holds true for repair in the context of CAG
repeat duplex and hairpin constructs. Moreover, it has been proposed that in the presence
of APE1, the AP lyase activity of OGGl is bypassed; instead of the glycosylase cleaving
at the abasic site, APEl cleaves. Understanding which enzyme cleaves the DNA
backbone at the abasic site is necessary in understanding the context in which the site is
further repaired by latter BER enzymes, and may provide insight into the LP-BER seen
for TNR tracts. Understanding such concepts is vital to understanding the initiation of the
TOC by OGG1 and APEI.

Although the mechanism and kinetics of APEI strand incision catalysis has been
studied in detail, such studies typically use an abasic site analog, such as the THF site, or
a reduced form of the authentic abasic site. Interestingly, much of our knowledge of the
molecular mechanism of APEI, including the important amino acids implicated in
catalysis, has been revealed from various crystal structures and kinetic studies, most
which use APE1 binding or processing THF site containing DNA. In order to gain a

better understanding of the mechanism of strand incision by APE1 it would be imperative
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to perform structural and kinetic studies of APE1 incising the authentic abasic site. Such
mechanistic knowledge would not only be helpful for a better insight into the BER
pathway, but also for designing inhibitors of APE1 for chemotherapeutic approaches.

Finally, both in vivo and in vitro studies of BER of an 80oxoG lesion within CAG
TNRs suggest progression down the LP-BER pathway, though, it is not well understood
why repair progresses down LP-BER versus SP-BER. The polymerase either inserts a
single nucleotide or multiple nucleotides at the site of repair; therefore, it is likely that the
polymerase, in some part, is responsible for choosing the sub-pathway that completes
repair. Kinetic studies examining the ability of pol f to undergo single-nucleotide
incorporation as well as multinucleotide incorporation on CAG repeat DNA versus non-
repetitive DNA may provide insight into the addition of excess CAG repeats by pol
during the TOC.

Within this text, such questions regarding activity of BER enzymes on CAG
repeat and mixed sequence context have been examined by performing enzyme kinetic
studies. It is our aim to fully understand each step of the BER cascade to provide useful
insight into the mechanism of action of the major BER players alone and in coordination
with one another, with the long-term goal to identify possible chemo and
neurodegenerative therapeutic targets. Furthermore, exploring the substrate specificity of
the BER enzymes will provide further insight into the molecular mechanism by which
CAG repeat tracts expand within the context of HD and conceivably other TNR repeat

disorders.
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Chapter 2: Initiation and Coordination of DNA Base Excision Repair by

Oxoguanine Glycosylase and AP Endonuclease 1 in a Trinucleotide

Repeat Tract'
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Jarem, D.J .*, Wilson, N.R.*, Schermerhorn, K.M.*, and Delaney, S. (2011)
Incidence and Persistence of 8-0x0-7,8-dihydroguanine within a
Hairpin Intermediate Exacerbates a Toxic Oxidation Cycle
Associated with Trinucleotide Repeat Expansion. DNA Repair 10, 887-896.
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2.1. Abstract

The repair protein oxoguanine glycosylase (OGG1) initiates base excision repair
(BER) in mammalian cells by removing the oxidized base 8-o0xo0-7,8-dihydroguanine
(80x0G) from DNA. Interestingly, OGG1 has been implicated in somatic expansion of
the trinucleotide repeat (TNR) sequence CAG/CTG. Furthermore, a ‘toxic oxidation
cycle’ has been proposed for age-dependent expansion in somatic cells. In this cycle,
duplex TNR DNA is (1) oxidized by endogenous species; (2) BER is initiated by OGG1
and the DNA is further processed by AP endonuclease 1 (APE1); (3) a stem-loop hairpin
forms during strand-displacement synthesis by polymerase B (pol B); (4) the hairpin is
ligated and (5) incorporated into duplex DNA to generate an expanded CAG/CTG region.
This expanded region is again subject to oxidation and the cycle continues. Our lab
previously determined that the hairpin adopted by TNR repeats contains a hot spot for
oxidation. This finding prompted us to examine the possibility that the generation of a
hairpin during a BER event exacerbates the toxic oxidation cycle due to accumulation of
damage. Therefore, in this work we used mixed-sequence and TNR substrates containing
a site-specific 80xoG lesion to define the kinetic parameters of human OGGI activity on
duplex and hairpin substrates. We report that OGG1 activity on TNR duplexes is
indistinguishable from a mixed-sequence control. Thus, BER is initiated on TNR
sequences as readily as non-repetitive DNA in order to start the toxic oxidation cycle.
However, we find that for hairpin substrates OGG1 has reduced affinity and excises
80xoG at a significantly slower rate as compared to duplexes. Therefore, 80oxoG is
expected to accumulate in the hairpin intermediate. This damage-containing hairpin can

then be incorporated into duplex, resulting in an expanded TNR tract that now contains
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an oxidative lesion. Thus, the cycle restarts and the DNA can incrementally expand.
These results contribute to our understanding of the mechanism by which CAG repeats

expand during the BER pathway.

2.2. Introduction

The expansion of a CAG/CTG TNR sequence has been identified as the
pathogenic signature of several neurodegenerative disorders (/-3), with one such disorder
being Huntington’s disease (HD). In healthy individuals, exon 1 of the HD gene contains
5-35 CAGJ/CTG repeats; repeat tracts of this length are not prone to expansion (4).
Sequences containing 36-39 CAG/CTG repeats are described as the pre-mutation allele
and are known to be prone to expansion. The disease state is characterized by greater
than 40 repeats.

Following expansion of the CAG/CTG sequence, the HD gene is transcribed and
translated and results in a protein product with an expanded glutamine tract (3).
Although the function of the normal HD protein remains an active area of research, it is
known that the mutant HD protein, which has a tract of more than 40 glutamine residues,
has aberrant properties that cause the death of brain cells (6). Indeed, it is the death of
these cells that leads to both the mental decline and uncoordinated body movements
associated with HD.

Significant insight into the molecular mechanism of the expansion of CAG/CTG
sequences was gained from work using an R6/1 mouse model for HD (7). In these mice,
which harbor a transgene containing exon 1 of the human HD gene, TNR expansion

correlated with accumulation of the oxidatively damaged base 80x0G. Intriguingly, when
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the R6/1 mice were crossed with mice lacking the DNA repair protein OGGI1, the
CAG/CTG repeat expansion was abrogated in somatic cells (7). These results indicate
that the presence of the OGG1 repair protein is implicated in TNR expansion.

As discussed within the introduction chapter, OGG1 is a glycosylase that initiates
the BER process in mammalian cells by excising oxidized bases from DNA, with 8oxoG
being the prototypic and most well-studied substrate (8). The remaining steps in the BER
pathway are believed to occur with APE1 cleaving at the abasic site lesion, pol 3
inserting a single nucleotide in short-patch (SP) BER, or multiple nucleotides in long-
patch (LP) BER, at the nick site, with the latter pathway creating a 5'-flap that is
processed by flap endonuclease 1 (FEN1). Finally DNA ligase I (Ligl) ligates the DNA
backbone to complete repair. In the context of BER in CAG repeats, pol 3 is implicated
in incorporating multiple nucleotides at the nick site, creating a 5'-flap that can not be
processed by FEN1, but is ligatable by Ligl, leading to the incorporation of excess CAG
repeats and expansion of the TNR tract (9).

The AP lyase activity of OGG1 at an abasic site generates a gap with 3'-phospho
o,B-unsaturated aldehyde (3'-dRP) and 5'-phosphate termini (Figure 2.1D) (9). APEI
can remove the 3'-dRP to generate the 3'-OH terminus necessary for DNA synthesis by
pol B (Figure 2.1E) (10). Although OGGI possesses AP lyase activity it has been shown
to be ~500-fold slower than the associated glycosylase step (/7). Furthermore, it has
been shown in vitro that APE1 improves the efficiency of repair by stimulating the
product release rate of OGG1 and cleaving at the abasic site, which is thought to bypass
the AP lyase activity of OGGI1, such that OGGI1 is acting as a monofunctional

glycosylase (Figure 2.1B) (12, 13). Thus, it is likely that APE1 and not OGG1, cleaves at
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the abasic site in vivo, creating a nick in the DNA backbone with 3'-OH and 5'-

deoxyribose phosphate (dRP) termini (Figure 2.1C).

*o B * C
SDNA

(0]
*et A Monofunctional= | OH APE1 1 OH
5||3NA | Glycosylase 0=P—-0 —>  0—P-0

| 1l 1
0=P—0-pNA3® *5 *51
o ;
Bifunctional ] APE1
—p_ e -O—P— (0]
Glycosylase 0—'|° %7 on 0 o 0 on

” L}
-o—IID—O—DNA3 ®

o
Figure 2.1. DNA structures before and after cleavage by monofunctional and bifunctional glycosylase, and
APEl. DNA containing a damaged nucleobase (NB) (A) is processed by either a monofunctional or
bifunctional glycosylase. A monofunctional glycosylase removes the NB lesion affording the abasic site
product (B), which is recognized and cleaved by APE1 creating a nick in the DNA backbone with 3'-OH and
5'-deoxyribose phosphate (dRP) termini. A bifunctional glycosylase removes the NB lesion and catalyzes {3 -
elimination of DNA backbone using its AP lyase activity, affording a 3'-dRP group and 5'-phosphate termini
(D). APEI can act on the $-elimination product by converting the 3'-dRP group to the 3'-OH (E). Finally in
the presence of NaOH, the B-elimination 3'-dRP AP lyase product can be converted to the d-elimination 3'-

phosphate (F). The 5'-* denotes the location of the 32P label while the 3' -® denote the location of the R6G
label.

In an effort to elucidate the role of OGG1 in CAG/CTG repeat expansion the

OGGTI repair event has been reconstituted in vitro (7). Two 100 base pair (bp) DNA
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duplexes were used as substrates. The first duplex contained 80xoG flanked on both
sides by mixed sequence. In the second duplex the 80xoG was flanked on the 5’ side by
mixed sequence and on the 3’ side by (CAG);9/(CTG)y9. Using purified human OGG1
which shares 83% sequence homology with murine OGG1 (/4), 8oxoG was excised from
both duplexes (7). Furthermore, APEI also had activity on both duplexes. In contrast,
while pol B incorporated a single nucleotide in the mixed-sequence duplex, more than one
nucleotide was incorporated in the duplex containing the TNR sequence, suggesting pol 3
followed the LP-BER pathway (7). Following ligation by bacteriophage T4 DNA ligase,
a 100 bp product was restored for the mixed-sequence duplex, but expanded products
were obtained for the duplex containing the repeat sequence (the length of the expanded
products was not reported). In complementary work, when the same 100 bp duplex
substrates were incubated with cell extracts from mouse embryonic fibroblasts, instead of
purified BER proteins, similar results were obtained (9). The mixed-sequence duplex
was faithfully repaired, but expansion of the repeat-containing duplex resulted in
products containing up to 130 bp. With TNR sequences, LP-BER occurred when the 5'-
dRP contained the tetrahydrofuran (THF) analog of the deoxyribose sugar ring that is
known to be refractory to the dRPase activity of pol  and, interestingly, also when there
was an authentic 5'-dRP group present. In contrast, for the mixed-sequence duplex pol 3
processed the authentic 5'-dRP group and repair occurred via SP-BER. Therefore, it was
suggested that the TNR region, not a modified 5'-dRP group, facilitates LP-BER.

In addition to the duplex conformation, CAG/CTG repeat sequences have been
shown to adopt non-B conformations. In vitro studies using NMR, optical melting

analysis, native gel electrophoresis, differential scanning calorimetry, circular dichroism,
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and chemical probes have shown that single-stranded (CAG), and (CTG), sequences can
fold to form intramolecular hairpins and other slipped-structure intermediates (/5-20).
There is also evidence for these TNR sequences to adopt hairpins in vivo. Two zinc
finger nucleases were designed to cleave the stem of CAG or CTG hairpins but not
CAG/CTG duplex (21). Expression of either of these nucleases in isogenic HeLa cell
lines containing 45 or 102 CAG/CTG repeats resulted in the accumulation of products
due to hairpin cleavage.

In previous work we have shown that, relative to (CAG);o/(CTG);o duplex, the
hairpin adopted by (CAG)o is hyper-susceptible to modification by peroxynitrite (22).
Notably, peroxynitrite is known to convert G to several damage products, one of which is
80x0G (23-25). Furthermore, it is the solution-accessible loop of the hairpin that
contains a hotspot for DNA damage. Given the demonstrated role of OGGI in initiating
CAG/CTG repeat expansion in both in vitro and in vivo systems (7, 9, 26), in this work
we characterized fully the kinetic parameters of OGG1 acting on TNR sequences. We
determined the rate of cleavage of the glycosidic bond of 80x0G, and the rate of product
release, in the absence and presence of APEI, for OGG1 acting on DNA substrates with
different structural contexts, namely duplex and hairpin, and substrates in which the
location of the 80xoG was varied. Furthermore, comparison of the results obtained for
the TNR sequences to those obtained for a mixed-sequence duplex allowed us to define
the contribution of sequence context of the damage to enzyme activity. We demonstrate
that catalytic activity and rate of product release for TNR duplexes is indistinguishable
from a comparable mixed-sequence control, indicating that BER can be initiated by

OGGT just as efficiently in TNR regions as elsewhere in the genome. We also establish
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that APE1 can stimulate turnover for both the mixed and TNR duplex substrates, albeit to
a lesser extent for repeat sequences. Moreover, we demonstrate that the activity of
OGG1 is modulated by the structure of the DNA substrate. With hairpin structures,
OGG]1 has a reduced affinity for both substrate and product and excises 8oxoG at a
slower rate as compared to the corresponding TNR duplex substrates. Finally, we reveal
that under the conditions tested here, OGGI1 utilizes its AP lyase activity in the presence
of over 50 molar excess of APEl. Such evidence suggests that the AP lyase step of
OGG1 is functional in the presence of APEI, creating a 5'-phosphate as opposed to the
5'-dRP group at the repair site. Importantly, this work broadens our understanding of the
initiation of BER on CAG repeat constructs to further understand the TNR expansion

seen in HD.

2.3. Experimental Procedure

2.3.1 Oligonucleotide Synthesis and Purification

Oligonucleotides were synthesized by standard phosphoramidite chemistry using
a BioAutomation DNA/RNA synthesizer (27). The 80xoG-CE and deoxyUridine-CE
phosphoramidites were purchased from Glen Research and used according to the
manufacturer’s specifications. For sequences containing 80x0G, the 5'-dimethoxytrityl
(DMT) group was removed by the synthesizer and two rounds of HPLC purification were
performed using a Dionex DNAPac PA100 anion-exchange column (4 x 250 mm); 10%
acetonitrile (aq) (solvent A) and 0.8 M ammonium chloride in 10% acetonitrile (aq)
(solvent B) were used as mobile phases (gradient: solvent B was increased from 30% to

55% over 10 min, 55% to 75% over 5 min, 75% to 90% over 15 min, and 90% to 100%
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over 5 min; 1 mL/min). Oligonucleotides were desalted using Sephadex G-25 fine resin
after each HPLC purification. Stability of the oligonucleotides containing 80xoG to the
experimental conditions was confirmed by HPLC and mass spectral analysis.

For sequences not containing 80xoG, the 5'-DMT group was retained to aide in
purification. HPLC purification was performed using a Dynamax Microsorb C18 column
(10 x 250 mm) with acetonitrile (solvent A) and 30 mM ammonium acetate (solvent B)
as mobile phases (gradient: solvent A was increased from 5% to 25% over 25 min; 3.5
mL/min). After the removal of the DMT group by incubation in 80% glacial acetic acid
for 12 min at room temperature, a second round of purification was performed (gradient:
solvent A was increased from 0% to 15% over 35 min; 3.5 mL/min). Quantification of
oligonucleotides was performed at 90 °C using the &5 estimated for single stranded
DNA (28) and a Beckman Coulter DU800 UV-Vis spectrophotometer equipped with a

Peltier thermoelectric device.

2.3.2 OGG]I Transient-State Kinetic Assays (k)

Wild-type OGG1 (a gift from Dr. Gregory Verdine, Harvard University) was
expressed and purified as described previously (29) and total protein concentration was
determined using the Bradford assay with bovine y-globulin as a standard. The
concentration of active OGG1 was determined using an active site titration as described
previously (30) using the 8oxoG-containing duplex Mixed-DUP. The OGG1 preparation
was found to be 39% active.

The oligonucleotides containing 80xoG were 5'-*P end-labeled with T4

polynucleotide kinase (NEB, Ipswich, MA) following the manufacturer’s protocol. 5'-
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?p-labeled single-stranded DNA (80 nM) with a 1.25-fold excess of the unlabeled
complementary oligonucleotide in 20 mM Tris-HCI, 10 mM Na,EDTA, 140 mM NacCl,
pH 7.6 was incubated for 5 min at 90 °C, followed by cooling to room temperature over
~2.5 h. The DNA was diluted to a final concentration of 40 nM in 20 mM Tris-HCI, 10
mM Na,EDTA, 70 mM NaCl, 100 pg/mL BSA, pH 7.6. This diluted DNA sample and
200 nM OGGTI in 20 mM Tris-HCI, 10 mM Na,EDTA, 210 pg/mL BSA, pH 7.6 were
loaded into separate syringes of a Rapid Quench Flow (RQF) instrument (Kintek) and
equilibrated for 5 min at 37 °C. The DNA and OGG1 were then combined in the reaction
loop to yield a sample containing 20 nM DNA, 100 nM OGG1 in 20 mM Tris-HCI, 10
mM NaEDTA, 35 mM NaCl, 155 pg/mL BSA, pH 7.6. Using the RQF instrument, after
0.5-100 sec the reactions were quenched with NaOH (0.5 M final concentration) and
incubated at 90 °C for 2 min. After incubation at 90 °C, 15 uL of denaturing loading
buffer (80% formamide, 10 mM EDTA, 0.1% bromophenol blue, 0.1% xylene cyanol)
were added, and the samples were stored on dry ice until electrophoresis. Prior to
loading onto an 18% denaturing polyacrylamide gel, all samples were incubated at 90 °C
for 3 min. The products were visualized by phosphorimagery and the amount of product
was plotted versus time. The data were then fitted as described previously (37) in order

to obtain values for the rate of glycosidic bond cleavage of 80xoG (k2).

2.3.4 OGG]I Steady-State Kinetic Assays (k3)
Oligonucleotides containing 8oxoG were 5-"P end-labeled with T4

polynucleotide kinase following the manufacturer’s protocol. 5'-**P-labeled single-

stranded DNA (100 nM) alone (for hairpin samples) or with a 1.25-fold excess of the
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unlabeled complementary oligonucleotide (for duplex samples) in 20 mM Tris-HCI, 140
mM NaCl, pH 7.6 was incubated for 5 min at 90 °C, followed by cooling to room
temperature over ~2.5 h. Using a dilution buffer (20 mM Tris-HCI, 4 mM MgCl,, 200
pug/mL BSA, pH 7.6) the DNA was then diluted and equilibrated at 37 °C for 5 min.
After equilibration at 37 °C, OGGI (in 20 mM Tris-HCI, 4 mM MgCl,, 200 ng/mL BSA,
pH 7.6) and APE1 (NEB; in 20 mM Tris-HCI, 4 mM MgCl,, 200 pg/mL BSA, pH 7.6)
were added to yield a final sample of 50 nM DNA, 5 nM OGG1 or 5 nM OGG1/50 nM
APE1 in 20 mM Tris-HCI, 70 mM NaCl, 2 mM MgCl,, 100 pg/mL BSA, pH 7.6 (80 pL
total sample volume). After addition of OGGl or OGGI1/APEIl, the sample was
incubated at 37 °C and aliquots of 5 uL were removed as a function of time (0.25-20
min), quenched by the addition of 5 pL of NaOH (0.5 M final concentration), and
incubated at 90 °C for 2 min. Following quenching by NaOH/heat treatment, 5 pL of
denaturing loading buffer were added and the samples were placed on dry ice until
electrophoresis through an 18% polyacrylamide gel. The products were visualized by
phosphorimagery and the concentration of product was plotted versus time. Both a burst
phase and a linear phase are observed with the slope of the linear phase equal to A3 x

[active enzyme] (31).

2.3.5. Determining AP Lyase Activity of OGGI in the Presence of APE1
Mixed-DUP and Mixed-U-DUP oligonucleotides containing 80xoG or uracil were
5'-%P-labeled with T4 polynucleotide kinase following the manufacturer’s protocol.

Samples were dried in vacuo. Following drying, both lesion-containing strands were 3'-

Rhodamine 6G-labeled with Rhodamine 6G-ddATP (Perkin Elmer) and Terminal
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Transferase (NEB) following the manufacturer’s protocol. Care was taken to limit
exposure of R6G-containing DNA to light. Samples were dried in vacuo then
resuspended with a 1.25-fold excess of the unlabeled complementary oligonucleotide in
20 mM Tris-HCI, 140 mM NacCl, 5 mM MgCl,, pH 7.6, to final DNA concentration of
100 nM, and incubated for 5 min at 90 °C, followed by cooling to room temperature over
~2.5 h. Nine 20 pL aliquots of Mixed-DUP (80x0G) DNA were incubated at 37 °C for 30
min under several different conditions: DNA alone, DNA with 150 nM APE1, DNA with
150 nM OGG1, DNA with 150 nM OGG1 followed by addition of 150 nM APEI (after
30 min), DNA with 150 nM OGG] followed by addition of 10 pL 0.75 M NaOH (after
30 min), or DNA with 150 nM OGG1 and 150, 750, 3000 or 7500 nM APE1. All aliquots
were quenched with 20 pL of denaturing dye and placed on dry ice. Three 20 pL aliquots
of Mixed-U-DUP (uracil) were incubated at 37 °C for 3 or 30 min under several different
conditions: DNA with 150 nM APEI (30 min), DNA with 1 unit uracil DNA glycosylase
(UDG) (NEB, Ipswich, MA) (3 min), or DNA with 1 unit UDG and 150 nM APEI (3
min). All aliquots were quenched with 20 pL of denaturing dye and placed on dry ice.
Samples were run on an 18% polyacrylamide gel. The DNA was visualized by

phosphorimagery and by fluorescence detection at 550 nm.

41



2.4. Results and Discussion

2.4.1 DNA Substrates
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Figure 2.2.
substrates used in this work. Shown first is (A) guanine and 8-
oxo0-7,8-dihydroguanine (80xoG) followed by (B) mixed-
sequence duplex with a centrally located 8-0xoG (Mixed-DUP),
(C) (CAQG) |( hairpin with 8-0x0G in the stem (Stem-HP), (D)
duplex obtained by base pairing Stem-HP to (CTG), (Stem-
DUP), (E) (CAG) hairpin with 8-0x0G in the loop (Loop-HP),
(F) duplex obtained by base pairing Loop-HP to (CTG); (Loop-
DUP) and (G) mixed-sequence duplex with centrally located
uracil (U) (Mixed-U-DUP). The "*" represents the location of
the 32P-radiolabel, while the "®" represents the location of the
R6G label

Schematic illustrations of lesion-containing DNA

Five 30mer DNA substrates were
utilized to obtain the kinetic parameters
of OGGI1, each of which contains a
single, site-specifically incorporated
8oxoG (Fig. 2.2A,B). The substrates
differ based on their structure, sequence
composition, and/or positioning of the
80x0G. The first substrate is a 30 bp
duplex of mixed sequence with 8oxoG
in the 16" bp (Mixed-DUP; Fig. 2.2B).
This mixed-sequence duplex has been
used previously to establish the rate of
glycosidic bond cleavage of 80xoG in
duplex DNA by OGG1 and serves here
as a control (/7). Two substrates are
comprised of CAG trinucleotide repeats

that adopt an intramolecular fold to form

stem-loop hairpins. These hairpins have

a loop with 4 bases and a stem comprised of G-C base pairs and A®A mismatches. In one

CAG hairpin, the 80x0G is located in the 2™ repeat, positioning the damage in the stem
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of the hairpin (Stem-HP; Fig.2.2C); in the other CAG hairpin, the 80xoG is in the 5t
repeat, positioning the damage in the loop of the hairpin (Loop-HP; Fig. 2.2E). In order
to generate CAG/CTG duplexes, the (CTG),o sequence was hybridized with Stem-HP or
Loop-HP to yield Stem-DUP (Fig. 2.2D) and Loop-DUP (Fig. 2.2F), respectively; these
substrates can be considered the duplex counterparts of Stem-HP and Loop-HP. Notably,
in Loop-DUP the 80x0G is in the center of the 30 bp duplex whereas in Stem-DUP the
damage is closer to one end of the duplex. A final sixth DNA substrate containing the
same sequence as Mixed-DUP, with uracil instead of 80xoG at the 16" base pair, was

used as a control during OGG1 AP lyase experiments (Mixed-U-DUP; Fig. 2.2G).

2.4.2. Minimal Kinetic Scheme of OGG1

The minimal kinetic scheme used for the analysis of OGG1 activity is provided in
Fig. 2.3. The figure shows the three steps of the enzymatic cycle: binding to the DNA
substrate (DNA)s, which is described by the rate constants k; and k., cleavage of the
glycosidic bond to excise 80xoG and subsequent cleavage of the abasic site, which are
described by the rate constant k,, and release of the DNA product (DNA)p, which is
described by the rate constant k3. In this work, using the five 8oxoG containing DNA

substrates shown in Fig. 2.1, we characterized the rate of k,, and ;.

k k k
OGGH1 + (DNA)y ———= OGG1 *(DNA); — = OGG1 *(DNA)p —— = OGG1 + (DNA)p
ki

Figure 2.3. Minimal kinetic scheme used for analysis of OGG1 activity. (DNA)g and (DNA)p indicate
DNA substrate and product, respectively.
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2.4.3. Glycosylase Activity of OGG1 is Not Influenced by Sequence Context

With most glycosylases, product release is rate limiting (32). Therefore, kcat
measured under steady-state conditions is a reflection of the rate of product release rather
than the glycosylase step in which the glycosidic bond is cleaved. Indeed, for this reason
OGG1 does not follow Michaelis-Menten kinetics (/2). By carrying out experiments
under transient-state single-turnover conditions ([OGG1]>>[DNA]), the enzyme is not
required to process more than one substrate and the rate of product release does not
contribute to kgps; therefore the rate of excision of 80xoG is revealed. As described in
work from our lab (28) and other labs (/4, 37) single-turnover conditions can be
established and k, can be determined by incubating the 8oxoG-containing substrates with
a 5-fold excess of OGG1. Furthermore, quenching the reactions by addition of NaOH
and incubation at 90 °C converts abasic sites to strand breaks, which can be visualized by
polyacrylamide gel electrophoresis (PAGE). Thus, quenching with NaOH/heat ensures
that the AP lyase activity of OGG1 does not limit the observed rate (/4). Therefore, k,
will reflect the rate constant for cleavage of the glycosidic bond (36).

In our previous work with TNR substrates we reported a k» for OGGI1 excising
80xoG from Stem-HP, Loop-HP, and Stem-DUP (28). However, quantitative rate
constants describing OGG1 removal of 80xoG from Loop-DUP and Mixed-DUP could
not be obtained using manual methods. After 15 sec at 37 °C, OGG1 had fully converted
these two substrates to product; therefore, in our previous work only lower limits for &
could be determined. To address this issue, here we used a RQF instrument to determine
k, for Loop-DUP and Mixed-DUP (Fig. 2.4). OGGI1 was found to remove 80xoG from

Loop-DUP and Mixed-DUP at a rate of 56 + 22 min' and 54 =+
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Figure 2.4. Graph of concentration of product as a function of time obtained under single-turnover
conditions. Results for (A) Mixed-DUP and (B) Loop-DUP are shown and were obtained using a RQF
instrument. Conditions were 20 nM DNA, 100 nM OGG1, 20 mM Tris-HCI, 10 mM Na,EDTA, 35 mM
NaCl, 155 ng/mL BSA, pH 7.6.

11 min™, respectively (Table 2.1). This rate constant for OGG1 removing 80xoG from
Mixed-DUP is in agreement with the value reported previously for this duplex substrate
(1/4). Furthermore, OGG1 removes 80xoG from Loop-DUP at the same rate as from
Mixed-DUP. While the lesion is centrally-located in both duplexes (at the 15" and 16"
bp for Loop-DUP and Mixed-DUP, respectively) the sequence context of the lesion is
different in these substrates. This result indicates that OGG1 removes 80xoG at the same
rate regardless of sequence context and that non-repetitive and TNR sequences have

equal potential to serve as substrates for the initiation of the BER pathway.
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Table 2.1: k; and k3 Values Determined for OGG1 with DNA

Substrates
k3 (min™)?
Substrate ky (min™)?
— APE1 + APE1°
Mixed-DUP 54 +11 0.040 +.009 0.348 +.033

Stem-DUP 2.8+0.17° 0.093 + .016 0.156 + .027

Stem-HP 1.3+0.11° 0.077 +.008 0.070 = .012
Loop-DUP 56+£22 0.046 + .004 0.163 +.038
Loop-HP 0.07 + 0.004° N.D. N.D.¢

* Error represents standard deviation obtained from a minimum of three
experiments.

® Values from reference (28).

¢ APE1 was present at 10 molar equivalents with respect to OGGI.

9 No significant turnover observed over 24 h.

Furthermore, comparison of the results obtained here for Loop-DUP with the
results reported previously for Stem-DUP (22) reveal that whereas sequence context does
not affect k,, location of the lesion in the duplex does influence the efficiency of OGGI.
The k&, for Stem-DUP is 17-fold slower than Loop-DUP. Although the sequence context
of the 80x0G is identical in these two substrates, positioning the 8oxoG closer to the end
of the duplex affects the ability of OGG1 to process the substrate. Indeed, it has been
shown previously that position of 80xoG in a duplex influences the k, of OGGI.
Literature reports show a 2-fold slower &, for an 18 bp duplex with 80xoG positioned 9

bp from the end than for a 30 bp duplex with 80xoG 15 bp from the end (11, 31).

2.4.4. Rate of Product Release (k3) by OGGI is Modulated by DNA Structure
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In the minimal kinetic scheme in Fig. 2.3, k3 is the rate constant associated with

the release of product by OGGI1. For most glycosylases, including OGG1, the rate of

product release is the rate-determining step (32). Therefore, by performing experiments

Time (min) C1 025 05 1 15 2 3 5 8 10 20

Substrate P R R B
Product

Time (min) C1 C2 025 05 1 15 2 3 5 8 10 20

Substrate i e S S B B = - - = = =

Product - - &

Figure 2.5. Autoradiogram displaying the electrophoretic mobility of the
mixed sequence duplex, Mixed-DUP (50 nM) and OGG1 (5 nM) (A)
without and (B) with APE1 (50 nM) under multiple-turnover conditions.
C1 is a control with no OGG1, C2 is a control with no OGG1, but with
APE1. Conditions were 20 mM Tris-HCI, 70 mM NaCl, 2 mM MgCl,,
100 ug/mL BSA, pH 7.6

under steady-state multiple-
turnover conditions
([OGGI1]<<[DNA]) the kqps
will be k3. This rate constant
provides a measure of the
turnover, or ke, of OGGI1
acting on a particular DNA
substrate. Representative
autoradiograms for the Mixed-

DUP substrate are shown in

Figure 2.5. Figure 2.6 displays a graph of product concentration as a function of time for

experiments performed with Mixed-DUP, Loop-DUP, Stem-DUP, and Stem-HP. In all

cases there is an initial burst of product formation, followed by a linear phase, which

represents OGG1 operating under steady-state conditions in which the accumulation of

product is governed by the rate of product release.

The duplex substrates Mixed-DUP and Loop-DUP have k3 values that are the

same within error (Table 2.1) and are comparable to a previously reported rate of product

release when 80x0G is in a duplex and is paired to C (3/). These rates for k3 are ~1,300-

fold slower than those reported for k, in this and previous work (22). Thus, these data

support the notion that the rate-limiting step in the enzymatic cycle for the removal of
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80x0G by OGG1 from both non-repetitive and TNR duplex DNA substrates is product
release. It has been proposed that this lingering of glycosylases with their product

ensures the  proper

3 cascade of events in

8 —e—no APE1

e ] BER and prevents the

exposure of an abasic

Product (nM)
Product (nM)

2f 2f < site (33, 34).
0 L 0 L 1 1 1 1 1 1 ]
o 4 8 1216 2 When compared
Time (min)
c o b N to Mixed-DUP and
8|S 1 e 1 Loop-DUP, where the
g 6t 1 & s
¥ g 80x0G lesion is found
g o {3 4
o '] . o
2t ] 2t ] in the center of the
o 1 1 1 1 1 1 1 or 1 1 1 1 1 1 ] .
0 4 8 12 16 20 0 4 8 12 16 20 duplex, the k3 obtained
Time (min) Time (min)
Figure 2.6. Data obtained under multiple-turnover conditions for for both Stem-DUP and

determination of k3. Shown is a graph of concentration of product as a
function of time for (A) Mixed-DUP, (B) Loop-DUP, (C) Stem-DUP, and

(D) Stem-HP. Conditions were 50 nM DNA, 5 nM hOGG1 or 5 nM Stem-HP is ~2-fold
hOGG1/50 nM APEI in 20 mM Tris-HCl, 70 mM NacCl, 2 mM MgCl,,
100 ug/mL BSA, pH 7.6. faster. This result

indicates that OGGI releases the Stem-DUP and Stem-HP products more quickly than
the Mixed-DUP and Loop-DUP products and reveals that the enzyme has a lower affinity
for the product of the reaction obtained with Stem-HP and Stem-DUP. In both of these
substrates the 8oxoG is positioned 5 base pairs from one end of the substrate. It has
previously been shown for duplex substrates (//, 37) that the distance of an 8oxoG from
the end of a duplex can influence the catalytic activity of OGG1 and, therefore, it is likely

that the affinity of the enzyme for both the substrates and products is also affected.

48



Using the same concentrations of OGG1 (5 nM) and DNA (100 nM) as for the
other substrates, a value for k3 could not be obtained for Loop-HP even after incubation
for 8 h. Only a small amount of product accumulation was observed and no burst or
linear phase could be identified (Fig. 2.7). Given the transient nature of the

OGGle*Loop-HP interaction, experiments were also performed in which the

concentration of Loop-HP

10 T T T T
was increased to 500 nM.
81 ] Again, after 24 h only a
E 6L i small amount of product
b
g was observed and no
T 4} -
E discernable burst or linear
2 7 phase  was  identified.
0 r... Qo e o o o ° ° Notably, although a ki3

0 100 200 300 200 500 could not be determined, a

Time (min) k, for the Loop-HP
Figure 2.7. Graphical representation of concentration of product .
as a function of time obtained under multiple-turnover substrate  was  obtained,

conditions for Loop-HP. Conditions were 50 nM DNA, 5 nM
OGGl, 20 mM Tris-HCI, 70 mM NaCl, 2 mM MgCl ,, 100 albeit 800 times slower
ug/mL BSA, pH 7.6 and incubation at 37 °C.

than for Loop-DUP. It has
been shown that when 80xo0G is paired with G in a duplex, a value for &, could be
obtained for OGGI, but due to very slow turnover k; could not be attained (37).
Therefore, 80xoG in a loop of a hairpin or 80xoG paired to a G in a duplex is a poor
substrate for OGG1. When present in excess over OGG1 these substrates reduce the rate

of turnover to such an extent that a minimal amount of substrate is converted to product.
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2.4.5. Rate of Product Release (k3) by OGGI in the Presence of APE1

APEL1 is the enzyme that follows OGG1 in the BER cascade. APEI has been
shown to improve the efficiency of repair by stimulating the product release rate of
OGGI (12, 13, 35, 36). For a mixed-sequence duplex containing 80xoG, the rate of
product release of OGG1 was stimulated 5 to 8-fold in the presence of 10 molar
equivalents of APE1 (/2, 36). Given that APE1 is known to influence the product release
rate of OGG1 we also determined the k3 for OGG1 in the presence of APE1.

We found that the k3 of OGGI1 acting on Mixed-DUP is ~9-fold faster in the
presence of 10 molar equivalents of APE1 (Table 2.1, Fig. 2.6 A). The k3 for the TNR
duplex Loop-DUP was stimulated ~3.5-fold in the presence of APE1 (Fig. 2.6 B). This
difference in amount of stimulation for the two duplex substrates suggests that while
sequence context does not influence k, or k3 of OGGI, the ability of APEI to stimulate
product release of OGGI may be modulated by sequence. Furthermore, consistent with
the observation that proximity of 80xoG to the end of a duplex influences the catalytic
activity of OGG1, we find that APE1 is similarly influenced and for Stem-DUP the k3 of
OGG1 is stimulated ~2-fold in the presence of APE1 (Fig. 2.6 C).

For the hairpin substrate Stem-HP, the addition of APEIl does not stimulate
product release of OGG1 (Fig. 2.6 D); the ks is the same in the absence and presence of
APEI1. This lack of stimulation may be a result of the pseudo-duplex nature of Stem-HP.
The presence of G-C base pairs and A®A mismatches in Stem-HP result in a stem that is
more dynamic than a well-matched duplex. Indeed, we have shown through structural

characterizations of CAG repeat hairpins (22) that adenines in the A®A mismatches are

50



more reactive towards the chemical probe diethyl pyrocarbonate than adenines in A-T bp,

indicating increased dynamics. This increased dynamics may contribute to the lack of

stimulation of OGG1 by APE1 observed for Stem-HP. Lastly, even with the addition of

APELl, only a small amount of product accumulated for Loop-HP. No burst or linear

phase could be identified and, therefore, a value for k3 could not be obtained.

2.4.6. AP Lyase Activity of OGG1 is Not Bypassed in the Presence of APEI

A
1 2 3 4 5 6 7 8 9 10 11 12
TR T"""aaeo?®?® ]_Substrate

= -«——3-dRP (p)
- = .- o -—3.0H (APE1)
“ 3'-Phosphate (5)

B 1 2 3 45 6 7 8 9 1011 12
s B RERET =R B 'iSubstrate
L.m & & & & & = ' --——5'dRP (APE1)

5'-Phaosphate (p/a)

Figure 2.8. Characterization of the AP lyase step of OGGI in the presence of APEl. Lesion
containing strands of Mixed-DUP DNA (80x0G) and Mixed-U-DUP DNA (uracil) were 5'-32P end-
labeled (A) and 3'-R6G end-labeled (B). Reactions were performed with 100 nM duplex DNA in 20
mM Tris-HCl, 140 mM NaCl, 5 mM MgCl,. Mixed—DUP was incubated at 37 °C for 30 min with
150 nM OGGl, followed by the addition of either 150 nM APE1 (Lane 1), 0.75 M NaOH (Lane 2)
or nothing (Lane 3). Mixed-DUP was also incubated at 37 °C for 30 min with 150 nM OGGI and
150-7500 nM APE1 (Lanes 4-7). Mixed-U-DUP DNA was incubated at 37 °C with 1 unit UDG and
150 nM APEL1 for 30 min (Lane 8), with 1 unit UDG for 3 min (Lane 9), or alone (Lane 10). Finally
Mixed-DUP (80x0G) was incubated at 37 °C for 30 min alone (Lane 11) or with 150 nM APEI
(Lane 12).
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OGG1 and equal molar to a 50-fold molar excess of APE1. We first perform several
controls to examine the electrophoretic mobility of DNA processed by a monofunctional
glycosylase alone and in the presence of APE1, and by a bifunctional glycoslylase alone.
APEL1 incubated with the monofunctional DNA glycosylase UDG and uracil containing
DNA, creates a nick in the DNA backbone with 3'-OH and 5'-dRP termini (Figure 2.1C,
Figure 2.8A,B Lane 8). Bifunctional OGG1 incubated with 80xoG containing DNA
creates a nick in the DNA backbone with 3'-dRP and 5'-phosphate termini, utilizing the
AP lyase activity of OGGI (Figure 2.1D, Figure 2.8 A,B Lane 3). Furthermore, addition
of NaOH to 80xoG DNA incubating with OGG1 converts the 3'-dRP -elimination
product (Figure 2.1D, Figure 2.8 A Lane 3) to the 3'-phosphate 6-elimination product
(Figure 2.1F, Figure 2.8A, Lane 2). Moreover, addition of APE1 to 8oxoG DNA that has
undergone B-elimination, converts the 3'-dRP group (Figure 2.1D, Figure 2.8A Lane 3)
to the 3'-OH (Figure 2.1E, Figure 2.8A Lane 1). Importantly, we wanted to examine the
electrophoretic mobility of DNA processed by a bifunctional glycosylase in the presence
of APEL. Interestingly, when 8oxoG DNA was incubated with OGG1 in the presence of
equal molar to 50 times more APEl (Figure 2.8A,B Lanes 4-7), a nick in the DNA
backbone was observed with species running at the same electrophoretic mobility as the
3’-OH and 5'-phosphate termini (Figure 2.1 E). Such termini are produced only if OGG1
performs AP lyase activity followed by APEI processing to convert the 3'-dRP group to
the 3'-OH. These results indicate that the AP lyase activity of OGGI occurs even in the
presence of a large excess of APE1. These results contradict those obtained in a similar
experiment by Vidal, et al. (/3); during the incubation of 3'-*P labeled 34mer 80oxoG

DNA with OGG1 and APEI in equal molar to 50-fold excess, product with the same
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electrophoretic mobility as APE1 incubated with UDG and uracil-containing DNA was
observed. The results obtained by Vidal, et al. suggest as more APE1 was added, the AP
lyase step of OGG1 was not utilized. Although a slightly different DNA construct in a
lower salt buffer was used in the Vidal study, such differences do not warrant such
opposing results. The results obtained here suggest that initiation of BER by OGGlI
removing an 80x0oG lesion does not create a 5'-dRP group, but instead creates a 5'-
phosphate, and therefore the dRP lyase activity of polf is not utilized during downstream

nick site processing.

2.4.7. Implications for TNR Expansion and a Toxic Oxidation Cycle

DNA glycosylases initiate the BER pathway by recognition and excision of a
damaged base, and are followed in action by downstream proteins and particular
polymerases that incorporate unmodified bases in place of the damaged DNA (8, 10, 12).
Such repair events typically help to maintain genetic stability by minimizing mutations
that occur due to errors in DNA replication. However, the presence of OGGI has been
implicated in the disease-initiating CAG/CTG repeat expansion (7). Indeed, it has been
demonstrated that if BER is initiated by OGG1 on TNR duplex DNA, pol 3 ultimately
catalyzes the addition of excess TNR repeats (7, 9). Therefore, OGGI1 contributes to
TNR expansion by initiating BER on damage-containing duplex DNA.

Here, by determining the rate of glycosidic bond cleavage, and the rate of product
release of OGGI for TNR duplex DNA, we provide a comprehensive description of the
kinetic parameters for the initiating event in TNR expansion. With respect to duplex

substrates, we found that the kinetic parameters describing OGG1 activity on CAG/CTG
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sequences and mixed-sequences are indistinguishable when the 8oxoG is located the
same distance from the end of the substrate. These results indicate that OGGI is not
more or less likely to initiate BER on TNR duplexes than on non-repetitive sequences,
but rather processes these substrates with the same efficiency. While the ability of OGG1
to excise 80xoG was found to be influenced by the proximity of the damage to the end of
the duplex, the processing of genomic DNA is likely not affected by this property of
OGGTI since most damage will not be located near a double-stranded end. It is of note,
that although product release by OGGl is stimulated by APE1 on both TNR and mixed-
sequence duplexes the effect is larger for mixed-sequence duplexes.

Due to our previous studies that identified hairpin TNR structures as containing
hot spots for oxidative damage, we were also motivated to examine the ability of OGG1
to initiate BER on such DNA substrates. @~ We describe here that these non-B
conformations are poor substrates for OGGI1. It is noteworthy that although OGGI1 can
process these hairpin substrates to a small extent, the enzyme-DNA interaction is
transient. This transient interaction provides insight into the differential catalytic activity
of OGG1 observed for hairpin substrates relative to duplex substrates and suggests that
hairpins are not biologically relevant substrates for OGG1. Additionally, this data
suggests it is unlikely that OGG1 contributes to stabilization of a hairpin during a repair
or replication-dependent expansion mechanism.

Taken together, the data presented in this work provide further insight into the
mechanistic pathway by which OGG1 and BER contribute to a toxic oxidation cycle (Fig.
7). We have shown here that the first step of this pathway, initiation of BER by OGGlI

on duplex DNA, occurs with high efficiency regardless of sequence context. More
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simply, the TNR repeats do not decrease the likelihood for this process to occur. We
determined previously that hairpins contain hot spots for oxidative damage, particularly
in the loop region that is solvent exposed. Importantly, it is these same hairpin
conformations that are proposed to form during LP-BER mediated TNR expansion.
Therefore the likelihood of DNA oxidation within a TNR region is greatly increased
during the process that is intended to remove oxidative damage. Here, we provide a
kinetic analysis of OGGI1 activity on hairpin substrates containing 8oxoG and
demonstrate that the probability that oxidative damage is removed from hairpins is
dramatically reduced relative to duplex. In fact, we were unable to measure k3 for OGGl1
in the presence of a hairpin containing an 80xoG lesion in the loop due to the transient
interaction of OGG1 with the substrate and product of the glycosylase reaction,
respectively. Due to the solvent accessibility of the loop-region of the CAG hairpin, an
80x0G lesion forms and accumulates in the hairpin intermediate. This hairpin DNA is
ligated and incorporated into duplex resulting in an expanded duplex, which now
contains oxidative damage, poising the system to begin the toxic oxidation cycle again.
Furthermore, although others have suggested the presence of APE1 leads to bypass of the
AP lyase activity of OGG1, under conditions tested here, such bypass was not observed.
These results suggest a 5’-dRP group would not form during BER initiated by OGG1 and
therefore the dRP lyase activity of pol B would not be utilized. Importantly, inhibition of
pol B dRP lyase activity, which prevents the conversion of the 5’-dRP group to the 5°-
phosphate, is implicated in forcing LP-BER in a mixed sequence context. Therefore, in
the case of OGGI initiating BER in a CAG repeat tract, it is unlikely that inhibition of

pol B dRP lyase activity is a contributing factor to LP-BER seen for CAG repeat tracts. It
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is currently unclear what factors lead to multiple nucleotide incorporation by pol 3 at a
nick site found within CAG repeats. We postulate that pol f initiates LP-BER over SP-
BER due to the intrinsic ability of repetitive DNA to form secondary structures. A future
characterization of multinucleotide incorporation by pol B within a CAG repeat tract, as

explored in Chapter 4 of this work, will shed light on this topic.

2.5. Concluding Remarks

These data not only contribute to our understanding of substrate specificity of
OGGI and APEI, but they also contribute to our understanding of the proposed toxic
oxidation cycle (7) in which somatic TNR expansion contributes to the onset and
progression of HD. In this model of TNR expansion the repetitive duplex DNA is
oxidized, BER is initiated by OGGI, formation and ligation of a TNR hairpin into the
DNA occurs during a LP-BER event, and the hairpin is incorporated into duplex to
generate an expanded CAG/CTG sequence. Several models have been proposed for
hairpin incorporation into duplex and involve a subsequent round of replication or nick-
induced gap-filling synthesis (3). The expanded CAG/CTG duplex is then oxidatively
damaged to restart the cycle. Here we show that OGG1 would effectively initiate this
cycle by removing 80xoG from duplex TNR DNA. However, the hairpin intermediate is
hyper-susceptible to oxidative damage and 80xoG is not efficiently processed at the
hotspot location. Incorporation of the 8oxoG-containing hairpin results in expanded
duplex, which now contains oxidative damage. Therefore, we describe a system in which
the final step of the cycle regenerates a substrate for the toxic process and works to

incrementally expand the TNR DNA.
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Chapter 3: Transient-state kinetics of apurinic/apyrimidinic (AP)
endonuclease 1 acting on an authentic AP site and commonly-used

substrate analogs: The effect of diverse metal ions and base

mismatchesJr

*Adapted From:
Schermerhorn, K.M. and Delaney, S. (2013) Transient-state kinetics of
apurinic/apyrimidinic (AP) endonuclease 1 acting on an authentic AP site and
commonly-used substrate analogs: The effect of diverse metal ions and base mismatches,

Biochemistry 52, 7669-7677
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3.1 Abstract

APEI is a Mg®"-dependent enzyme responsible for incising the DNA backbone 5'
to an apurinic/apyrimidinic (AP) site. Here, we use rapid quench flow (RQF) techniques
to provide a comprehensive kinetic analysis of the strand incision activity (Achemistry) Of
APEL1 acting on an authentic AP site along with two widely-used analogs, a reduced AP
site and a tetrahydrofuran (THF) site. In the presence of biologically-relevant Mg*",
APEL incises all three substrates at a rate faster than the resolution of the RQF, >700 s™.
To obtain quantitative values of kchemisy and facilitate comparison of the authentic
substrate versus the substrate analogs, we replaced Mg®" with Mn*>" or Ni*", or introduced
a mismatch 5’ to the lesion site. Both strategies were sufficient to slow Achemisry and
resulted in rates within the resolution of the RQF. In all cases where quantitative rates
were obtained, kchemisry fOr the reduced AP site is indistinguishable from the authentic AP
site. Notably, there is a small decrease, ~1.5-fold, in Achemistry for the THF site relative to
the authentic AP site. These results highlight a role in strand incision for the C1' oxygen
of the AP site, and warrant consideration when designing experiments using substrate

analogs.

3.2 Introduction

Apurinic/apyrimidinic (AP) sites are generated by the repair activity of DNA
glycosylases, damaging chemical agents, and by spontaneous hydrolysis of the purine
glycosidic bond (7, 2). If left unrepaired, AP sites are both cytotoxic and mutagenic to a

cell, and therefore repair of these sites is essential to maintaining genomic integrity (3, 4).
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Apurinic/apyrimidinic endonuclease 1 (APE1), a Mg”*-dependent base excision

repair (BER) enzyme, is the major human AP endonuclease responsible for incising the
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Figure 3.1. Structures of AP, AP-Red, and THF. The authentic AP site exists as
an equilibrium between the ring-closed hemiacetal (A) and ring-opened aldehyde
(B). The ring-opened aldehyde is subject to -elimination, and can further be
converted to the 3,0-elimination product under basic conditions. The ring-opened
aldehyde can be reduced by NaBH 4 to generate the AP-Red substrate. APE1
incises the AP site, to create a nick with a 3’-OH and 5’-dRP group.

DNA phosphodiester backbone 5' to AP sites, generating a nick with 3'-OH and 5'-
deoxyribose phosphate (dRP) termini (Figure 3.1) (5). Repair of the resulting nick is
completed by DNA polymerase and DNA ligase. In addition to its endonuclease activity,
APE1 is known to have 3'-phosphodiesterase and 3'-phosphatase activity, 3' to 5'
exonuclease activity, as well as a role in regulating the redox state of several transcription

factors (6-8). APEIl also stimulates the rate of product release for many DNA
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glycosylases, where the action of a glycosylase precedes APEI in the BER cascade (9-
13). Finally, APEI has been shown to stimulate the dRPase activity as well as the strand

displacement synthesis activity of DNA polymerase 3 (/4, 15).

An important consideration for DNA containing an AP site is that the lesion exists
as an equilibrium between the ring-closed hemiacetal (Figure 3.1A) and ring-opened
aldehyde (Figure 1B) forms. Furthermore, the ring-opened aldehyde is known to undergo
B-elimination, resulting in a strand break with 3'-o,B-unsaturated aldehyde and 5'-
phosphate termini (/6). Because of the instability of the authentic AP site, analogs that
do not undergo B-elimination are often used. Two commonly-used analogs are the
reduced AP site, which is generated by reduction of an authentic AP site with NaBHa,
and the tetrahydrofuran (THF) site. To date, all x-ray crystal structures of APE1 bound

to DNA utilize the THF AP site analog (17, 18).

Several previous studies examined the kinetics of APEIl endonuclease activity.
Steady-state rates for APEI acting on an authentic AP site (/9-217), a THF site (20-24),
and a reduced AP site (16, 25) are the same within error, ~2-10 s™'. More recently, the
first transient-state characterization of APE1 strand incision was reported (24); using
rapid quench flow (RQF) techniques and a THF-containing substrate, it was reported that
the steady-state rate of APEI is limited by a slow step that follows strand incision
chemistry, likely product release, and that the rate of strand incision (Achemistry) 1S at least
850 s™'. With respect to the authentic AP site, to date all transient-state kinetics have
been performed using stop-flow fluorescence (SFF) techniques, which monitor
conformational changes within APE1 (20, 21). One notable SFF study compared APE1

processing the authentic AP and THF sites; interestingly, for the THF substrate an
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additional conformational change in the APE1/DNA complex was observed prior to the

chemistry step (21).

In this work we use RQF techniques and report the first experiments to monitor
directly the strand incision activity of APE1 on the biologically-relevant authentic AP
site. The rate of APE1 strand incision for authentic, reduced and THF AP sites was
determined in the presence of Mg”>", Mn®", or Ni*". Furthermore, we also investigated
APE]1 strand incision chemistry on substrates with mismatches 5' to the lesion. These
varied experimental conditions allow for a comprehensive comparison of the strand
incision activity of APE1 acting on an authentic AP site and the substrate analogs. The
results highlight the destabilizing effects of different metal ions, and mismatches located
5' to the AP site. Furthermore, these results merit consideration when designing

experiments using substrate analogs.

3.3 Experimental Procedure

3.3.1 Oligonucleotide Synthesis and Purification

DNA oligonucleotides used in this work are listed in Table 3.1, and were
synthesized using standard phosphoramidite chemistry on a BioAutomation DNA/RNA
synthesizer. The modified phosphoramidites deoxyuridine (5'-dimethoxytrityl-5-O-
acetyl-2'-deoxyuridine,3'-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite) and
tetrahydrofuran  (5’-O-dimethoxytrityl-1’,  2’-dideoxyribose-3'-[(2-cyanothyl)-(N,N-
diisopropyl)]-phosphoramidite) were used in synthesis of lesion-containing strands
(denoted as LS in Table 3.1) and were obtained from Glen Research. During synthesis the

5'-DMT was retained to aid in HPLC purification. Two rounds of HPLC purification
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were performed on each oligonucleotide as previously described (26). The 5-DMT
group was removed and quantification of each oligonucleotide was performed using the
€60 values estimated for single-stranded DNA (27) and a Beckman Coulter DUS00 UV-
VIS Spectrophotometer.

Table 3.1. DNA Oligonucleotides Used in this Study

Name Sequence

LSY 5-CGTTCAACGTGCACTXACAGCACGTCCCAT-3’

WM  3"-GCAAGTTGCACGTGACTGTCGTGCAGGGTA-5’
MMI1® 3’-GCAAGTTGCACGTGTCTGTCGTGCAGGGTA-5
MM2"  3-GCAAGTTGCACGTCACTGTCGTGCAGGGTA-5’

MM3’  3-GCAAGTTGCACGAGACTGTCGTGCAGGGTA-5
MM4"  3-GCAAGTTGCACCTGACTGTCGTGCAGGGTA-5’

“LS indicates the lesion-containing strand where X denotes location
of AP, AP-Red, THF, or Uracil site.
’ Mismatched nucleotide is underlined.

3.3.2 DNA Duplex Assembly and Characterization

Oligonucleotides containing THF or Uracil were 5'-°P end-labeled using T4
Polynucleotide Kinase (New England Biolabs) following the manufacturer’s protocol.
Assembly of the 30mer duplex substrate was achieved by annealing 30 pmol (for
transient-state experiments) or 300 pmol (for steady-state experiments) of the 5'-
radiolabeled lesion-containing strand in the presence of a 1.5-fold excess of the desired
complement [either well matched (WM) or containing a mismatch (MM1, MM2, MM3,

or MM4)] in 300 pL of 50 mM HEPES-KOH, 100 mM KCI, pH 7.5.

To generate a duplex containing the reduced AP site, the uracil-containing duplex
was incubated with 1.5 units of uracil DNA glycosylase (UDG; New England Biolabs)
and freshly prepared NaBH4 (final concentration of NaBH,; was 0.1 M) overnight at 37
°C. The DNA was desalted using a 0.5 mL, 3,000 MW Amicon centrifugal filter. To

generate a duplex containing the authentic AP site, the uracil-containing duplex was
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incubated with 1.5 units of UDG for 30 min at 37 °C. Due to the lability of the authentic
AP substrate, UDG was not removed from the authentic AP site samples, therefore THF

DNA was also incubated with 1.5 units of UDG for 30 min at 37 °C.

The stability of the duplex substrates formed using the WM complement was
assessed immediately following the incubation with UDG. For each substrate, three 15
pL aliquots of the lesion-containing duplexes were prepared and 15 pL of Buffer A (50
mM HEPES-KOH, 100 mM KCI, 10 mM MgCl, and 0.24 mg/mL BSA, pH 7.5) was
added. The first aliquot was then quenched with 50 uL. 100 mM EDTA, followed by 40
pL of denaturing dye (80% formamide, 10 mM EDTA, 1 mg/mL xylene cyanol). The
second aliquot was quenched with 50 pL of 0.1 M NaOH followed by 40 pL of
denaturing dye. The first and second aliquots were placed on dry ice until gel
electrophoresis. A third aliquot was quenched with 50 pL of 100 mM EDTA and
immediately dried in vacuo, resuspended in 105 pL denaturing dye, and heated to 90 "C
for 3 min prior to gel loading. A separate 15 pL aliquot of each duplex was incubated
with 15 pL of APEI1 (final concentration of 500 nM APE1), diluted in Buffer A, for 5
min at 37 °C, and quenched with 50 pLL of 100 mM EDTA followed by 40 pL denaturing
dye and placed on dry ice. All reactions were also carried out on uracil-containing
duplex not treated with UDG, as a control. All samples were loaded onto an 18%
denaturing PAGE gel (33 x 42 cm, 0.4 mm thick) and were electrophoresed for ~3 h at 80

W and the results were visualized using phosphorimagery.

3.3.3 Expression and Purification of human APE]

Escherichia coli BL21(DE3) pLysS cells were transformed via heat shock with
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the pXC53 plasmid carrying the APE1 gene (a gift from Dr. Samuel Wilson, NIEHS)
(16). The transformed cells were grown at 37 °C in 2 L of LB media containing 100
pg/mL ampicillin to an ODggg of 0.6-0.7, at which time cells were induced with isopropyl
B-D-1-thiogalactopyranoside to a final concentration of 1 mM. After 2 h of growth at 37
°C, the cells were pelleted by centrifugation (3,000 x g, 30 min, 4 “C). The supernatant
was discarded, and the cells were frozen with liquid nitrogen and stored at —80 °C until
purification of APE1. Upon thawing, cells were resuspended in lysozyme buffer (10 mM
Tris-HCI, pH 8.0, 1 mM EDTA, 1 mM PMSF, 1 ug/mL pepstatin, 1 pg/mL leupeptin) at
room temperature for 30 min. The incubation continued for another 20 min after the
addition of NaCl to a final concentration of 1 M. Cells were then lysed using a French
press. Lysates were clarified by centrifugation (24,336 x g, 20 min, 4 °C). Purification
of the protein was completed using both HiTrap SP HP and Heparin HP columns (GE
Healthcare) as previously described (27). The purity of APE1 was >90% as assessed by
SDS-PAGE. The total concentration of APE1 was determined by the Bradford method
using bovine y-globulin as a standard. The APE1 preparation was >80% active as
determined by steady-state kinetic experiments and all APE1 concentrations given below
or in figure captions are active enzyme concentrations.

It is noteworthy that the purified APE1 contained trace amounts of Mg®". For
transient-state kinetics experiments using different metal ions, it was important to ensure
that this trace Mg”" is removed. Therefore, we performed an EDTA chelation experiment
(Figure 3.2). The authentic AP site-WM duplex was prepared as described above. Two
40 uL APE1 aliquots (1000 nM) were prepared in either Buffer A or Buffer B (50 mM

HEPES-KOH, 100 mM KCI and 0.24 mg/mL BSA, pH 7.5). A 5 pL aliquot of AP-WM
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DNA was mixed with 5 pL Buffer A. A second 5 pL DNA aliquot was mixed with 5 uL
of APE1 in Buffer A. Seven 5 uL aliquots of APE1 in Buffer B were initially mixed with
EDTA to a concentration of 0-40 mM, followed by addition of 5 uL. of AP-WM DNA,
which created samples with a final concentration of 0-20 mM EDTA. All samples were
incubated at 37 °C for 3 min, followed by addition of 10 pL denaturing dye and placed on
dry ice. All samples were loaded onto an 18% denaturing PAGE gel (33 x 42 cm, 0.4 mm
thick) and were electrophoresed for ~3 h at 80 W and the results were visualized using
phosphorimagery. We found that a final reaction concentration of 0.25 mM EDTA was
sufficient to chelate the trace amount of Mg”" present following expression and

purification of APEI (Figure 3.2).

© A 0 0.25 05 1 5 10 20 |EDTA (mM)
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B-elimination in gel

e & APE1 Product

Figure 3.2. Autoradiogram revealing concentration of EDTA needed to chelate Mg?* present
in our APE1 aliquots after purification. Samples contained 30 pmol uracil DNA (annealed to
WM complement) in 300 pL of 50 mM HEPES-KOH, 100 mM KCI, pH 7.5 and were
incubated with 1.5 units of UDG for 30 min at 37 °C. Following UDG incubation, samples
were mixed with an equal volume of Buffer B and incubated with APEl to a final
concentration of 500 nM and 0-20 mM EDTA (EDTA added to APE1 prior to DNA) for 3

min at 37 °C and quenched with denaturing dye. Two controls were performed: one in which
just DNA + Buffer B was incubated without enzyme for 3 min at 37 °C (C) and one in which
DNA+ Buffer A, APE1 (500 nM final concentration) (A) were incubated for 3 min at 37 °C;
both controls were quenched with denaturing dye.
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3.3.4 APEI Transient-State Kinetic Assays

APE] transient-state kinetic assays were performed using a Rapid Quench Flow
instrument (RQF-3, KinTek Corp.). DNA duplex and enzyme aliquots were prepared
freshly for each time course. To limit B-elimination in the authentic AP site DNA, a
separate UDG reaction, used to create the authentic AP site, was performed prior to each
time course.

For metal ion dependence kinetics, the lesion-containing strand was annealed to
the WM complement. For each time course, a 300 pL aliquot of 1000 nM APEI in
Buffer B containing EDTA to chelate Mg”" (50 mM HEPES-KOH, 100 mM KCI, 500
nM EDTA, and 0.24 mg/mL BSA, pH 7.5), was prepared. For each time course, two
controls were performed. In the first control, used to demonstrate inactivity of the APEI
aliquot in the absence of additional metal ions, a 15 pL aliquot of DNA was manually
mixed with 15 pL of the prepared APE1 aliquot and incubated for 3 min at 37 °C,
followed by addition of 50 uL of 100 mM EDTA, to quench the reaction, and 40 pL of
denaturing dye, then placed on dry ice. The second control, performed at the end of the
RQF time course, was used to demonstrate the stability of the DNA throughout the time
course; DNA and Buffer B, in the absence of enzyme, were mixed in the RQF
instrument, followed by quenching with 100 mM EDTA by the RQF and manual addition
of 40 pL denaturing dye and placed on dry ice until electrophoresis. Following initial
chelation reaction and immediately prior to RQF reactions, MgCl,, MnCl; or NiCl,, to a
concentration of 10 mM, was added to the APE1 aliquot. It is important to note that by
mixing an equal volume of enzyme and DNA by the RQF, the final concentration of

DNA and enzyme was 50 nM and 500 nM, respectively, and final concentration of
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EDTA and divalent metal ions was 250 nM and 5 mM, respectively. RQF reactions were
allowed to proceed for 2-15,000 msec at 37 °C prior to quenching by the addition of 50
puL of 100 mM EDTA by the RQF. Once the sample was expelled from the RQF, 40 uL

of denaturing dye was added and samples were placed on dry ice until separation on a
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Figure 3.3. Autoradiogram revealing incision activity of APEl on THF site with varying metal ions.
Reaction conidtions were 500 nM APE1, 50 nM THF-WM duplex in 50 mM HEPES-KOH, 100 mM KCl,
250 nM EDTA, 0.12 mg/mL BSA, 5 mM MgCl, (A), MnCl, (B), NiCl, (C), or MgCl, withouth EDTA (D)
at pH 7.5. Reactions were performed at 37 °C using an RQF instrument and quenched with 100 mM EDTA
followed by denaturing dye. APE1 was mixed with EDTA prior to RQF experiments. As a control, a 15
pL aliquot was manually mixed with 15 pL of DNA to ensure chelation of Mg®" was successful (Lanes Q)
. A control, in which DNA and buffer were mixed through the RQF after each time course was also
performed (Lanes C)
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18% denaturing PAGE gel (33 x 42 cm, 0.4 mm thick). The samples were run for ~2 hrs

at 80 W. The products were visualized by phosphorimagery (Figure 3.3). Additionally, a

transient-state kinetic time course was run, as described above, for each lesion in the

presence of MgCl, but lacking EDTA, to ensure addition of EDTA did not affect strand

incision chemistry rates. Kinetic experiments were also performed using authentic AP

DNA annealed to the WM complement as described above, in the presence of 0.5, 1, 2.5,

and 5 mM MgCly; such experiments allowed us to determine the Mg”" concentration that

provided maximal strand incision, 5 mM, which was used in subsequent experiments

(Figure 3.4).
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Figure 3.4. Transient-state kinetic time courses of strand incision activity of
APEI acting on AP DNA in the presence of varying concentration of MgCl,
Experimental conditions were 50 nM DNA, 500 nM APE1, 50 mM HEPES-
KOH, 100 mM KCI, 0.12 mg/mL BSA, 0.25 mM EDTA, and 0.5 (red), 1
(blue), 2.5 (green) or 5 (pink) mM MgCl,, pH 7.5. Reactions were performed
at 37 °C using a RQF instrument and quenched with 100 mM EDTA.
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For 5' mismatch
kinetics, the lesion-
containing strand was
annealed to either MM,
MM2, MM3, or MM4.
For each time course, a
300 pL aliquot of 1000
nM APEl in Buffer A
was  prepared. RQF
reactions and gel
electrophoresis proceeded
as described above.

For all kinetic

time courses, 100 mM



EDTA was used to quench each time point. A control was performed to ensure a
concentration of 100 mM EDTA was sufficient to quench the reaction (data not shown).
A 15 pL aliquot of prepared APEI, after addition of either Mg®", Mn®", or Ni*", was
mixed with 50 uL of 100 mM EDTA, followed by 15 uL of DNA and incubated for 60 s
in the RQF at 37 °C followed by the addition of 40 uL of denaturing dye and placed on

dry ice until gel electrophoresis. The results were visualized by phosphorimagery.

For all transient-state kinetic experiments, Kaleidagraph was used to fit data from
the full time course as previously described to obtain the rate of strand incision chemistry
(Kchemistry) (28). Importantly, the fastest reaction time that can be performed on the RQF
instrument is 2 msec, which provides an upper limit to the rate that can be determined of
700 s™'. This rate is calculated by assuming two half-lives have passed, or at least 75% of
substrate has been converted to product at the 2 msec time point. This 75% substrate
turnover was chosen as the cut-off point as rates obtained from burst kinetic plots are
determined by the slope of the burst; 75% product formation is a point reliably on the
burst portion and not the plateau. It is of note that this methodology provides a
conservative estimate of the capability of the RQF instrument. Two-tailed, student’s T-
test was performed to obtain the p-values for transient-state rates for THF-containing

DNA compared to authentic AP DNA.

3.3.5 APE1 Steady-State Kinetic Assays
DNA substrates, annealed to WM complement, were created as described above.
For each time course, a 300 pL aliquot of 100 nM APEI in Buffer A was prepared. RQF

instrumentation was used to rapidly mix and quench DNA and APEI to a final
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concentration of 500 nM DNA and 50 nM APEIL. RQF reactions were allowed to proceed
for 2-100 msec and quenched and gel electrophoresed as described above. The products
were visualized by phosphorimagery. Both a burst phase and a linear phase are observed
with the slope of the linear phase equal to kg x [active enzyme] (28). It is important to
note that we have defined the steady-state rate as kg while this reference defines the
steady-state rate as k;. The active enzyme concentration of >80% was determined by
extrapolating the linear phase line through the y-axis. The reported steady-state rates are
from a single data set and reported error is the error associated with the fit. Two
additional steady-state kinetic assays were performed with varying substrate
concentrations (250 nM and 1000 nM) and rates comparable to those reported here were

obtained.

3.4 Results

3.4.1 Characterization of DNA Substrates

DNA duplexes containing an authentic AP site (AP DNA), reduced AP site (AP-
Red DNA), or THF site (THF DNA) were used to obtain the kinetic parameters of human
APEL. Prior to performing kinetic experiments, we confirmed the lability of the authentic
AP site, and observed formation of the B-elimination product during gel electrophoresis
as seen in Figure 3.5. as a smear in the gel (AP Lane 1). This smear, which was also
observed in our kinetic time course experiments with AP DNA, was included as substrate
during quantitation, and is likely due to the increased temperature incurred during
electrophoresis. The B-elimination product is formed prior to electrophoresis when the

AP DNA is dried in vacuo and heated to 90 °C prior to loading (AP Lane 2).
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Figure 3.5. Susceptibility of DNA substrates to B and ,8-elimination. Autoradiogram revealing

B-elimination of authentic AP site before and during gel electrophoresis. Samples contained 30
pmol uracil or THF-containing duplex (annealed to WM complement) in 300 —uL of 50 mM
HEPES-KOH, 100 mM KCI, pH 7.5 and were incubated with 1.5 units of UDG for 30 min at 37
°C. For AP-Red, uracil-containing DNA and NaBH, (final concentration of 0.1M) was incubated
overnight with 1.5 units of UDG at 37 °C. Following incubation, samples were mixed with an
equal volume of Buffer A and subjected to the following: quenching by addition of EDTA and

denaturing dye (lanes 1); addition of EDTA followed by in vacuo drying, resuspension in
denaturing dye, and heating to 90 °C for 3 min (lanes 2); quenching with 0.1 M NaOH and
denaturing dye (lanes 3). All substrates were also allowed to react with APEI, to a final
concentration of 500 nM, for 3 min at 37 °C (lane 4). Uracil-containing duplex in the absence of
UDG was also used as a control.

Furthermore, we can convert the AP site to the ,6-elimination product in the presence of
0.1 M NaOH (AP Lane 3). Finally, reaction of AP DNA with APEI1 leads to complete
conversion to the APE1 product (AP Lane 4). Important for the experiments conducted
here, B-elimination of the AP site can be avoided by not heating the samples above 37 °C,

and not drying the samples.

As anticipated, the AP-Red and THF DNA are not susceptible to -elimination
and no strand cleavage is observed when the DNA is dried, heated, treated with NaOH, or
electrophoresed (Figure 3.5; AP-Red and THF Lanes 1-3). Treatment of both the AP-Red
and THF DNA with APE1 leads to conversion to the APE1 product (Figure 3.5; AP-Red

and THF Lanes 4).
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3.4.2 Transient-State Kinetics of APE1: Dependence on Metal lon

In order to determine Achemistry for APE1 incising the AP, AP-Red, and THF DNA,
transient-state kinetic time courses were performed in which the concentration of APE1
was 10-fold greater than the concentration of DNA. Mixing of the enzyme with each
DNA substrate and rapid quenching of the reaction was achieved using an RQF
instrument. Experiments were performed in the presence of 5 mM Mg*", Mn*", or Ni*".
This concentration of Mg”" is biologically relevant, and we also observed maximal strand
incision at this concentration (Figure 3.4). For all three DNA substrates, in the presence

of Mg2+, Mn**, or Ni**, we observe a rapid burst in product formation followed by a
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Figure 3.6. Transient-state kinetic time courses of strand incision activity of APEl acting on AP
(blue), AP-Red (green) or THF (red) DNA in the presence of 5 mM (A) Mg?*, (B) Mn?*, (C) or Ni?".
Inset depicts the full time course. Experimental conditions were 50 nM DNA, 500 nM APE1, 50 mM
HEPES-KOH, 100 mM KCl, 0.12 mg/mL BSA, 0.25 mM EDTA, and 5 mM MgCl,, MnCl,, or NiCl,,
pH 7.5. Reactions were performed at 37 °C using a RQF instrument and quenched with 100 mM EDTA.

product plateau (Figure 3.6A-C). In the presence of the biologically-relevant ion Mg*",
APEL incises all three DNA substrates very rapidly, and is faster than the resolution of
the RQF with Achemistry > 700 s (Table 3.2). Initial attempts to slow strand incision by
performing experiments at 4 °C, instead of 37 °C, were unsuccessful as kchemisry Was still
faster than the resolution of the RQF (data not shown). However, in the presence of Mn*"

of Ni*', kehemisury is slowed for all three substrates and is within the resolution of the
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instrument; this decrease in Achemisiry can be observed qualitatively in Figure 3.6 (inset) as
more points in the burst region of the graph for Mn*" or Ni*", relative to Mg
Furthermore, in the presence of Mn*" or Ni*", kchemisry for the THF DNA is ~1.5 times

slower than AP DNA and AP-Red DNA.

Table 3.2. Dependence on Metal lons: Strand Incision
Rates of APE1 Acting on AP, AP-Red, or THF DNA“"

-1
kchemistry (S )

Substrate Mg* Mn*" Ni*
AP =700 329+ 16 155+ 17
AP-Red =700 325+30 167+ 1
THF 2700 234 + 46° 11 +18¢
“Measured at 37 °C under transient-state conditions using RQF
instrumentation.
? Error represents the standard deviation from at least four
experiments.

“ p=0.008 when compared to AP DNA using student’s T test.
d p=0.01 when compared to AP DNA using student’s T test.

3.4.3 Transient-State Kinetics of APE1: Dependence on 5' Mismatch
We also determined the influence on Achemisiy Of mismatches placed 1, 2, 3, or 4
base pairs (bp) from the 5' side of the AP, AP-Red, or THF site (Table 3.1). These

experiments were performed in the presence of 5 mM Mg*". In all cases we observe a
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Figure 3.7. Transient-state kinetic time courses of strand incision activity of APE1 acting on AP (blue),
AP-Red (green), or THF (red) DNA containing a mismatch (A) 1, (B) 2, (C) 3, or (D) 4 bp on the 5' side
of the lesion. Inset depicts the full time course. Experimental conditions were 50 nM DNA, 500 nM
APEL, 50 mM HEPES-KOH, 100 mM KCI, 0.12 mg/mL BSA, 0.25 mM EDTA, and 5 mM MgCl,, pH
7.5. Reactions were performed at 37 °C using a RQF instrument and quenched with 100 mM EDTA.
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rapid burst in product formation followed by a product plateau (Figure 3.7A-D). We
observed the slowest value of kchemisy When the mismatch is adjacent to the lesion, and

observe a recovery in Achemistry @s the mismatch is moved away from the lesion site (Table

Table 3.3. Dependence on 5' Mismatches: Strand Incision Rates of APE1 Acting on AP, AP-Red,
or THF DNA#?

kchcmistry (S-l)a,b
Substrate MM-1 MM-2 MM-3 MM-4
AP 156 +29 312+29 =700 =700
AP-Red 163 +21 307 +24 =700 =700
THF 116 +29¢ 194 + 324 575 + 65 =700

4Measured at 37 °C under transient-state conditions using RQF instrumentation.
b Error represents the standard deviation from at least four experiments.

¢ p=0.04 when compared to AP DNA using student’s T test.

4 p=0.008 when compared to AP DNA using student’s T test.
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Figure 3.8 . Transient-state kinetic time courses of strand| Furthermore, in the prescence
incision activity of APEI acting on AP (blue), AP-Red (green),
..
or THF (red) DNA containing a 3’ mismatch adjacent to the of a 5' mismatch, 1 or 2 bp
lesion. Inset depicts the full time course. Experimental
conditions were 50 nM DNA, 500 nM APE1, 50 mM HEPES- | away from the lesion, Kchemistry
KOH, 100 mM KCI, 0.12 mg/mL BSA, 0.25 mM EDTA, and 5
mM MgCl,, pH 7.5. Reactions were performed at 37 ‘C usinga | for the THF DNA is ~1.5 times
RQF instrument and quenched with 100 mM EDTA.

slower than AP DNA and AP-

Red DNA. Experiments were also performed in which an A*A mismatch was placed
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immediately to the 3' side of each lesion; Achemisy Was faster than the resolution of the

RQF for all three lesions (Figure 3.8).

3.4.4 Steady-State Kinetics of APE1

In order to compare the steady-state rate (ki) of APEI acting on authentic AP,

AP-Red, and THF DNA, we performed steady-state kinetic time courses in which the

concentration of DNA was 10 times greater than the concentration of APE1. As with the

transient-state experiments, we used the RQF instrument to rapidly mix and quench each

reaction. As seen in Figure 3.9, for each time course we observe an initial burst of

product formation followed by a linear accumulation of product. The initial burst
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Figure 3.9. Steady-state kinetic time courses of APE1 acting on an
AP (blue), AP-Red (green) or THF (red) site in the presence of 5 mM
MgCl,. Experimental conditions were 500 nM DNA and 50 nM
APE! in 50 mM HEPES-KOH, 100 mM KCl, 0.24 mg/mL BSA, 0.25
mM EDTA 5 mM MgCl,, pH 7.5. Reactions were performed at 37 °C
using a RQF instrument and quenched with 100 mM EDTA.
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represents the fast chemistry
step that leads to the initial
turnover of product. The linear
phase signifies a slow step that
occurs after chemistry, likely
product release, and defines the
steady-state rate. The steady-
state rates for each lesion, 2.2 +
03s",24+03s", and 2.4 +
0.2 s', for AP, AP-Red and
THF, respectively, are the same

within error.



3.5 Discussion

3.5.1 Steady-State and Transient-State Kinetics of APEI in the Presence of Mg’"

We report the first RQF-derived value of Achemisey for APE1 incising an authentic
AP site, > 700 s, making APE1 one of the fastest BER enzymes known to date. Indeed,
in the presence of Mg®", strand incision by APE1 is very rapid and kchemistry 18 faster than
the resolution of the RQF for AP, AP-Red, and THF DNA. Our results are consistent
with the only other APEIl transient-state experiments performed using RQF
instrumentation in which Achemisey for THF DNA is limited by the resolution of the
instrument (24). Also consistent with literature reports, our steady-state rates for APEI
acting on AP-Red and THF analogs are indistinguishable from the authentic AP DNA
(16, 19-25). It has previously been suggested that the high copy number of APEI1
(350,000-7,000,000 per cell) may serve to counteract the slow steady-state rate (7).

In other experiments performed using SFF, kchemisiry Of 68 s and 97 s™ have been
reported for APEI processing a THF and authentic AP site, respectively (20). Notably at
=700 s, the rates we obtain are significantly faster; however, SFF experiments do not
directly measure strand incision, but rather monitor conformational changes of the

enzyme during processing of the DNA substrate, and may underestimate the rate.

3.5.2 Transient-State Kinetics of APE] in the Presence of Mn’* or Ni**

A divalent metal ion is required for APE1 strand incision (29-32). Examination of
x-ray crystal structures of APEI bound to the incised product of THF-containing DNA,
and the results of several site-directed mutagenesis studies have led to the proposal that

the divalent metal ion coordinates to an oxygen of the electrophilic phosphate, as well as
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residues in the APEI active site pocket, such as E96 (29-32). Via these interactions the
metal ion is thought to stabilize and correctly orient the DNA backbone for strand
incision, as well as polarize the P-O bond to facilitate nucleophilic attack of an activated
water molecule. A previous study reported a qualitative comparison of APE1 activity in
the presence of several metal ions, including Mg2+, Mn2+, and Ni2+(29); activity was
greatest with Mg”", and reduced with Mn®" or Ni*". Indeed, we report, depending on the
lesion, the kehemisty Was reduced at least 2-3 fold in the presence of Mn®*, and at least 4-
6.5 fold in the presence of Ni*". This reduction of strand incision chemistry is likely due
to slightly altered positioning of the larger Mn*" or Ni*" ions in the active site, and an
altered orientation of the DNA backbone. However, we cannot rule out the possibility
that different metal ions may change the mechanism of strand incision altogether.
Nevertheless, by slowing strand incision and obtaining quantitative values, we reveal that
in the presence of Mn®" or Ni*', kchemisuy for AP DNA and AP-Red DNA are
indistinguishable. Furthermore, albeit a small difference, the rate of strand incision is
statistically different for THF DNA where kchemisiry 1S ~1.5 times slower than the authentic

AP DNA.

3.5.3 Transient-State Kinetics of APE1 in the Presence of 5’ Mismatches

While varying the metal ion allowed us to obtain quantitative values for Achemisirys
and to compare directly APE1 strand incision on the authentic AP site versus the
substrate analogs, we considered the possibility that changing the metal ion also changed
the mechanism of APEI; if this were the case, the observed difference between THF and

the authentic AP site may not be biologically relevant. Thus, we sought an alternate
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method to slow strand incision. Previous work has qualitatively shown that activity of
APE1 on THF-containing DNA is reduced when a mismatch is directly 5' or 3' to the
lesion site, with the 5' mismatch having a more dramatic effect (22,38). Similar results
were also observed for the removal of an 8-oxo-7,8-dihydroguanine lesion by OGGI,
another BER enzyme; the presence of a 5’ mismatch was more detrimental to activity
than a 3’ mismatch (33). Not surprisingly, when we positioned a mismatch 1, 2, 3, or 4 bp
from the lesion, we saw the greatest reduction in Achemisry, at least ~5-fold, when the
mismatch was immediately adjacent to the lesion. As the mismatch moved away from
the lesion, kchemistry recovered to values comparable to those obtained for the well-matched
substrates. The decreased rate of strand incision in the presence of the 5' mismatches is
likely due to distortion of the DNA backbone within the APEI active site, in particular,
distortion of the electrophilic phosphate 5' to the lesion site; as the mismatch is moved
further from the lesion, the effect is diminished. Interestingly, similar results have been
established for the repair of bistranded authentic AP sites by APE1; duplex substrates
contained two AP sites on opposite strands, positioned 1, 3, or 5 bp apart, and strand
incision was monitored at one of the AP sites. A reduction in incision by APE1 was
observed when the second AP site was 1 or 3 bp away; conversely, when the second AP
site was 5 bp away, no reduction in incision was observed (34). In this work, although
the identity of the mismatch varies in different locations (i.e., MM-1 contains a T*T
mismatch whereas MM-2 has a C*C mismatch), the purpose of these experiments is not
to compare the effect of mismatches at different locations, but rather to compare kchemisiry
obtained for AP, AP-Red, and THF when the mismatch is the same distance from the

lesion. Indeed, consistent with the results obtained in the presence of Mn*" or Ni*', a
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~1.5-fold reduction in Achemisry 15 Observed for THF DNA relative to AP and AP-Red

DNA when the mismatch is 1 or 2 bp away.

3.5.4 Highlighting Structural Differences Between the Authentic AP site and Analogs

The transient-state kinetic experiments performed within this body of work
revealed a small yet significant decrease in Achemisry for APE1 incising THF DNA
compared to substrates containing an authentic AP or reduced AP site. This decrease was
apparent when experiments were conducted in the presence of Mn>" or Ni*", or when a 5'
mismatch was 1 or 2 bp from the lesion. It is important to note, for experiments
performed in the presence of Mg®', differences in the way that APE1 may process the
THF lesion are likely masked by the limitation of the RQF instrument. A feature
distinguishing the THF site from the authentic and reduced AP site is the lack of a CI'
oxygen. Since strand incision is observed for THF DNA, this oxygen is not required for
catalytic activity; however, its presence (or the presence of a C1'-OH) may play a role in
stabilizing and optimally orienting the authentic AP and AP-Red substrates in the APEI
active site pocket. An extensive hydrogen bonding network is present in active site, and
contributes to formation of the activated water molecule which serves as the nucleophile
for the strand incision chemistry (35, 36). Interestingly, examination of several x-ray
crystal structures of APE1 bound to THF DNA reveal that the primary amine of N212
would be within hydrogen-bonding distance of a C1' oxygen (/7). However, we cannot
be certain that the APE1 binding pocket would be the same when an authentic AP
substrate is bound. While the role of N212 remains unclear, site-directed mutagenesis

studies of APEIl incising authentic AP DNA suggest this residue is important for
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substrate recognition; the role of N212 on THF containing DNA has not been explored
(37). A THF lesion would lack the ability to form a hydrogen bond at the C1' position,
and may be oriented slightly differently within the active site, explaining the small
reduction in Achemistry- Additionally, both the authentic AP and AP-Red lesions possess a
ring-opened form; notably, the THF site is locked in the ring-closed form. The additional
flexibility of the ring-opened form may allow for optimal orientation within the active
site of APE1 and also may explain the differences we observe in kchemisry for authentic AP
and AP-Red compared to the THF containing DNA. It is noteworthy that previous APEI
kinetic studies also observed differences in the processing of THF DNA compared to
authentic AP DNA; such studies used SFF techniques which detected conformational
changes in APEI (27). When observing directly strand incision we obtain similar results
indicating that the C1’' oxygen or flexibility of the lesion directly influences strand

incision.

3.6 Concluding Remarks

Due to the wide spectrum of APEI activity, as well as its cellular importance, it is
not surprising that APE1 is a widely-studied BER enzyme. Here within, by examining the
kinetics of APE1 on an authentic AP site and commonly-used analogs, we highlight the
destabilizing effects of different metal ions and 5' mismatches on APEI1 stand incision
chemistry further expanding our understanding of the strand incision chemistry carried
out by APE1. Transient-state kinetics performed in the presence of the biologically
relevant Mg”" reveal strand incision by APE1 on all lesions, is > 700 s™', making APEI

the fastest BER enzyme to date. Furthermore, kinetics-based experiments using diverse
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metal ions and 5' mismatches suggest a role for the C1' oxygen and ring-opened
flexibility of the AP site for optimal strand incision, and reveal that with respect to strand
incision, the AP-Red analog cannot be distinguished from the authentic substrates,
whereas the THF analog is processed slightly differently. Further structural and
mechanistic work investigating novel AP site analogs as well as structural studies of
APE1 bound to authentic AP or AP-Red DNA may shed light into the kinetic differences
observe within this work, and may pinpoint the source of the differences. Importantly,
due to multitude of studies which use substrate analogs to studying BER enzymes and
their mechanism of action, this work calls to attention the significance of choosing
substrate analogs, and understanding the implications such analogs can have on

experimental results.
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Chapter 4: Single-Nucleotide and Multinucleotide Incorporation by
DNA Polymerase f on CAG Repeat and Mixed-Sequence DNA

Constructs
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4.1 Abstract

The DNA base excision repair (BER) pathway, a cascade of enzymes responsible
for repairing single-nucleobase lesions, has been implicated in the expansion of a CAG
trinucleotide repeat (TNR) tract. During BER, a DNA glycosylase in coordination with
AP endonuclease, removes the single-nucleobase lesion and cleaves the DNA backbone.
Here, DNA polymerase § (pol ) must insert the correct nucleotide, so that DNA ligase I
(Ligl) can seal the DNA backbone and complete the repair. Interestingly, BER can
proceed down one of two sub-pathways, short-patch (SP) or long-patch (LP) BER. In SP-
BER, pol B incorporates a single nucleotide at the gap and Ligl completes the repair. In
LP-BER, a DNA polymerase incorporates multiple nucleotides, displacing a 5'-flap of
DNA that is further processed to complete the repair. The BER of an oxidized form of
guanine within the CAG repeat track of exon 1 of the huntingtin gene proceeds down the
LP-BER pathway, leading to the incorporation of multiple CAG repeats at the nick site
by pol B, and creation of a 5" flap of CAG repeats. The 5'-flap of CAG repeats is
incorporated back into duplex DNA leading to the expansion of the repeat tract; this
expansion is the molecular basis for the neurological disorder Huntington’s disease. It is
currently unclear why pol B proceeds down LP-BER versus SP-BER within the CAG
repeat tract. In this work, we examine single-nucleotide and multinucleotide
incorporation by pol § on mixed and CAG repeat substrates to understand the context of
SP and LP-BER on differing DNA sequences. Using single-nucleotide kinetic
incorporation assays, we reveal that pol  inserts a single guanine nucleotide across a
cytosine on both mixed and repeat constructs at similar rates, ~ 5 s™'. Furthermore, pol f

dissociates from mixed and repeat constructs at similar rates, ~ 2 s”. Multinucleotide
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incorporation assays reveal that pol f incorporates more nucleotides on CAG repeat
constructs compared to mixed sequence after 30 s incubation, ~23 compared to ~16,
respectively. Furthermore, strand displacement activity assays reveal pol §§ can displace a
5'-flap of CAG repeats more readily than a 5'-flap of mixed sequence DNA. These results
suggest that while pol { initially processes both mixed and repeat constructs similarly, the
increased strand displacement activity and multinucleotide incorporation activity seen for
pol B on CAG repeat DNA compared to mixed-sequence DNA may explain progression

down LP-BER by pol p in a CAG repeat tract.

4.2. Introduction

Trinucleotide repeat (TNR) tracts are naturally occurring microsatellites found
throughout our genome and are genetically unstable; through various cellular processes,
the repeat number can expand or contract (/). DNA replication and DNA repair along
with the ability for TNR tracts to form non-B DNA conformations, such as stem-loop
hairpins, are implicated in playing a role in the instability of these repeat tracts (2-5).
Expansion of these TNR tracts is linked to over 40 human neurological disorders (6).
Huntington’s disease (HD) is a notable example characterized by the expansion of
(CAG)/(CTG) repeats. Interestingly, the expansion of the (CAG)/(CTG) repeat tract seen
in HD is most pronounced in post-mitotic skeletal and brain tissue, ruling out DNA
replication as a route by which these tracts expand in non-dividing cells (3).

As introduced earlier in this body of work, the initiation of base excision repair

(BER) by the DNA glycosylase oxoguanine glycosylase (OGG1) in removal of an 8-oxo-
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7,8-dihydroguanine (80x0G) lesion has been implicated in leading to the expansion of the
CAG repeat tract seen in HD (3). Canonical BER of an 80xoG lesion begins by action of
OGG]1 and apurinic/apyrimidinic endonuclease 1 (APE1) in removing the 8oxoG lesion
and cleaving the DNA backbone, leading to a nick with 3'-OH and 5'-deoxyribose
phosphate (dRP) or a one nucleotide gap with 3'-OH and 5'-phosphate termini (7). Here,
BER can proceed down one of two sub-pathways, short-patch (SP) or long-patch (LP). In
SP-BER, polymerase 3 (pol ) incorporates a single-nucleotide at the nick site along with
converting the 5'-dRP group, if present, to the 5'-phosphate, so that a ligase can complete
the repair event (7). Experimental evidence suggests that when pol f§ cannot covert the 5'-
dRP group to the 5'-phosphate, the polymerase will proceed down LP-BER (§,9). During
LP-BER, a polymerase adds multiple nucleotides at the lesion site, displacing a 5'-flap of
nucleotides that is further cleaved by flap endonuclease 1 (FEN1) so that DNA ligase |
(Ligl) can complete repair. BER performed within the context of the CAG repeat tract of
the huntingtin gene is thought to progress down LP-BER regardless of the ability for pol
B to remove the 5'-dRP group; multiple nucleotides are inserted by pol 3, displacing a 5'-
flap of CAG repeats that can fold to form a CAG stem-loop hairpin that is refractory to
cleavage by FENI, but ligated into the DNA by Ligl, leading to the incorporation of
excess CAG repeats, thus creating a mechanism for expansion of the repeats (3,70).
Notably, work in the Delaney laboratory has implicated the formation of a second 8oxoG
lesion within the newly formed hairpin to contribute to the expansion mechanism,
resulting in a toxic oxidation cycle (TOC) (/1,12). Importantly, the incorporation of

multiple nucleotides by pol 8 at the gap site is a critical turning point in BER within the

context of CAG repeats. It is here that BER is awry; pol f should incorporate a single
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guanine in an SP-BER event, but instead incorporates multiple repeats in an LP-BER
fashion, ultimately causing the TOC. Understanding why pol B undergoes LP-BER
versus SP-BER in the context of CAG repeat DNA is integral to understanding the
mechanism of repair-based trinucleotide repeat expansion.

Pol B, a 39 kDa member of the X-family of polymerases, is the smallest human
polymerase and has two catalytic domains: an 8 kDa amino-terminal dRP lyase domain
which binds to the 5' dRP or 5' phosphate of the gap site, and a 31 kDa carboxy-terminal
domain which binds to the 3'-OH of the gap site (/3, /4). The presence of both catalytic
domains is required for optimal gap site binding and processing (/5). The dRP lyase
domain contains a nucleophilic lysine residue, Lys 72, which is responsible for
converting the 5'-dRP group to the 5'-phosphate required for nick-sealing by Ligl (/4).
The dRP lyase domain also has activity on intact AP sites, causing (-elimination of the
AP site, much like bifunctional DNA glycosylases, again affording the 5'-phosphate (/4).
Interestingly, inhibition of pol § dRP lyase activity, typically thought to occur due to
oxidation of the dRP group, is known to force LP-BER in the context of mixed-sequence
DNA (8, 9); in vitro experiments studying LP-BER typically use a tetrahydrofuran (THF)
containing dRP group to inhibit pol B dRP lyase activity and force LP-BER (10, 16). In
contrast, LP-BER seen in the context of CAG repeat DNA is known to occur even in the
presence of an unmodified dRP group (/0). Moreover, as presented earlier in this work,
we observe the action of the AP lyase step of OGGI in coordination with APE1 to create
a gap with 3'-OH and 5'-phosphate termini; therefore, in the case of BER initiated by

OGGl1, a 5'-dRP is likely never formed along the BER cascade. Taken together, such
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evidence suggests the inability of polf} to remove a modified 5'-dRP group is not
contributing to the initiation of LP-BER in CAG repeat tracts.

The 31 kDa polymerase domain of pol 3 is responsible for catalyzing nucleotidyl
transfer from an incoming dNTP to the 3'-OH of the DNA backbone at the gap site,
causing the release of pyrophosphate (PPi); such reaction requires two Mg”>" metal ions.
One metal ion, referred to as the catalytic metal ion, coordinates to the 3'-OH of the
growing primer, while the other metal ion, referred to as the nucleotidyl binding metal,
coordinates to the a-phosphate of the bound dNTP, and assists in ANTP binding and PPi
release (/7).

The kinetic scheme for polf nucleotide incorporation shows an ordered binding of

polymerase to the DNA, followed by binding of the dNTP (Figure 4.1 Step 1, 2) (17).

’_,—“"i:’rocessive DNA Synthesi‘s\"\\

2 3 K 5 ' 6
POIBDNA + dNTP —— = polf*DNA*ANTP = *pol*DNA*ANTP ~Putpolf e DNA,  +PPi— s pol*DNA, *PPi— = pol*DNA,  + PPi

h

s Single-Nucleotide Incorporation

,,"(kss or k,,ff

DNA DNA
Figure 4.1. Single-nucleotide and processive DNA synthesis kinetic scheme for pol B. The six-step elongation cycle consists of DNA binding
(1), nucleotide binding (2), a conformation change that aids in nucleotide discrimination (3), nucleotidyl transfer (4, k), a conformation change
(5) that permits PPi release (6). For single-nucleotide incorporation the DNA then dissociates from pol B (k) (bottom pathway). For Processive
DNA synthesis (top pathway), a new dNTP binds after PPi release and the cycle continues. Figure adopted from reference 17.
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Upon binding of the correct ANTP, the polymerase undergoes a conformation change
from an “open” form to a “closed” form (Figure 4.1 Step 3) which aids in correct
nucleotide discrimination and brings the 3'-OH present at the nick site in close proximity
to the bound dANTP to allow for nucleotidyl transfer and formation of a new oxygen-
phosphate bond; the rate of nucleotidyl transfer is represented by kpo (Figure 4.1 kyor).
Previous pol P kinetic experiments reveal ko for correct nucleotide insertion ranges from
2 —-20s "', and differs based on the nucleotide inserted; the fastest kyoi is observed for A
inserted opposite of T, while the slowest ko1 1s seen for G inserted opposite of C (18,19).
A second conformational change (Figure 4.1 Step 5) allows for release of PPi (Figure 4.1
Step 6) followed by dissociation of the DNA from the polymerase (Figure 4.1 ko). This
pathway describes the events that occur during a single-nucleotide incorporation event,
i.e. SP-BER (Figure 4.1, bottom pathway). Both conformational changes are thought to
be faster than nucleotidyl transfer chemistry, and therefore are not rate limiting (20);
moreover, similar to other BER enzymes, dissociation of the polymerase enzyme from
the DNA is rate-determining and defines k., typically called ko in the context of
polymerase kinetics (13). The ko rate for pol p ranges from 0.5 — 2.5 s, and varies
based on the functional groups present at the nick site; faster dissociation rates are seen
without the presence of the 5'-phosphate, while slower dissociation rates are observed in
the presence of the 5'-phosphate (75,18,19).

In scenarios in which the polymerase adds multiple nucleotides in a single
binding event, the polymerase is said to be processive (Figure 4.1, top pathway). The
processivity of a polymerase is a reflection of how many nucleotides the polymerase can

add before dissociating from the DNA, and is determined by the ratio of averages of
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kpo/kear. Replicative DNA polymerases, or those involved in DNA replication, such as 6
and ¢, are able to replicate thousands of base pairs in a single binding event, and are
therefore highly processive polymerases (27). Pol B is weakly processive due to the
similar magnitude of kpor, ~ 10 s™', and kogr, ~ 2.5 s (18,19).

Within the context of processive DNA replication, the polymerase may also be
required to displace a downstream strand of DNA nucleotides as it is undergoing
nucleotidyl transfer chemistry. For example, this action, typically referred to as the strand
displacement activity of the polymerase, is required by pol 6 during replication through
Okazaki fragments (22). Again, different polymerases have differing strand displacement
abilities, and having high processivity does not equate to high strand displacement
activity. While pol 6 has high processivity, it has weak strand displacement activity (22).
This weak activity is greatly enhanced by the presence of the processivity clamp,
proliferating cell nuclear antigen (PCNA). Importantly, PCNA, a donut-shaped protein
that completely encircles the DNA duplex, binds many human polymerases, including J,
e, and B, and aids in non-dissociative processive replication (23). Qualitative strand
displacement assays suggest pol B alone has weak strand-displacement activity (24).
Furthermore, within the context of BER, the presence and APEIl has been shown to
increase pol § strand displacement activity (/6).

Due to the poor processivity and strand displacement activity of pol f3, it has been
proposed that in the context of LP-BER on mixed sequence DNA, pol B incorporates a
single nucleotide at the gap site and then dissociates. Next, a highly processive
polymerase, such at d or g, takes over, adding multiple nucleotides to the nick site with

the help of PCNA, creating a patch size of 2-6 nucleotides (25). Remarkably, in the
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context of reconstituted BER from mouse embryonic fibroblasts on CAG repeat DNA,
mouse cell lines null in pol § had a reduction in expanded CAG repeat products
compared to the wild-type pol B efficient counterparts (/0). Such evidence directly
implicates pol P as the key polymerase in adding multiple nucleotides during the
proposed BER-based expansion model. Moreover, reconstituted BER on a 100mer DNA
construct containing an 80xoG lesion flanked 5' by mixed-sequence and 3' by
(CAQG)19/(CTG)y9, revealed correct processing by OGGl and APEI, followed by
multinucleotide incorporation by pol f. Interestingly, a unique pattern was observed in
the autoradiogram for multinucleotide incorporation by pol f in the repeat tracts (/0).
Distinct, intense banding at each adenine within the repeat was attributed to pol
pausing. Pausing is thought to occur when a polymerase encounters structures and/or
duplex regions that are difficult to processes, such as well-matched stem-loop hairpins or
high GC content (26-28). This pausing is thought to lead to the dissociation of the
polymerase from the DNA (29). The authors speculate that the pausing observed at each
A within the repeat tract was likely due the presence of downstream CAG hairpins within
the DNA construct; DNA structural studies were not performed to confirm the presence
of these structures (70).

In this work, we investigate single-nucleotide and multinucleotide incorporation
by pol B on both mixed and CAG repeat DNA constructs to gain further insight into the
mechanism by which CAG repeat DNA expands within the context of the HD gene. We
perform transient-state and steady-state single-nucleotide incorporation kinetics of pol 8
on mixed and CAG repeat constructs to determine and compare the kinetic parameters

associated with SP-BER. Furthermore, we compare the processivity of pol § on both
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mixed and CAG repeat constructs to understand how sequence context may influence
processive multinucleotide incorporation. Finally, we aim to determine if pol $ has
similar strand displacement activity on both CAG repeat and mixed-sequence constructs.
The results obtained here contribute to our understanding of the molecular mechanism by
which pol f incorporates multiple nucleotides during the repair of a DNA lesion
contained with a CAG repeat tract and ultimately provides further evidence for the toxic

oxidization cycle we propose for expansion of the TNR tracts.

4.3 Experimental Procedure

4.3.1 Oligonucleotide Synthesis and Purification

DNA oligonucleotides used in this work were synthesized using standard
phosphoramidite chemistry on a BioAutomation DNA/RNA synthesizer (Table 4.1) (30).
A chemical phosphorylation reagent (CPR) ([3-(4,4'-Dimethoxytrityloxy)-2,2-
dicarboxyethyl|propyl-(2-cyanoethyl)-(N,N-diisopropyl)-phosphoramidite) was used in
synthesis of 5'-phosphate containing strands, and was obtained from Glen Research.
During synthesis the 5'-DMT was retained to aid in HPLC purification. Two rounds of
HPLC purification were performed using a polystyrene-divinyl benzene reverse phase
column (PLRP-S; Polymer Labs) (4.6 x 250 mm) at 90 °C using 100 mM TEAA in
acetonitrile:-water (99%:1%) (solvent A) and 100 mM TEAA in acetonitrile:water
(1%:99%) (solvent B) as the mobile phases (gradient: solvent A was increased from 5 to
25% over 25 min; 1.0 mL/min for first round, gradient: solvent A was increased from 0 to
15% over 35 min; 1.0 mL/min for second round). For all strands, the 5'-DMT group was

removed following the first round of HPLC; after 5'-DMT removal, strands synthesized
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with CPR were incubated in NH4OH overnight at 55 °C to afford the 5'-phosphate.
Quantification of each oligonucleotide was performed using the €69 values estimated for

single-stranded DNA (3/) and a Beckman Coulter DU8S00 UV-VIS Spectrophotometer.

Table 4.1. Sequence of DNA Oligonucleotides Used in this Study”

Name Sequence

22mer 5’- CGAGTCATCTAGCATCCGTACA-3’

77mer-M’  5'- PACTCGTTACGTGATCGTGTACTGCATGTGTATGTCGTATGATGTCTATGTCTC
GAACTACGTAGACTTACTCATTGC-3"

77mer-R*  5'- PCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCA
GCAGCAGTACGTAGACTTACTCATTGC-3’

100mer-M?  3’- GCTCAGTAGATCGTAGGCATGTCTGAGCAATGCACTAGCACATGACGTACACA
TACAGCATACTACAGATACAGAGCTTGATGCATCTGAATGAGTAACG-'5

100mer-R*  3’- GCTCAGTAGATCGTAGGCATGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTC
GTCGTCGTCGTCGTCGTCGTCGTCGTCATGCATCTGAATGAGTAACG -5’

“ Sequences were adopted from reference 10.

”P denotes location of phosphate group.

“Repeat regions are underlined.

4 Cystosines at gap site in duplex constructs are in bold.

4.3.2 Expression and Purification of pol 3

TAPS56 Escherichia coli cells pre-transformed with pWL11 plasmid containing
the pol B gene were grown at 37 °C in 2 L of LB media containing 50 pg/mL ampicillin
to an ODsep ~ 0.2 at which time the temperature was increased to 42 °C for 3 h to induce
protein expression. After 3 h growth at 42 °C, cells were pelleted by centrifugation (3,000
x g, 30 min, 4 °C) (32). The supernatant was discarded and the cells were frozen with
liquid nitrogen and stored at —80 °C until purification of pol . The purification of pol
was adapted from two previously performed protocols (/9, 32). Upon thawing on ice,
cells were resuspended in buffer A (50 mM Tris-HClL, | mM EDTA, 1 mM PMSF, 10
mM Na,S;0s5 and 1 pg/mL pepstatin A) containing 0.5 M NaCl. Cells were then lysed
using a French press; lysates were clarified by centrifugation (24,336 x g, 20 min, 4 °C).

The supernatant was diluted with buffer A to a final concentration of 0.2 M NaCl. The

103



diluted supernatant was loaded onto a 5 mL DEAE-cellulose column (Bio-Rad) in
tandem with a 5 mL phosphocellulose column (Sigma Aldrich), both pre-equilibrated
with buffer A supplemented with 0.1 M NaCl, using a peristaltic pump. Both columns
were washed with 5 column volumes of buffer A supplemented with 0.2 M NaCl. The
DEAE-cellulose column was disconnected, and the phosphocellulose column was washed
with another 5 column volumes of buffer A supplemented with 0.2 M NaCl. Pol § was
eluted with 5 column volumes of buffer A supplemented with 1 M NaCl. The eluted
protein was dialyzed overnight (6,000 — 8,000 MW dialysis tubing) in 2 L of buffer A
supplemented with 0.1M NaCl. Following dialysis, pol f was loaded onto a pre-
equilibrated (buffer A supplemented with 0.1 M NaCl) 5 mL HiTrap Heparin column
(GE Healthcare); then washed with 5 column volumes of buffer A supplemented with 0.1
M NaCl. Using a salt gradient in buffer A from 0.1 M NaCl to 1 M NaCl, pol p was
eluted off the column. Fractions containing pol 3, as confirmed by SDS-PAGE analysis,
were pooled and dialyzed overnight (6,000 — 8,000 MW dialysis tubing) in buffer A
supplemented with 0.1 M NaCl. Following dialysis, pol f was loaded onto a pre-
equilibrated 1 mL HiTrap Q anion-exchange column (GE Healthcare) and the flow-
through containing pol B was collected and concentrated using an Amicon 5,000 MW
cut-off concentration. The purity of pol f was >95% as assessed by SDS-PAGE. Pol
was resuspended in storage buffer (25 mM Tris-HCI, 1 mM DTT, 100 mM NaCl, 0.1
mM EDTA and 50% glycerol) and flash frozen. The concentration of pure pol § was

determined by the Bradford method using bovine y-globulin as a standard.

4.3.3 Determination of Active Enzyme Concentration and Dissociation Rates of pol B
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The 22mer oligonucleotide was 5'->°P end-labeled with T4 polynucleotide kinase
(NEB, Ipswich, MA) following the manufacturer’s protocol. The 5'->*P-labeled 22mer
(400 nM) was incubated with a 1.5-fold excess of unlabeled 77mer-M or 77mer-R and a
1.25-fold excess (with respect to 22mer) of the unlabeled 100mer complementary
oligonucleotide, in 50 mM Tris-HCI, 0.1 mM Na,EDTA, 50 mM NaCl, pH 7.6 (Buffer
B) for 5 min at 90 °C, followed by cooling to room temperature over ~2.5 h. The DNA
was diluted to a final concentration of 200 nM and preincubated with 40 nM polf} in 50
mM Tris-HCI, 0.1 mM Na,EDTA, 50 mM NaCl, 5 mM MgCl, 100 pg/mL BSA, 10 %
glycerol, 5 mM DTT, pH 7.8 (Buffer C) in a total volume of 300 pL. This diluted
DNA/pol B sample and 200 pM dGTP (NEB) in 300 pL of Buffer C were loaded into
separate sample syringes of a Rapid Quench Flow (RQF) instrument (Kintek) and
equilibrated for 5 min at 37 °C. The DNA/pol B and dGTP were then combined in the
reaction loop to yield a sample containing 100 nM DNA, 20 nM pol f, and 100 pM
dGTP in Buffer C. Using the RQF instrument, after 0.02-5 s the reactions were quenched
with EDTA (~65 mM final concentration) followed by the addition of 40 pL denaturing
dye (80% formamide, 10 mM EDTA, 1 mg/mL xylene cyanol and 1 mg/mL
bromophenol blue). At the end of each time course, a control was performed in which
DNA/pol B was incubated with Buffer C lacking dGTP in the RQF for 5 s and quenched
as described above. The samples were stored on dry ice until electrophoresis. Prior to
loading onto a 20% denaturing polyacrylamide gel, all samples were incubated at 90 °C
for 3 min. The products were visualized by phosphorimagery and the amount of product
was plotted versus time. Both a burst phase and a linear phase are observed with the slope

of the linear phase equal to k. x [active enzyme], where an active enzyme concentration
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of ~ 50% was determined by extrapolating the linear phase line through the y-axis (18,

19).

4.3.4 Determination of Single-nucleotide dGTP insertion rates of pol 3

Both 100mer DNA constructs were assembled as described above, with the 22mer
5'-’P labeled. Following annealing, the DNA was diluted to 60 nM and preincubated
with 300 nM active pol § in Buffer C. This diluted DNA/pol § sample and 800 uM dGTP
in 300 pL of Buffer C were loaded into separate sample syringes of an RQF instrument
and equilibrated for 5 min at 37 °C. The DNA/pol § and dGTP were then combined in
the reaction loop to yield a sample containing 30 nM DNA, 150 nM active pol 8, and 400
uM dGTP in Buffer C. Using the RQF instrument, after 0.02-15 s the reactions were
quenched with EDTA (~65 mM final concentration) followed by the addition of 40 pL
denaturing dye. At the end of each time course, a control was performed in which
DNA/pol B was incubated with Buffer C lacking dGTP in the RQF for 5 s and quenched
as described above. The samples were stored on dry ice until electrophoresis. Prior to
loading onto a 20% denaturing polyacrylamide gel, all samples were incubated at 90 °C
for 3 min. The products were visualized by phosphorimagery and the amount of product
was plotted versus time. The data were then fitted to a burst equation as described

previously to obtain rates of k. (18, 19).

4.3.5 Pol B Multinucleotide Incorporation Assays
Both mixed and repeat 100mer constructs were assembled as described above. A

similar second set of mixed and repeat 100mer constructs were assembled as described
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above, but lacked the presence of the 77mer strand. Each DNA construct was diluted to
100 nM and preincubated with 100 nM active pol §§ in Buffer C. This diluted DNA/pol
sample and 200 uM each ANTP (NEB) in 300 pL of Buffer C OR 200 uM each dNTP
and 5 mg/mL calf-thymus (CT) DNA (Invitrogen) in 300 uL of Buffer C were loaded
into separate sample syringes of an RQF instrument and equilibrated for 5 min at 37 °C
(33). DNA/pol B and dNTPs with or without CT DNA, were then combined in the
reaction loop to yield a sample containing 50 nM DNA, 50 nM active pol 3, and 100 pM
each ANTP with or without 2.5 mg/mL CT-DNA in Buffer C. Using the RQF instrument,
after 0.02-60 s the reactions were quenched with EDTA (~65 mM final concentration)
followed by the addition of 40 pL denaturing dye. At the end of each time course, two
controls were performed. In the first, DNA/pol 3 was incubated with Buffer C lacking
dNTPs in the RQF for 60 s and quenched as described above. In the second, 50 nM pol £,
2.5 mg/mL CT-DNA and 100 pM each dNTPs in Buffer C were preincubated for 30 s
manually, followed by the addition of 50 nM DNA construct for 60 s. The control was
quenched manually with 100 mM EDTA (~65 mM final concentration) and denaturing
dye. The samples were stored on dry ice until electrophoresis. Prior to loading onto a
20% denaturing polyacrylamide gel, all samples were incubated at 90 °C for 3 min. The

products were visualized by phosphorimagery.

4.4 Results

4.4.1 DNA substrates
Two 100mer DNA constructs were used to obtain the kinetic parameters of pol 3.

Each 3-part DNA construct contains a 22mer and 77mer annealed to their 100mer
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complement, creating a site-specific gap in the DNA backbone with 3'-OH and 5'-
phosphate termini (Table 4.1, Figure 4.2). Notably, standard phosphoramidite chemistry
yields DNA with both 3' and 5'-OH groups; 77mer constructs which bear a 5'-phosphate
were exposed to a chemical phosphorylation reagent during DNA synthesis to convert the
5'-OH to the desired 5'-phosphate. The presence of a 5'-phosphate at the gap site is
required for optimal binding, and therefore optimal processing by the polymerase. These
constructs were adopted from reference 10, and mimic the gap site that would be
generated by initiation of BER by OGG1 and APE1 on an 8ox0G lesion. The two DNA
substrates differ based on their sequence context downstream from the gap site; the first
construct is completely mixed sequence (Figure 4.2A), while the second contains
(CAQG)19/(CTG) 9 repeats adjacent to the gap site, followed by 20 base pairs (bp) of mixed
sequence (Figure 4.2C). Both mixed and repeat constructs contain a cytosine on the
100mer complementary strand at the gap site. To assess the processivity of pol 3, the

above mixed and repeat constructs were also created in the absence of the 77mer (Figure

42 B,D).
A l B
*g 22mer 77mer-M 3 *5 22mer
33— CTGAGCA 5 3————CTGAGCA 5’
100mer-M 100mer-M
C l D
g 2emer T 7imerR 5«5 22mer
33— CGTCGTC------------ 5 3——CGTCGTC------------ 5’
100mer-R 100mer-R
Figure 4.2. Schematic representation of mixed (A,B) and repeat (C,D) DNA constructs used in this study,
with (A,C) or without (B,D) a downstream 77mer. Solid lines represent mixed sequence context, while dashed
lines represent repeat sequence context. Arrows denote the location of a gap site (A,C), the 5’ * denotes the
location of a 32P label, "M" denotes mixed DNA constructs, while "R" denotes repeat DNA constructs.
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4.4.2 Dissociation Rates (kg of Pol B
In order to obtain the rates of pol B dissociating from the 100mer mixed and
repeat constructs, steady-state kinetic time courses were performed in which a 5-fold

excess of DNA was preincubated with pol f (to allow for pol B /DNA binding) followed

A
& 23mer (P)

8 & & & 8 & 85 5 4 8 a0 s soes
C .002 .004 .006 .008 .01 .02 .04 06 08 1 2 3 5 1

B C
30 ———————————— 30 —

5 Time (sec)

0 01 02 03 04 05 06 0 01 02 03 04 05
Time (sec) Time (sec)

Figure 4.3. Autoradiogram (A) of single-nucleotide dGTP incorporation on mixed 100mer DNA
construct and steady-state single-nucleotide dGTP incorporation time courses by pol § on (B) mixed or
(C) repeat 100mer DNA constructs. Experimental conditions were 20 nM pol 3, 100 nM DNA
construct, 100 uM dGTP in 50 mM Tris-HCI, 50 mM NaCl, 0.1 mM Na,EDTA, 5 mM MgCl, 100
ug/mL BSA, 10% glycerol, and 5 mM DTT, pH 7.8. Reactions were performed at 37 °C using an RQF
instrument and quenched with 100 mM EDTA.

by rapid mixing with dGTP and quenching by an RQF instrument. As seen in Figure

4.3A, we see a disappearance of the 22mer substrate and appearance of the 23mer
product over time, indicating the incorporation of a single guanine nucleotide to the
22mer radiolabeled substrate. The formation of product versus time was graphed for both
mixed and repeat constructs (Figure 4.3B,C). Figure 4.3B and C reveal an initial burst of
production accumulation followed by a linear accumulation of product over time. The

initial burst represents the fast nucleotide insertion of pol {3 leading to the first turnover of
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22mer substrate to the 23mer product. The linear phase represents a slow step occurring
after the fast nucleotide insertion that has been attributed to release of the DNA from the
polymerase, and limits the steady-state rate. The steady-state ko rates of pol f
dissociating from the mixed sequence and repeat sequence constructs, as obtained from

the linear phase, are 2.5+ 0.3 s and 1.8 + 0.4 s™', respectively (Table 4.2).

Table 4.2. Steady-State and Transient-State Kinetic
Parameters of dGTP Incorporation by Pol

Substrate fepol (7 kot (s
100mer-M? 49+0.3 2.5+0.3
100mer-R? 55+04 1.8+ 0.4
“Measured at 37 °C under transient-state conditions using RQF
instrumentation.

? Error represents the standard deviation from two experiments.
“Measured at 37 °C under steady-state conditions using RQF
instrumentation.

Y DNA constructs contain 77mer.

4.4.3 Single-Nucleotide Incorporation Rates (k) of dGTP by Pol

In order to obtain the rates of dGTP nucleotidyl transfer, k01, by pol B, transient-

state kinetic
V7 30 T
. * . * time courses
251 . 251 _
=20} 1 =220} ; were performed
Bs| { Bt ] :
3 |4 3 | on both mixed
o s o
qa 10F 1 a0 1
1 1 and repeat
51 - 5L -
obe o, ore ., . . . . 100mer
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Time (sec Time (sec
(sec) (sec) constructs. Each
Figure 4.4. Transient-state single-nucleotide incorporation of dGTP by pol B
on (A) mixed and (B) repeat 100mer DNA constructs. Experimental conditions DNA
construct
were 50 nM DNA construct, 150 nM active pol 3, 400 uM dGTP in 50 mM Tris-
HCI, 50 mM NaCl, 0.1 mM Na,EDTA, 5 mM MgCl,, 100 ug/mL BSA, 10%
glycerol and 5 mM DTT at pH 7.8. Reactions were performed at 37 °C using an was
RQF instrument and quenched with 100 mM EDTA.
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preincubated with a 5-fold excess of active pol 3 followed by the addition of saturating
dGTP, 400 uM, by the RQF instrument. The reactions were quenched with 100 mM
EDTA (~65 mM final concentration) delivered by the RQF instrument. For both DNA
substrates, we observe a rapid burst of product accumulation followed by a plateau
(Figure 4.4A,B). The rates of pol § dGTP incorporation, ki, obtained from the slope of
the burst phase, for the mixed and repeat constructs are 4.9 + 0.3 s and 5.5+ 0.4 5™,

respectively (Table 4.2).

4.4.4 Multinucleotide Incorporation by Pol 3

To compare the ability of pol B to undergo multinucleotide incorporation on the
mixed and repeat DNA constructs, both constructs were preincubated with an equal
molar concentration of active pol 3 followed by the addition of 100 uM of all four dNTPs
by the RQF. The reactions were quenched using 100 mM EDTA (~65 mM final

concentration) delivered by the RQF instrument. For both mixed and repeat constructs,

= 4 - -A

® = 22mer
10 15 30 Time (sec)

‘ . . ‘ ‘ z 2 i Py - - - - 5
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1 3 5 1
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-
-
10 15 30 C .02 .04 .06 .08 0.10.250.5 3

5

Figure 4.5. Autoradiogram revealing multinucleotide incorporation by pol B on (A) mixed and (B) repeat
constructs with a downstream 77mer present. Arrows and accompanying letters highlight the nucleotide of
major pause sites by pol B. Experimental conditions were 50 nM DNA construct, 50 nM active pol B, 100 uM
each dANTP in 50 mM Tris-HCI, 50 mM NaCl, 0.1 mM Na,EDTA, 5 mM MgCl,, 100 pg/mL BSA, 10%

glycerol, and 5 mM DTT at pH 7.6. Reactions were performed at 37 °C using an RQF instrument and
quenched with 100 mM EDTA. Control lane (C) represents DNA with pol B in buffer, lacking dNTPs.
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we observe the disappearance of the 22mer substrate and the appearance of 23mer
product followed by appearance of higher- order DNA products over time, suggesting
multinucleotide incorporation by pol  on both constructs (Figure 4.5, A,B). The longest
DNA products were observed at the longest incubation time; for the mixed-sequence
construct, we can reliably count the incorporation of 16 nucleotides after 30 s incubation
with pol 3, for the repeat-sequence construct, we can reliably count the incorporation of
23 nucleotides after 30 s incubation with pol . Moreover, pol B seems to initiate
multinucleotide incorporation to a larger extent on the repeat construct compared to the
mixed construct; this is most evident by examining the abundance of the 22mer substrates
and 23mer single-nucleotide incorporation product left in the 3-10 s time points.
Furthermore, for both DNA constructs, we observe the appearance of intense bands,
marked with arrows, in the lanes in which we see multinucleotide incorporation. For the
mixed-sequence construct, these bands appear after the incorporation of 8, 10, 13 and 16
nucleotides, corresponding to incorporation of an A, G, A and C respectively. For the
repeat-sequence construct, these bands appear at each adenine within the CAG repeat

tract, yielding a periodic incorporation pattern.

4.4.5 Processivity of Pol B

To assess the ability of pol 3 to undergo multinucleotide incorporation in a single
DNA binding event for both the mixed and repeat 100mer constructs, we performed the
above multinucleotide incorporation assays in the presence of a large excess of DNA
trap. Both the mixed and repeat DNA constructs were preincubated with equal molar

active pol (3, again to ensure prebinding of pol 3 to our construct, and rapidly mixed with
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all four dNTPs in the presence of a large excess of the calf thymus DNA trap. If the
polymerase were to dissociate from our radiolabeled DNA construct within the reaction
time frame, it would reassociate with the excess of calf thymus DNA rather than our
radiolabeled construct, allowing us to observe the extent of nucleotide incorporation
during a single polfB-binding event. A control, in which pol f, all four dNTPs and calf
thymus DNA trap were pre-incubated for 30 s, followed by the addition of the
radiolabeled DNA construct for 60 s, confirmed the calf thymus DNA trap as a viable
strategy (Figure 4.6 Lanes C*)(33). Again, much like the multinucleotide incorporation
assays performed in the absence of the trap, we observe the disappearance of the 22mer
substrate and the appearance of 23mer product followed by appearance of higher-order
DNA products over time, suggesting multinucleotide incorporation by pol B on both

constructs (Figure 4.6A,B). The extent to which we observe multinucleotide

A B
e8as888382222223 e83338333333::::
* & & a&22mer S eeaa 2mer
C* C .02.04.06.080.10.25051 3 5 10 15 30 60 C* C .02.04.06.080.1025051 3 5 10 15 30 60 Time (sec)

Figure 4.6. Autoradiogram revealing multinucleotide incorporation by pol B on (A) mixed and (B) repeat
constructs with a downstream 77mer present in the presence of a 5-fold excess of DNA trap. Experimental
conditions were 50 nM DNA construct, 50 nM active pol 3, 100 uM each dNTP, 2.5 mg/mL CT DNA (trap)
in 50 mM Tris-HCI, 50 mM NaCl, 0.1 mM Na,EDTA, 5 mM MgCl,, 100 ng/mL BSA, 10% glycerol, and 5
mM DTT at pH 7.6. Reactions were performed at 37 °C using an RQF instrument and quenched with 100
mM EDTA. Control lane (C) represents DNA with pol B in buffer, lacking dNTPs. Control lane (C*)
represents incubation of dNTPs, pol 3 and trap CT DNA, followed by addition of radiolabeled construct DNA
for 60 s, to confirm the ability of CT DNA to trap the enzyme.

incorporation by the polymerase is drastically reduced when the calf thymus DNA trap is

present. For the mixed-sequence construct, at the longest incubation time point (60 s), we
see incorporation of only 2 nucleotides (Figure 4.6A), with the major product resulting

from the incorporation of a single nucleotide; for the repeat construct, we see the
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incorporation of 4 nucleotides at the longest incubation time (Figure 4.6B). Here, in the
presence of the calf thymus DNA trap, we do not observe any incorporation pattern.
To address whether the downstream 77mer is prohibiting the processive ability of

pol B, we performed the above processivity assay on 100mer constructs lacking this

A B

..... “:"<—A
- e & =

~
..;;.‘l.;a;;;;::Zmer ‘.a““.“‘...‘.mmer
C* C .02.04.06 .08 0.10.25051 3 5 10 15 30 60 C* C .02.04.06.080.10.250.51 3 5 10 15 30 60 Time (sec

Figure 4.7. Autoradiogram revealing multinucleotide incorporation by pol B on (A) mixed and (B) repeat
constructs lacking the downstream 77mer, in the presence of a 5-fold excess of DNA trap. Experimental
conditions were 50 nM DNA construct, 50 nM active pol 3, 100 uM each dNTP, 2.5 mg/mL CT DNA (trap) in
50 mM Tris-HCI, 50 mM NacCl, 0.1 mM Na,EDTA, 5 mM MgCl,, 100 pg/mL BSA, 10% glycerol, and 5 mM
DTT at pH 7.6. Reactions were performed at 37 °C using an RQF instrument and quenched with 100 mM
EDTA. Control lane (C) represents DNA with pol B in buffer, lacking dNTPs. Control lane (C*) represents
incubation of dNTPs, pol 3 and trap CT DNA, followed by addition of radiolabeled construct DNA for 60 s,
to confirm the ability of CT DNA to trap the enzyme.

strand. We preincubated our radiolabeled construct (lacking the 77mer) with pol f,
followed by mixing with all four dNTPs in the presence of an excess of calf thymus DNA
trap. We observe the disappearance of the 22mer substrate, and appearance of the 23mer
product, followed by the appearance of higher-order DNA products over time (Figure
4.7A,B). Here, without the presence of the 77mer, but in the presence of the calf thymus
DNA trap, we see incorporation of ~3 nucleotides to the mixed-sequence construct and
incorporation of ~12 nucleotides to the CAG repeat construct. The intense banding
pattern at each A, as denoted by arrows, is present for the repeat construct; we do not see
any intense banding for the mixed construct, as the polymerase has only incorporated 3

nucleotides.

4.5 Discussion
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4.5.1 Comparison of Single-Nucleotide Incorporation Kinetics for Mixed and CAG
Repeat Constructs

During SP-BER initiated by the removal of an 80xoG lesion, pol B incorporates a
single guanine nucleotide opposite a cytosine at the gap site. Here, we examine both
transient-state and steady-state kinetics associated with single guanine nucleotide
incorporation across a cytosine in mixed and CAG repeat constructs, to understand the
kinetic parameters associated with SP-BER. Transient-state kinetics reveal that
incorporation of the guanine on both mixed and repeat constructs is the same within
error, 49+ 0.3 s and 5.5+ 0.4 57, respectively (Table 4.2); therefore, we can conclude
that the downstream sequence context does not affect k,,; for the incorporation of a single
guanine. Steady-state kinetics experiments reveal that pol p releases the mixed-sequence
construct slightly at the same rate as the CAG repeat construct, with ko rates of 2.5 £ 0.3
s for the mixed construct and 1.8 + 0.4 s™ for the CAG repeat construct (Table 4.2).
Therefore, pol B is just as likely to release to the CAG repeat construct compared to the
mixed-sequence construct. Thus, we can conclude that in the presence of just the
deoxyguanosine triphosphate, pol  processes mixed-sequence constructs the same as
CAG repeat sequence construct. Importantly, in vivo SP-BER occurs in the presence of
all four dNTPs along with several other enzymes known to coordinate to pol f§ during the
repair, including APE1, FENI, PCNA, and Ligl, therefore it is possible that in the
context of in vivo SP-BER, other factors may influence the single-nucleotide
incorporation activity of pol f (10,16,23,34,35). These data suggest that a disruption in
single guanine incorporation or a disruption in the ability for pol § to release the CAG

construct is likely not responsible for the multinucleotide incorporation seen within the
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context of CAG repeats. Other factors, such as the availability of all four ANTPs or the
presence of coordinating BER enzymes must be contributing to the multinucleotide

incorporation seen in the context of CAG repeat tracts.

4.5.2. Multinucleotide Incorporation and Processivity of Pol 8 on Mixed and Repeat
Constructs

In order to explore the ability for pol  to incorporate multiple nucleotides at gap
sites within mixed and repeat DNA constructs, we performed several multinucleotide
incorporation assays in which all four dNTPs were available to the polymerase. In the
incorporation assays with DNA constructs containing a 3'-OH and 5'-phosphate present at
the gap site, we saw the incorporation of multiple nucleotides for both mixed and repeat
constructs (Figure 4.5A,B). Such evidence suggests that pol B has the ability to
incorporate multiple nucleotides at gap sites contained within both mixed and repeat
DNA sequences, even in the presence of an unmodified 5' group. This may be due to the
equal molar concentration of DNA to pol B, and the lack of downstream enzymes,
notably, FEN1 and Ligl, in these incorporation assays. Importantly, previous work has
shown that the levels of pol §, FEN1 and Ligl present during the repair event can affect
the ability of pol B to undergo multinucleotide incorporation; if FEN1 and Ligl levels are
low, increased multinucleotide incorporation by pol p is observed (36, 37). Although, we
do see multinucleotide incorporation for mixed and repeat constructs, we observe longer
DNA products in assays with CAG repeat DNA, suggesting pol f performs

multinucleotide incorporation more readily on repeat sequence constructs.
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To investigate whether the multinucleotide incorporation seen for pol B on the
mixed and repeat constructs occurs during a single DNAepol [ binding event, we
performed similar multinucleotide incorporation assays described above, except in the
presence of a large excess of CT DNA trap. For these experiments, the radiolabeled DNA
construct of interest was preincubated with pol 3, prior to the addition of all four ANTPS
in the presence of the CT DNA trap. The CT-DNA trap has previously been shown
successfully bind dissociated pol 3 (33). Upon mixing of the DNAepol  complex with
the dNTPs/CT-DNA trap solution, we expect the incorporation of a single guanine
nucleotide followed by either pol [ dissociation or processive DNA synthesis.
Dissociated pol  would reassociate with the large excess of trap DNA, not the labeled
construct; however, bound pol  should incorporate multiple nucleotides to the construct.
Therefore, the observation of more than one nucleotide incorporated to our 22mer labeled
substrate would be the result of processive DNA synthesis. In the presence of the CT-
DNA trap, the ability for pol B to undergo multinucleotide incorporation was drastically
reduced (Figure 4.6A,B) compared to multinucleotide incorporation lacking the trap
(Figure 4.5A,B), suggesting the longer multinucleotide incorporation products seen in
Figure 4.5 were the consequence of many dissociation and reassociation events by pol f.
For the mixed-sequence construct, pol 3 dissociates after the incorporation of a single
guanine nucleotide, suggesting that the ability for pol  to undergo processive DNA
synthesis was minimal in the allowed time frame (Figure 4.6A). Conversely, pol f§ was
able to incorporate up to four nucleotides on the repetitive DNA sequence, suggesting

that the polymerase is slightly more processive on CAG repeat tracts (Figure 4.6B).
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4.5.3. Examining the Strand Displacement Activity of Pol

The drastic differences observed for multinucleotide incorporation with (Figure
4.6) and without the trap (Figure 4.5), prompted us to explore the strand displacement
activity of pol B. In the above multinucleotide incorporation assays, pol § must displace
the initial base pairs between the 77mer strand and the 100mer complement to
incorporate more than a single nucleotide. To investigate whether the presence of the
77mer was impeding pol f processive polymerization, we performed processive,
multinucleotide incorporation assays on constructs lacking the 77mer and in the presence
of the CT DNA trap. Under these conditions the polymerase incorporated up to 3
nucleotides on the mixed construct and up to 12 nucleotides on the repeat construct, again
suggesting pol B is more processive on repeat constructs than mixed sequence.
Furthermore, such results imply that the downstream strand is impeding the processivity
of pol B, as we saw less processivity when the 77mer strand was present (Figure 4.6A,B).
It is important to highlight, that pol $ has extremely poor processivity on the mixed-
sequence constructs, regardless of whether it must perform strand displacement; at best,
we saw the processive incorporation of 3 nucleotides. Furthermore, although the ko of
pol B after the incorporation of a single guanine was the same for mixed and CAG repeat
constructs, our processivity assays suggest there is an increase in dissociation of pol
from the mixed-sequence constructs or alternatively, a decrease in dissociation of pol

from the repeat constructs during processive polymerization.

4.5.4. Pause Sites by Pol B
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During multinucleotide incorporation assays, we observed a distinct pattern in
lanes that displayed discernible amounts of multinucleotide incorporation products
(Figure 4.5A,B and 4.7B, arrows). Previous experimental evidence on a wide-variety of
DNA polymerases revealed random intense banding patterns, and attributed them to
polymerase pausing followed by polymerase dissociation. Pausing is typically thought to
occur when the polymerase approaches regions of the DNA that are impeding DNA
synthesis, such as non-B DNA hairpin conformation or regions of rich GC content (26,
27). For the mixed-sequence construct this pause pattern was random and was only
observed when the trap was not present. We attribute this minor pausing pattern to
differences in nucleotide incorporation rates, along with the requirement of pol  to
perform strand displacement synthesis; as discussed above, pol [ has poor strand
displacement activity on mixed-sequence constructs that likely leads to polymerase
pausing and dissociation. Interestingly, pol f paused at the adenine within each CAG
repeat in the repeat construct. Due to the ability of repeat sequences to adopt
intramolecular secondary structures, it is possible that such structures are present within
the (CAG)19/(CTG) 9 region; pol f would likely pause as it encountered these hairpins.
Indeed, it is likely that hairpin formation is present in the repeat construct lacking the
77mer; the 100mer-R strand contains a (CTG)9 region that can form intramolecular
hairpins. Interestingly, although the formation of hairpins is thought to limit the
processivity of polymerases and cause dissociation, we see an increase in processivity in
these dynamic repeat sequences that can readily adopt such structures; the unique
interplay between polymerase processivity, polymerase pausing and formation of non-B

conformations within repeat tracts will be an area of future research. Furthermore, the

119



(CAG)/(CTG) region has a high GC content; the polymerase must break 6 hydrogen
bonds to displace two GC bps and only 2 hydrogen bonds to break and displace a single
AT bp; the energy required by the polymerase to break two GC base pairs may contribute
to the pause at each A. It is likely that the pause pattern observed for the repeat tract is a

result of both hairpin formation and high GC content.

4.6 Concluding Remarks

The data presented here further contributes to our working model of CAG repeat
expansion by the BER cascade. Single-nucleotide incorporation kinetics reveal that pol 3
incorporates a single guanine within CAG repeat constructs at the same rate as mixed-
sequence constructs; furthermore, pol f dissociates from both constructs at the same rate,
suggesting an SP-BER event would occur equally as well on both constructs.
Conversely, multinucleotide incorporation assays reveal an increase in pol [ processivity
and strand displacement activity on repeat constructs compared to mixed-sequence
constructs. This increased activity along with probable coordination with BER enzymes
implicating in promoting pol 3 processivity and strand displacement activity, i.e. APEI
and PCNA, are likely contributing factors to the incorporation of multiple nucleotides by
pol f in TNR tracts. Future studies examining the ability of APE1 and PCNA to promote
processivity and strand displacement of pol f on TNR tracts will solidify these
conclusions. Furthermore, we observed a periodic pattern during multinucleotide
incorporation of the repeat tract, which suggests pausing by pol 3 at each A within the
repeat; one likely explanation for this pause pattern is the presence of intramolecular

hairpins within the TNR region. Future structural characterizations of the repeat
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construct will provide insight into the presence of these structures. Moreover, future
studies examining pol § multinucleotide incorporation on other TNR tracts implicated in
the multitude of TNR disorders may provide insight into this pausing pattern and

increased processivity seen in these dynamic regions.
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5.1 Conclusions and Future Work

In this work, we have examined the kinetics of some of the major players in the
DNA base excision repair (BER) pathway, including the DNA glycosylase oxoguanine
glycosylase (OGG1), apurinic/apyrimidinic endonuclease (APE1), and polymerase {3 (pol
B). By performing transient-state and steady-state kinetic experiments, we have gained
insight into the substrate specificity of each enzyme as well insight into the coordination
that occurs between enzymes. Such information is valuable in understanding the diseases
and disorders that arise during deficiencies or incorrect processing during the BER
cascade.

Our kinetic work on APEI1 provided us with vital insight into the processing of
the authentic AP site along with commonly used AP site analogs. Notably, we report that
the transient-state strand incision activity rate for APE1 processing the authentic AP site
in the presence of the biologically relevant Mg*" is > 700 s™'; we were limited by the
resolution of the rapid quench instrument. This rate makes APE1 chemistry the fastest of
any BER enzyme to date, and the development of a faster quenching technique would be
needed to obtain a more quantitative rate. Moreover, rapid quench kinetic techniques
allowed us to observe differences in the way APEI processed the tetrahydrofuran (THF)
site compared to the authentic and reduced AP sites; the THF site lacks the C1'-OH group
and is locked in the ring-closed conformation, while both the authentic AP and reduced
AP sites contain the CI1'-OH group and have a ring-opened flexible conformation.
Notably, THF site containing DNA was used to obtain all current APE1 x-ray crystal
structures, and therefore much of our knowledge regarding the amino acids present

within the active site pocket, and the amino acids involved in DNA orientation and
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stabilization, are gleaned from structures of APE1 bound to the THF site (/,2). The
differences seen in strand incision activity of APEI1 incising the THF site versus the
authentic site suggest these sites may be oriented differently within the active site pocket;
therefore, many of the amino acids thought to stabilize the THF site may not stabilize the
authentic AP site. Moreover, APE1 is currently a chemotherapeutic target, with the aim
to inhibit APE1 activity in cancer cells and cause a disruption in AP site processing,
leading to cellular apoptosis (3, 4). Therefore, in order to develop optimal APEI1
inhibitors, a correct and complete picture of the APE1 active site is needed.

As discussed within the introduction, a vast array of analogs have been used to
reveal the mechanism of monofunctional and bifunctional glycosylase enzymes,
therefore, while some analogs may not entirely mimic an authentic substrates binding or
processing, they can be helpful in understanding which features of a substrate are
necessary for enzyme activity (5-7). In future work, it would be beneficial to further
examine the effects of a wide range of AP site analogs on the strand incision activity of
APEl. Such structures would contain either a C1'-OH group or a ring-opened
conformation, and may help to solidify the features necessary for optimal strand incision
activity. For example, we envision the use of an AP site analog with a five-membered
carbon ring containing the C1'-OH group; while this structure contains the C1'-OH, it
would lack the ring-opened flexible conformation that both the authentic and reduced AP
sites afford. Furthermore, we hope to perform kinetic and binding experiments on the
various AP site-containing DNA using a variety of APE1 mutants that would help us
identify the amino acids that play a role in binding and catalysis. For example, using

electrophoretic mobility shift assays (EMSA) and site-directed mutagenesis in which
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asparagine 212 within APE1 was mutated to a glutamine, N212 was implicated in
stabilizing the authentic AP site (§). We envision using the N212Q mutant in both EMSA
and kinetic studies on our AP site analogs to gain further insight into the role this specific
amino acid plays in binding and catalysis of APEI.

By performing various kinetic studies of OGG1, APE1 and pol B processing their
prototypic substrate within a CAG repeat DNA construct, we have gained significant
insight into the toxic oxidation cycle (TOC) proposed for the expansion of these repeat
tracts (9,/0). This expansion is the molecular mechanism for the neurological disorder
Huntington’s disease (HD) (9). We have shown that OGG1 will excise an 8-0x0-7,8-
dihydroguanine (80x0G) lesion at the same rate, ~ 55 min™', from both CAG repeat and
mixed-sequence duplex constructs, and furthermore observed a coordination with APE1
to stimulate OGG1 product release from both repeat and mixed duplex constructs. Such
results imply that BER is initiated equally as well within a CAG repeat compared to
within the well-studied mixed sequence context. Furthermore, due to the fact that both
OGG1 and APEI correctly processes CAG repeat DNA, it is unlikely that action of these
enzymes are responsible for the altered repair carried out on the repeat constructs by
latter BER enzymes; the action of the latter BER enzymes must be contributing to the
expansion mechanism.

We continued our kinetic experiments by comparing single-nucleotide and
multinucleotide incorporation by pol B on CAG and mixed-sequence constructs. It is
important to recall that within the context of BER, pol f can incorporate a single
nucleotide in short-patch (SP) BER, or multiple nucleotides in long-patch (LP) BER;

importantly, procession down LP-BER by pol B within the context of CAG repeats is
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thought to lead to latter expansion of the repeats (9,7/1). Kinetics examining the single-
nucleotide incorporation rate of dGTP by pol 3 also revealed similar processing on CAG
repeat and mixed-sequence constructs. Pol f incorporated dGTP at the same rate, ~ 5 5™,
as well as dissociated from both constructs at the same rate, ~ 2.5 s'. Therefore, we do
not observe differences in what would be a SP-BER event for pol § processing mixed and
repeat constructs. We further examined multinucleotide incorporation by pol  on mixed
and repeat constructs, and notable differences were observed. First, pol B incorporated
more nucleotides on repeat tracts compared to mixed-sequence constructs. Second, pol
had increased strand-displacement activity on repeat constructs compared to the mixed
constructs. Finally, a periodic pausing pattern at each adenine within the repeat tract was
observed during pol  multinucleotide incorporation of the CAG repeat DNA. These
results suggest that when all four dNTPs are present, in contrast to the single dGTP
present in single-nucleotide assays, pol B treats the CAG repeat tracts differently than
mixed-sequence DNA. The work performed here suggests the increased multinucleotide
incorporation and increased strand displacement activity of pol § on CAG repeat tracts
may likely be the root of progression down LP-BER versus SP-BER in the context of
BER on CAG repeat tracts.

As discussed in the previous chapters, in vivo BER is a well coordinated event
including many players, such as APE1, pol 8, Flap Endonuclease 1 (FEN1), DNA Ligase
I (Ligl), and proliferating cell nuclear antigen (PCNA) (/1-14). Future single-nucleotide
and multinucleotide incorporation studies with the presence of these various players may
reveal other differences in the processing of CAG repeat DNA compared to mixed-

sequences by pol . Furthermore, careful structural characterization of our DNA
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sequences will provide insight into the possibility of hairpin formation within the repeat
tract. Moreover, we have already synthesized a series of DNA constructs, identical to the
3-strand 22mer:77mer:100mer mixed and CAG repeat constructs used in our pol
experiments, except the 5'-phosphate present on the 77mer has been replaced with a 5'-
THF group. The THF site is known to force LP-BER in the context of mixed-sequence
DNA (/1,15). We envision performing single-nucleotide and multinucleotide
experiments on 5'-THF containing CAG repeat and mixed-sequenced constructs to
observe how this structure will affect the processivity and strand displacement activity of
pol . Current work is being done in our lab to obtain the kinetic parameters of FEN1
and Ligl in processing CAG repeat DNA constructs. Ultimately, we aim to obtain a full
kinetic picture of the processing of CAG repeat constructs within the TOC, to pinpoint
where the repair is going awry, and consequently leading to the expansion. Such
information would be critical to developing therapeutics to prevent the expansion of the
DNA.

Importantly, there is currently no cure for HD, and no way to stop to progressive
expansion of the repeat tracts within the DNA. HD patients are typically given dopamine
blockers, such as amantadine and tetrabenazine, which aim to reduce the jerky
movements that result from the neurodegeneration caused by the accumulation of the
mutant huntingtin protein (/6,/7). More recently, the accumulation of the mutant
huntingtin protein has been shown to cause a disregulation in gene transcription, thought
to occur by causing a decrease in levels of histone acetyl transferases (HATs), eventually
leading to neuronal death (/8,79). HATs are enzymes responsible for acetylating histone

proteins; these proteins package and order DNA into chromatin. HATs work in concert
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with histone deactyl transferases (HDACs) to modify chromatin and regulate gene
transcription. A currently study uses the HDAC inhibitor suberoylanilide hydroxamic
acid, SAHA, in an HD mouse model, to prohibit the deacetylation of histone proteins by
HDACSs to minimize the effects of the disregulation of HATS by the mutant huntingtin
protein (20,21). Surprisingly, the motor functions of the HD mouse model were
significantly improved in the presence of SAHA. The use of HDAC inhibitors is
currently a major focus for HD treatment. Unfortunately, such drugs described above
treat symptoms of HD, and do not address the prevention of DNA expansion; such a
therapeutic would essentially be the holy grail for HD patients.

It is important to emphasis, that within the context of BER occurring in the CAG
repeat tract of the huntingin gene, pol P is incorporating multiple nucleotides; the
experiments in this work suggest it is the increased strand displacement and
multinucleotide incorporation activity of pol B on the repetitive tracts that leads to LP-
BER. Therefore, a therapeutic that aims to prevent multinucleotide incorporation by pol
may prevent the expansion. Interestingly, a 2004 study identified a novel role for the
tumor suppressor protein, adenomatous polyposis coli (APC), in blocking pol (-
dependent LP-BER (22). APC is responsible for regulating DNA replication and cell
division. A PCNA-like binding motif was identified on APC that was shown to bind pol
B. Furthermore, in vitro studies incubating a 63 base pair (bp) mixed-sequence duplex
DNA construct with a THF site at the 23" bp, with APE1, pol B, and all four dNTPs, saw
the incorporation of 2-7 nucleotides by pol B, confirming multinucleotide incorporation
by the polymerase. Interestingly when APC was added to the incubation, only the

incorporation of a single nucleotide by pol B was observed, suggesting complete
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inhibition of pol B-dependent LP-BER by APC. Furthermore, the presence of FEN1 and
Ligl were unable to remove the block created by APC (22). More recent studies revealed
the ability of APC to block entry of FENI into the nucleus, providing further evidence
that APC plays a role in regulating LP-BER (23). In future studies, examining the ability
of APC to prohibit LP-BER in the case of pol f processing CAG repeat DNA would be
exciting. If APC could effectively prevent multinucleotide incorporation by pol £, this
could prevent the ligation of excess CAG repeats by Ligl, preventing the expansion of
the CAG repeat tract.

Finally, it is worth noting that the experiments performed within this work were
done on oligonucleotides in solution to understand how each BER enzyme works alone
and in coordination with one another at the most basic level. As presented above, DNA
within the cell is packaged along with histone proteins to create chromatin. Performing
similar BER kinetic studies on DNA packaged within chromatin may provide another

level of understanding of the BER cascade, and the toxic oxidation cycle.
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