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CHAPTER |

INTRODUCTION

The double-stranded DNA (dsDNA) carries genetic information for all living cells.
Its accurate translation into proteins through RNA intermediate successfully passes the
genetic code to downstream events controlling cell metabolism, development and
reproduction. Therefore the integrity and stability of dsDNA are essential to life (Lodish
et al, 2000). However, DNA is vulnerable to damage from endogenous metabolites,
environmental carcinogens and genotoxic cancer therapeutics. The damaged DNA
gives rise to a variety of deleterious gene mutations and chromosomal damage, and
potentially leads to inherited disease, oncogenic transformation or even cancer
progression (D’Andrea, 2014). Multiple DNA damage repair pathways and proteins have
evolved to protect against the toxic and mutagenic DNA lesions (Wood, 1996).
Revealing the mechanism of the DNA damage repair pathway and relevant proteins is
crucial to understand how deficiencies in DNA repair affect cancer progression, and
provides insight for specific therapies by tailoring treatment to patients. In this chapter, |
will review various types of DNA damage and their corresponding repair mechanisms

with a focus on alkylation damage and repair.

Sources of DNA Damage
History of DNA Discovery and Characterization
In the 1860s, the Swiss chemist Johann Friedrich Miescher first isolated "nuclein”

inside the nuclei of human leucocytes, which showed resistance to protease digestion



(Miescher-Rusch, 1871). In 1881, the German biochemist Albrecht Kossel found that
nuclein is composed of adenine (A), thymine (T), guanine (G), cytosine (C) and uracil (U)
(Kossel, 1879). Nuclein was renamed DNA and RNA, which are accepted as their
present chemical names. In the early and mid-1900's, the Canadian-American physician
Oswald Avery established that DNA is the hereditary material, and the Austrian
biochemist Erwin Chargaff and others found although the chemical composition differs
among species, the total amount of purines (A and G) equals to the total amount of
pyrimidines (C and G) (Chargaff et al, 1950; Tamm et al, 1952). Based on the previous
work along with the X-ray crystallography diffraction by English researchers Rosalind
Franklin and Maurice Wilkins in 1953 (Franklin & Gosling, 1953), Watson and Crick
elucidated the 3-dimensional model of DNA, which is an antiparallel double-stranded
helix (Watson & Crick, 1953). Neighboring nucleosides are linked by phosphodiester
bonds and two DNA strands are held together by hydrogen bonds of pairs of bases (A
and T, C and G). Determining the DNA structure has allowed for many other
breakthroughs to be made, including the discovery of semiconservative DNA replication,
the central dogma of molecular biology, use of recombinant DNA in protein production,
as well as DNA sequencing (Dahm, 2005). Today, it is still considered very important to
elucidate how DNA maintains its functions and how DNA repair proteins maintain DNA
structure.

Eukaryotes and prokaryotes are the two major classes of living organisms.
Prokaryotes carry circular DNA in the cytoplasm, while eukaryotic DNA is stored in a
nucleus and the linear DNA is wrapped around nucleosomes to form chromosomes

(Fuerst, 2010). The integrity of DNA is challenged by endogenous, environmental, and



pharmaceutical factors, which lead to accumulation of a variety of DNA damage
including base adducts, intra- and inter-strand crosslinks, base mismatches and strand
breaks (Figure 1). DNA damage needs to be specifically and efficiently repaired to
maintain proper cellular metabolism and the inheritance of genetic information. Defects
in DNA repair may cause a number of small mutations or large chromosome
perturbations, which may subsequently result in cell death of unicellular organisms, or
cancer or degenerative diseases in multicellular organism (Figure 1). However, the
induced deleterious effects of DNA damage may serve as a target for development of

therapeutics and genetic diversity (Curtin, 2012).

a Endogenous Enviromental Pharmaceutical

AYAANV/ANS/ANVZANV/AN\V/ANV/A\V/AN

Small base modification  Bulky DNA adduct ICL Base mismatch  Protein-DNA crosslink,
SSB and DSB

Block in transcription Block in replication

Figure 1. DNA damage and consequences. DNA damage results from endogenous,
environmental, and pharmaceutical sources. The damage varies from small base
modifications, bulky base adducts, interstrand crosslinks (ICLs), mismatched bases, to
single-strand DNA breaks (SSBs) and double-strand breaks (DSBs). If left unrepaired,
DNA damage can cause mutations in genomic DNA, and lead to cytotoxic effects on
cellular metabolism by blocking DNA transcription or replication. [Adapted from (Roos et
al, 2016)]



DNA Damage from Replication and Physiological Hydrolysis

The majority of DNA base damage arises from endogenous and environmental
sources. Physiological processes include the introduction of errors during DNA
replication, spontaneous base deamination, and modified bases caused by reactive
metabolites (Pray, 2008).

Human cells replicate their DNA with high fidelity enzymes, which not only has
high base selectivity but can also proofread for errors (McCulloch & Kunkel, 2008).
However, DNA damage such as base substitutions, single base insertion, and deletion
errors accumulate at a frequency of 1076 to 1078 per cell per generation (Nachman &
Crowell, 2000). Approximately 5 x 10'° to 7 x 10° cells are replicated in the human
body per day with an average of 3.3 x 10° base pairs of DNA in the haploid genome
(Bianconi et al, 2013). Given the enormous amount of DNA bases, misincorporated
nucleotides are a major source of spontaneous mutagenesis, which can deleteriously
affect cellular function. Apart from high-fidelity polymerases, topoisomerases catalyze
strand scission to release superhelical tension during replication and transcription, and
can also potentially cause strand breaks (Vos et al, 2011).

In addition to replication errors, spontaneous DNA damage, such as
spontaneous deamination and depurination or depyrimidination, can lead to base
substitution in cells. Deamination occurs where A, C, G, 5-methylcytosine (5mC) are
converted to hypoxanthine (Hx), uracil (U), xanthine, and thymine respectively (Figure
2b) (Griffiths AJF, 2000). The deamination of cytosine alters base pairing from CG to
UA, resulting in CG to TA transition mutations during DNA replication. 5mC in human

cytosine-guanine (CpG) islands constitutes a hotspot for mutations. Deamination of



5mC to thymine results in a C to T transition which is responsible for one-third of
hereditary diseases (Ehrlich et al, 1990; Holliday & Grigg, 1993). UV sunlight and
intercalating agents such as mitomycin C enhance base deamination (Tommasi et al,
1997).

Abasic or AP (apurinic/apyrimidinic) sites (Figure 2a) arise naturally from
physiological hydrolytic processes, such as spontaneous hydrolysis of N-glycosidic
bond, nucleobase adduct removal by the base excision pathway, or reactive oxygen
species in cells. Depurination is more frequent than depyrimidination due to decreased
stability of the purine N-glycosidic bond (Lindahl, 1993). AP sites block DNA replication
and transcription, and can rapidly convert into single strand breaks (SSBs) (Boiteux &

Guillet, 2004).

DNA Damage from Cell Metabolites and Environmental Radiation

Metabolism generated free radicals and other reactive species may induce
spontaneous DNA damage, such as oxidization, alkylation and hydrolysis. For example,
excessive reactive oxygen species cause deleterious oxidative DNA damage that is
associated with the various human diseases like Alzheimer’s and chronic inflammatory
diseases (Kerksick & Zuhl, 2015). The electrophilic radicals react with DNA bases,
elevating the level of 7,8 dihydro-8-oxoguanine (8-oxo-G) (Figure 2b), which generates
double-strand DNA breaks (dsDNA) during replication, or causes GC to TA transversion
by incorrectly pairing with adenine (Kryston et al, 2013). Thymine glycol, another major

oxidation lesion, severely blocks eukaryotic DNA polymerases (Yoon et al, 2010).
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Figure 2. Common base lesions and abasic DNA. a, Nucleobases and alkylation sites.
Major sites of N- and O-methylation are delineated with red and green arrows
separately. b, Deaminated DNA bases. ¢, Two forms of abasic DNA: the closed sugar
ring hemiacetal (left) and the open aldehyde (right) structures. d, Primary oxidation
lesions. e, N-methylated and O-methylated nucleobases. [Adapted from (Chatterjee &
Walker, 2017)]



Radiation is one of the most common environmental sources of DNA damage.
Ultraviolet (UV) radiation is a non-ionizing type of radiation, while ionizing radiation (IR)
emits high-energy particles, which induces atom ionization (Reisz et al, 2014). UV
radiation causes deleterious effects on DNA by producing reactive oxygen species, or
covalently crosslinking pyrimidines (Yagura et al, 2011; Yu & Lee, 2017). Our skin, as
the first barrier against UV radiation, can develop skin cancer by exposure to UV-A
(320-400 nm) and UV-B (290-315 nm) light (Mouret et al, 2006). UV-C (190-290 nm) is
widely used in the laboratory due to its high absorption by DNA. Cyclobutane pyrimidine
dimers (CPDs) and pyrimidine (6-4) pyrimidone photoproducts (6-4 PPs) are two types
of DNA damage caused by UV radiation. These bulky lesions distort DNA structure,
which results in blocking of DNA replication and transcription (You et al, 2001).
Replication of these photoproducts by TLS polymerases will potentially lead to
mutations. These lesions are cytotoxic if left unrepaired and not bypassed (Weber,
2005). Apart from UV radiation, IR is an important environmental source of DNA
damage present in our daily lives. It directly reacts with DNA or attacks DNA via reactive
oxygen and other species. The lesions are similar to those generated from endogenous
reactive metabolites. Moreover, IR may lead to more toxic single-strand breaks (SSB)
and double-strand breaks (DSB). UV and IR induced DNA damage may transform
normal cells into rapidly proliferating cancer cells, and cause various cancers (Behjati et
al, 2016). Despite harmful consequences, IR at low doses is used in computed

tomography (CT) scanning and radiotherapy as diagnostic and cancer treatment tools.



DNA Damage from Exogenous Alkylation Agents

A variety of exogenous damage results from environmental alkylating and
oxidizing agents, which include chemotherapeutic drugs, laboratory agents and tobacco
smoke (Figure 2e). The exogenous alkylating agents are widely present in air, water,
plants and food, and produce a variety of base modifications, and most commonly,
methylated bases (Chakarov et al, 2014). Alkylating agents, which were among the
earliest cancer therapies, are classified into five major categories: alkyl sulfonates,

nitrosoureas, nitrogen mustards, triazines, and ethylenimines (Colvin, 2003).

H H H H _ H H X: H
X:- \ / Y:- ‘ L Y:- \ / -
H—‘ X—>— " — H_‘C:Y H—| X Y. (|3 ————— X —» H—(‘:--Y
H IL H H H H
SN1 Mechanism SN2 Mechanism

Figure 3. Mechanisms of Sn1 and Sn2 nucleophilic substitution. In Sn1 reaction, a
carbenium ion intermediate is generated following by being attacked by the nucleophile
from either side. In SN2 reaction, a transition state is formed with both leaving group and
nucleophile engaged. [Adapted from (Nay & O‘Connor, 2013)]

The nucleophilic oxygens and nitrogens on the nucleobase are very sensitive to
electrophilic attack and prone to modification by alkylating agents. The alkylation
reactions proceed via either an Sn1 mechanism, which involves a positively charged
carbonium ion intermediate, or an Sn2 pathway, which has both a nucleophile and an
electrophile in the transition state (Figure 3) (Miller & Miller, 1981). Methyl
methanesulfonate (MMS) and methylnitrosourea (MNU) are commonly used mutagens

in research for generating mutagenic and cytotoxic methylated bases by react at N7 of

guanine and N3 of adenine. The unstable 7-methylguanine (7mG) and N3-methyladnine



(83mA) are prone to spontaneous AP site generation or formamidopyrimidine formation.
These lesions may subsequently inhibit DNA replications. In addition to 7mG and 3maA,
MNU treatment induces oxygen adducts, such as OSf-methylguanine (O%-mG),
potentially causing mutations in DNA. Because of multiple reactive sites on the
nucleobases, phosphates, N1, N6 and N7 of adenine, N1, N2, and N3 of guanine, N3,
N4 and O2 of cytosine, and N3, O2 and O4 of thymine can be modified as well (Figure
2a). The lesions occur in both ssDNA and dsDNA. As N1-adenine and N3-cytosine are
less reactive because they participate in hydrogen-bonding in dsDNA, levels of these
modifications are lower in dsDNA and higher in ssDNA and RNA (Table 1) (Nay &
O‘Connor., 2013; Wyatt & Pittman, 2006). Since alkylating agents serve as an important
type of chemotherapy and have a long history of use, our study has been focusing on

understanding alkylating damage and its repair.

Table 1. Percentage of alkylated damage [Adapted from (Nay & O‘Connor, 2013)]

Alkylating Agent MMS (Sn2) MNU (Sn1)
Alkylation SSDNA dsDNA ssDNA dsDNA

1ImA 18.0 3.8 2.8 /
3mA 14 104 2.6 9.0
7TmA 3.8 1.8 1.8 1.7
3mG 1.0 0.6 0.4 0.8
0%-mG / 0.3 3.0 6.3
mG 68.0 85.0 69.0 67.0
0O%-mT / / / 0.1
3mT / 0.8 / 0.3
0%mC / / / 0.4
0%-mC / / / 0.1
3mC 10.0 <1.0 2.3 0.6




Bifunctional alkylating agents, like nitrogen mustards, can also cause intra- and
inter-strand crosslinks (ICLs) (Kohn et al, 1966). The cytotoxicity is significant as the
crosslinking agent reacts with two sites on DNA, therefore the normal DNA activity is
severely influenced. Similarly, crosslinking agents such as cisplatin and psoralen
intercalate in DNA and cause ICL (Lopez-Martinez et al, 2016). These highly potent
agents are used as chemotherapeutics in treatment of solid tumor and leukemia (Deans
& West, 2011). However, due to the weak specificity for tumor cells, cancer treatment
using DNA damaging drugs usually has severe side effect for patients. To prevent side
effects, antibody-drug-conjugations (ADCs) are the emerging new therapies for cancer
and other diseases (Kovtun & Goldmacher, 2007). For example, SYD985, in which the
alkylating agent duocarmycin bearing an imidazo (1,2-a) pyridine-based DNA binding
unit is conjugated to the anti-HER2 antibody trastuzumab, was highly effective and
selective for multiple human cancer cell lines and increased stability in human plasma. It
has been selected for Phase I clinical trials (Black et al, 2016).

DNA can also be damaged by exogenous polycylic aromatic hydrocarbons
(PAHSs) containing two or more aromatic rings, other reactive electrophiles, and toxins.
These bulky lesions potentially interfere with DNA replication and transcription,

therefore inducing cell death or tumorigenesis (Korsh et al, 2015).

Overview of DNA Repair Pathways
DNA lesions result from both endogenous and exogenous toxicants, which
potentially lead to genomic instability and apoptosis, cancer, or neurological

degeneration (Hakem, 2008). Multiple DNA repair pathways have evolved in cells in
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response to the frequent challenge of DNA damage. Base excision repair (BER),
nucleotide excision repair (NER), direct reversal repair, double strand break repair and
interstrand crosslink repair are the most common DNA-repair pathways. Although
different pathways are usually associated with specific types of lesions, these processes
are highly coordinated to balance the fidelity and efficiency of DNA repair. BER, direct
reversal repair, and NER will be reviewed here as our study on BER reflects the cross-

talks between these pathways.

Base Excision Repair

Base excision repair (BER) is the predominant pathway to repair small base
adducts. This pathway includes short patch and long patch subpathways, which are
initiated by a DNA glycosylase specifically recognizing and excising the damaged base

from the DNA backbone (Figure 4).
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Figure 4. Base excision repair. The majority of small base modifications are repaired by
base excision repair (BER). DNA glycosylase excises the damaged base and generates
an abasic site. AP endonuclease (APE) and AP lyase incise the DNA backbone
followed by the incised backbone processed by either long-patch or short patch BER to

fill the gap and ligate the nicked strand. [Adapted from (Krokan, 2013)]

Short patch BER replaces one single nucleotide. In the case of monofunctional
DNA glycosylases, an abasic site is generated upon cleavage of the N-glycosidic bond.
The AP endonuclease 1 (APE1) processes the AP-DNA and leads to a one-nucleotide
gap with a 5' phosphate and a 3' hydroxyl (Figure 4 and Figure 5a). But bifunctional

glycosylases, which contain AP lyase activity in addition to base excision, cleaves the
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phosphodiester backbone through B-elimination or [, &-elimination (Figure 4 and
Figure 5b). The product is further processed to produce a one nucleotide gap with a 5'
phosphate and a 3' hydroxyl group. DNA polymerase and XRCC1/DNA ligase Il
complex incorporate the nucleotide and ligate the nicks. In contrast to the one
nucleotide replacement reaction in short patch BER, in long-patch BER the nick
generated by APE1 next to the AP site recruits polymerase [, polymerase 0O,
proliferating cell nuclear antigen (PCNA) and replication factor C (RFC), which
synthesize a DNA fragment of 2-13 nucleotides. Flap endonuclease FEN1 removes the
flapped substrate and the nick is ligated by LIG1 and PCNA (Figure 4) (Kim & M Wilson
I, 2012; Krokan & Bjaras, 2013; Robertson et al, 2009; Schermerhorn & Delaney,

2014).

a Monofunctional DNA glycosylase
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b Bifunctional DNA glycosylase
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Figure 5. Monofunctional and bifunctional DNA glycosylases. Nucleobase is cleaved by
monofunctional (a) and bifunctional (b) DNA glycosylases. Bifunctional glycosylase
contains AP lyase activity, cleaves the phosphodiester backbone through [B-elimination
or B, &-elimination in addition to N-glycosidic bond cleavage.
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Direct Reversal Repair

Direct reversal repair is an error-free pathway to eliminate DNA and RNA
damage without using a nucleotide template, phosphodiester backbone breakage or
DNA synthesis. There are two major types of direct reversal repair approaches: repair of
alkylation damage by OS-alkylguanine-DNA transferases and the AIkB family of
dioxygenases, and repair of UV radiation-induced photolesions by photolyases (Eker et
al, 2009; Mishina et al, 2006).

Transferase and dioxygenase direct reversal pathways protect against the
deleterious effects of alkylating agents. One pathway involves the transfer of the alkyl
group from the modified oxygen of O8-methylguanine (O%-mG) to a cysteine residue in
the catalytic site of O®-methylguanine-DNA methyltransferase. The active site cysteine
is irreversibly converted to methylcysteine, followed by the degradation of the enzyme.
O%-methylguanine-DNA methyltransferases have been identified in bacteria, archea,
and eukaryotes (Mitra, 2007). E. coli adaptive response protein Ada is the bacterial
homolog of O%-methylguanine-DNA methyltransferase. The C-terminal domain of Ada
transfers the methyl group of O%-mG to Cys321 while the N-terminal domain of Ada
transfers the methyl group of DNA backbone methylphophotriesters to Cys38. Upon
methylation of Cys38, Ada controls the adaptive response by binding to the ada operon
and upregulating the expression of Ada, AIkA, AIkB, and AidB (Figure 6). The
mammalian homolog of Ada is MGMT (O®8-methylguanine DNA methyltransferase) (Yi &
He, 2013). Decreased expression of MGMT as a result of epigenetic inactivation
contributes to primary human neoplasia (Feinberg et al, 2006). Besides Ada, another
Of-alkylguanine DNA alkyltransferase is Ogt (O-linked B-N-acetylglucosamine

transferase), which is constitutively expressed in E.coli to safeguard the genome
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against low levels of methylation damage (Wilkinson et al, 1989). AGT
(alanine/glyoxylate aminotransferase) is the mammalian homolog of Ogt with slightly

different substrate specificity (Fang et al, 2010).

o
e
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DNA—O O—DNA r alkA
06-methylguanine C-Ada \ » | C-Ada-Cys321-S-CH; _I: aidB
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Figure 6. Direct reversal repair in E.coli. O%-methylguanine and methylated DNA
backbone are repaired by E.coli Ada DNA methyltransferase. Both the C- and N-
terminal domains of Ada are involved in transferring methyl groups. C-Ada transfers the
methyl group from O°-MeG to Cys321 while N-Ada transfers the methyl group from DNA
backbone methylphophotriesters to Cys38. Cys38 methylation increases the expression
of Ada, AIKA, AlkB, and AidB. [Adapted from (Sedgwick, 2004)]

The a-ketoglutarate/iron(ll)-dependent dioxygenase E.coli AlkB mediates the
other alkylation direct reversal repair pathway, which involves oxidative demethylation of
N1-methyladenine (3mA) and N3-methylcytosine (3mC) (Pray, 2008; Trewick et al,
2002). Together with Fe(ll) and a-ketoglutarate (aKG), AIkB oxidizes the modified
nucleobases, followed by formaldehyde release and the nucleobase regeneration.
Because the N1 and N3 positions of adenine and cytosine are involved in base pairing,
these positions are less modified in dsDNA than ssDNA and single-strand RNA
(ssRNA). E.coli AIkB prefers 1mA and 3mC in ssDNA and ssRNA over dsDNA. In

addition to simple methyl adducts, AlkB has activity for etheno lesions. Compared with
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E.coli AlkB, the mammalian AlkB homologs ALKBH1-8 and FTO (fat mass and obesity
associated protein) exhibit a more diverse range of substrate specificity (Fedeles et al,

2015).

Nucleotide Excision Repair

Nucleotide excision repair (NER) is an important repair pathway that exists from
bacteria to eukaryotes. It is a multistep process that repairs photoproducts, such as
CPDs and 6-4 PPs caused by UV radiation, and bulky lesions induced by mutagens or
chemotherapeutic agents (Hu et al, 2015). Regardless of the source of the damage in
prokaryotes or eukaryotes, NER detects and repairs the lesion through damage
recognition, incision, excision, and gap filling. In bacteria, the lesion is detected by
UvrA2 and proofread by the UvrA2UvrBi complex. Upon recognition and DNA duplex
unwinding, UvrA is released from the complex, with UvrC subsequently recruited to
UvrB. UvrC binding enables the incision of a fragment more than 10 nucleotides long
flanking the damaged site (Hu et al, 2017). UvrB and UvrC hand over the nicked DNA to
UvrD and DNA polymerase | to excise the damaged fragment and synthesize a new
fragment using the complementary strand as a template. DNA ligase seals the nick
(Kisker et al, 2013). In eukaryotes, NER is initiated by either global genomic NER (GG-
NER), which eliminates helix-distorting lesions, or transcription-coupled NER (TC-NER),
which allows gene expression by removing lesions that block transcription. GG-NER is
initiated by the NER complex scanning through the genomic DNA and detecting the
helix-distorting elements, while TC-NER is induced only when RNA polymerase Il is
blocked by a lesion in the template strand and the transcription pauses (Scharer, 2013).

NER and cancer are closely related. Mutations in NER proteins have been shown to
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cause Xeroderma pigmentosum (XP), an autosomal recessive disease in which
deficiency in DNA repair of UV damage leads to skin carcinogenesis (Shuck et al, 2008).

Double strand break repair (DSBR) and mismatch repair (MMR) are also
important repair pathways to cope with DNA lesions that arise from different sources.
Highly deleterious DSBs caused by ionizing radiation or reaction intermediates in DNA
repair lead to cell death or cancer. There are two major pathways to repair DSBs:
nonhomologous DNA end joining (NHEJ) and homologous recombination (HR) (Chu,
1997). NHEJ is a less conservative pathway using Ku protein to recruit enzymes to the
broken strand that promotes the joining of DNA ends (Lieber, 2010). HR is an error free

pathway which utilizes the homologous newly replicated DNA (Jasin & Rothstein, 2013).

Alkylpurine DNA Glycosylases

Base excision repair is present in all domains of life. The proteins of this pathway
recognize and repair the damaged nucleobase from the phosphodeoxyribose backbone
by DNA glycosylase that specifically hydrolyzes the N-glycosidic bond. The resulting
abasic site is nicked by AP endonuclease to generate a 3-hydroxyl substrate for gap
repair synthesis by a DNA polymerase (Fromme & Verdine, 2004). DNA glycosylases
that repair alkylated bases belong to four structural superfamilies: Helix-hairpin-Helix
(HhH), human alkyladenine DNA glycosylase AAG, HEAT-like Repeat (HLR) DNA
glycosylases (reviewed in Chapter 1V), and Helix-turn Helix_42 (HtH_42, Pfam 06224)
(Brooks et al, 2013; Mullins et al, 2017b). Alkylpurine DNA glycosylase is also called 3-
methyladenine (3mA) or methylpurine DNA glycosylase, because 3mA is the first

identified alkylation substrate (Lindahl, 1976). As expected, the DNA binding surface of
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alkylpurine DNA glycosylase bears positive charge, as a feature of high affinity for
negatively charged DNA substrates. Despite distinct glycosylase architecture, most of
the glycosylases employ a base flipping mechanism (Krokan & Bjgras, 2013). In the
traditional base-flipping model, the damaged base is flipped out of DNA helix and into
the enzyme’s active site. The base is typically recognized in this pocket through either
shape complementarity or specific contacts with either the lesion or the base opposite
the lesion. Meanwhile, the intrahelical base gap is filled and stabilized by specific side
chains from the enzyme, which places a sharp kink in the DNA (Kim & M Wilson lll,
2012). Therefore, the substrate specificity differs remarkably because of structure
complementation and the stability of the N-glycosidic bond (Adhikary & Eichman, 2011;
Lau et al, 2000). This thesis will describe a new type of glycosylase that acts differently
than any previously studied glycosylase, so it is important to understand the molecular
basis of how the canonical alkylpurine DNA glycosylase accurately discriminates its

substrate against undamaged bases and other lesions.

Human Alkyladenine DNA Glycosylase Superfamily

Human AAG (also known as MPG) catalyzes the removal of a diverse range of
alkylated nucleobases, not only induces cationic 3mA and 7mG, but neutral lesions
such as 1,N6-ethenoadenine (¢A), N2,3-ethenoguanine (¢G) and hypoxanthine (Hx)
(O'Brien & Ellenberger, 2004a). AAG plays an important role in methylation repair as it
is the only 3mA glycosylase in some major tissues. Aag-deficient mouse cells are

sensitive to alkylating agents (Engelward et al, 1997). Although AAG has activity for 8-
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oxo-guanine (8oxoG), the majority of 8-oxoG lesions are repaired by 8-oxoguanine DNA

glycosylase 1 (OGG1) (Bruner et al, 2000).

Figure 7. Structure of AAG. Structure and active site of AAG E125Q mutant in complex
with 1,N6-ethnoadenine (¢A) DNA (PDB 1EWN) are shown from left to right. The protein
is colored grey, DNA gold, éA magenta, and nucleotide opposite lesion green. The
active site residues are shown as grey sticks.

The structure of human AAG represents a unique fold with no similarity to the
other DNA glycosylases. The single domain human AAG is composed of mixed a
helices and 3 sheets (Figure 7) (Lau et al, 1998). In search for the aberrant bases, AAG
diffuses along DNA to detect and repair them. During the lesion capture process,
transient kinetic experiments of AAG with €A suggested two steps involved: the first step
is formation of the initial recognition complex between partially unstacked €A and AAG,
and the second step is formation of the stable recognition complex between fully
flipped-out €A and AAG (Hendershot & O'Brien, 2017; Lau et al, 2000). In addition, €A

flipping is highly favorable compared to normal bases (Hendershot & O'Brien, 2014; Lau

et al, 2000).
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In the catalytically competent conformation, DNA is only modestly bent (Lau et al,
2000). B3pB4 of AAG inserts into the DNA minor groove. Tyrl62, the residue at the tip of
the B hairpin, is intercalated into the void generated by the flipped base to stabilize the
duplex DNA and prevent reinsertion of the damaged base back into the DNA
(Hendershot & O'Brien, 2017). Glul25 deprotonates the nucleophilic water to attack the
anomeric C1' carbon for N-glycosidic bond cleavage via Sn2 mechanism. Argl82
stabilizes the nucleophilic water and the lesion via hydrogen bonding. The flipped-out
nucleobase is stacked between Tyrl59 and Tyrl27. To discriminate against normal
nucleobases, His136 is hydrogen bonded with N6 of €A, while the undamaged DNA
lacks the capability to form this bond. Additionally, Asn169 clashes with N2 of guanine
(Figure 7) (Lau et al, 2000). In the presence of the downstream endonuclease APEL,

AAG will be displaced and released from the product.

Alkylpurine Helix-Hairpin-Helix Superfamily

The helix-hairpin-helix (HhH) superfamily of DNA glycosylases are widely
distributed in all domains of life (Denver et al, 2003). They specifically recognize and
remove diverse and distinct spectra of damaged bases. This HhH superfamily of
alkylpurine DNA glycosylases includes E.coli 3-methyladenine DNA glycosylase I
(AlkA), E.coli 3-methyladenine DNA glycosylase | (TAG), S. cerevisiae 3-methyladenine
DNA glycosylase (MAG), and S. pombe alkylpurine DNA glycosylase (Magl), all of
which share a short, compact a-helical motif for DNA binding close to the active site
(Doherty et al, 1996). Like most of the other DNA glycosylases, HhH superfamily

glycosylases employ the canonical base flipping mechanism to flip out the damaged
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base into the active site and remove it, with the gap left by the flipped-out base plugged
by an intercalating residue (Hollis et al, 2000).

E.coli TAG is constitutively expressed and shows a narrow substrate spectrum
for 3mA and 3mG (Bjelland et al, 1993). In contrast, E.coli AlkA, which is under control
of the adaptive response pathway induced upon exposure to alkylation stress, works on
a remarkably broader range of substrates, including 7mG, 7mA, O?-methylpyrimidines,
the deaminated base hypoxanthine (Hx), the exocyclic base €A, 5-formyluracil, and
even undamaged bases (Nakabeppu et al, 1984). The varying substrate spectra of Tag
and AIKA allow E.coli to effectively respond to different levels of alkylation damage
without producing too many cytotoxic AP sites. E.coli alkylpurine glycosylase tag alkA
depleted cells are extremely sensitive to alkylating agents such as MMS.

AlkA is a monofunctional DNA glycosylase. The shallow surface of the active site
allows AIKA to accommodate varying types of DNA damage. AIKA has an N-terminal -
sheet with unknown function (Figure 8). During catalysis, the DNA is highly distorted.
The damaged nucleobase is flipped out of the DNA duplex into the catalytic pocket,
leaving the gap filled by Leul25, causing a remarkable bending in DNA (Hollis et al,
2000; O'Brien & Ellenberger, 2004b). Asp238 performs direct nucleophilic attack via Sn1
mechanism. Meanwhile, Trp272 stabilizes the positively charged lesion though cation-1r
interaction (Figure 8). Prol75 contacts the lesion opposite the deoxyribose, leading to a
widened minor groove. The HhH motif plays an important role in DNA binding via
hydrogen bonding. Although almost all the polar protein-DNA interactions are made with
the lesion-containing strand, AlkA highly prefers dsDNA (Hollis et al, 2000; Yamagata et

al, 1996). AlkA uses its HhH motif to nonspecifically bind undamaged DNA. However,
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the active pocket in undamaged DNA complex differs from that in damaged DNA
complex with less kinking present. The arrangement of a wedge residue Leul25 and

catalytic residue Asp238 do not interact with the undamaged DNA (Bowman et al, 2010).
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Figure 8. Structures of HhH alkylpurine DNA glycosylases. Structures and active sites
of E.coli AIKA with 1-azaribose (1aR) DNA (PDB 1DIZ), Salmonella typhi TAG with
tetrahydrofuran (THF) DNA (PDB 20FI), and S. cerevisiae MAG1 with THF DNA (3S6l)
are shown from left to right. Proteins are colored grey, DNA gold, 1aR in AIKA structure
magenta, 3mA and THF in TAG structure magenta, THF in MAG1 structure magenta,
and lesion opposite bases green. The active site residues are shown as grey sticks.
laR and THF are analogs of oxocarbenium intermediate and abasic site in glycosylase
reaction, correspondingly.

TAG’s narrow substrate specificity for 3mA likely results from a steric clash with
nucleobases other than 3mA. This hypothesis is supported by the crystal structure of
DNA-Salmonella typhi TAG which shares high sequence similarity and identity to E.coli

TAG (Metz et al, 2007).
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MAG and Magl are Saccharomyces cerevisiae and Schizosaccharomyces
pombe 3-methyladeine DNA glycosylases. MAG is inducible in the presence of
methylating agents while Magl is constitutively expressed (Chen & Samson, 1991,
Memisoglu & Samson, 2000). MAG excises cationic lesions 3mA, 7mG, as well as
neutral bases €A, Hx, and guanine, whereas Mag1 has reduced activity for €A, and no
activity for Hx or guanine. In the Magl catalysis model, GIn62 and Leu63 stabilize the
gap in the damaged strand and the opposite strand, respectively. The minor groove
binding residue His64 in Magl is substituted with Ser in MAG. Interestingly, mutation of
His64 to Ser rescues Mag1 €A activity, and mutation of the corresponding Ser in MAG
to His remarkably decreases MAG’s activity. However, these mutations have no effect
on 7mG excision (Adhikary & Eichman, 2011). This observation agrees with the
prediction that the substrate preference of Magl does not result from the steric

exclusion, but due to the catalytic power of the active site to remove lesions.

Helix-Turn-Helix_42 Superfamily

AlkZ defines the most recently identified alkylpurine DNA glycosylase superfamily,
which excises 7mG adducts and unhooks azinomycin B (AZB)-mediated interstrand
crosslinks (ICLs) by cleaving the N-glycosidic bond, providing an alternative pathway to
repair ICL (Mullins et al, 2017b). AlkZ is composed of tandem winged helix-turn-helix
motifs classified as the HTH_42 superfamily with no previously determined protein
structures. GIn37 and GIn39 (QxQ motif) are predicted to position a nucleophilic water
to attack the N-glycosidic bond, with $11/12 hairpin insertion into the minor groove to

stabilize the repair complex (Figure 9) (Mullins et al, 2017b).
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Figure 9. Structures of HLR and HTH_42 alkylpurine DNA glycosylases. Structures and
active sites are shown for B. cereus AIkD with 1aR DNA (PDB 1DIZ), P. fluorescens
AlkC with 1aR DNA (PDB 20FI), and Streptomyces sahachiroi AlkZ (PDB 5UUJ).
Proteins are colored grey, DNA gold, 1aR and 3mA in AlkD structure magenta, 1aR in
AIKC structure magenta, and lesion opposite bases- green. The active site residues are
shown as grey sticks.

HEAT-like Repeat Superfamily

Alkylpurine DNA glycosylases AlkC and AlkD define the HEAT-like Repeat (HLR)
superfamily, and are comprised of HEAT-like a-helical repeats (HEAT is short for
Huntington/Elongation/A subunit/Target-of-rapamycin) (Alseth et al, 2005; Rubinson et
al, 2008). The ectopic expression of B. cereus AIkC and AIKD in alkylpurine glycosylase-
deficient E. coli significantly decreased cell sensitivity. AIKD targets a relatively large

range of substrates in vitro, including 3mA, 7mG and bulky lesions, whereas AIkC only
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displays high specificity for 3mA (Alseth et al, 2006; Mullins et al, 2013). Structural
studies of DNA glycosylases with DNA containing substrate, substrate-mimic, or product
have provided insights into catalysis. With the exception of AIkC and AIkD, most
characterized glycosylases use a similar base-flipping mechanism to distinguish and
excise their substrates (Mullins et al, 2015b; Shi et al, 2018). However, the mechanism
is different for AIKC and AIkD. AIKD which is composed of six tandem helical repeats,
binds DNA and selectively targets destabilized base pairs using its concave surface.
The lesion is held against the protein’s concave surface while still stacked in the DNA
duplex, which allows base removal without plug or wedge residues to stabilize the gap
caused by the flipped damaged base. The catalysis is facilitated by the catalytic Glu113
and CH-Tr interactions between the nucleobase and Trp109 and Trp187 (Mullins et al,
2015b; Parsons et al, 2016). Meanwhile, the non-base-flipping mechanism enables
AIKD to act on bulky adducts such as yatakemycin modified DNA, which provides an
additional protection for cell to survive the highly potent antibiotic yatakemycin (YTM).
Similar to AlkD, AIkC does not flip the lesion out of the duplex (Mullins et al, 2017a).
AlkC highly kinks the DNA, exposing the damaged base into a restricted active site,
therefore limiting the range of lesions that can be recognized by AIKC. 70% of AlkC
homologs have the additional immunoglobulin (Ig)-like domain, which is critical in DNA
binding. Due to AlkC’s capability of TmA and 3mC excision, it is proposed that AIKC is
responsible for ImA and 3mC repair in vivo when the cell lacks AlkB, which is critical in

1mA and 3mC lesion recovery in bacteria (Shi et al, 2018).
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Scope of this work

The focus of this dissertation is on characterization of the HEAT-like repeat (HLR)
alkylpurine DNA glycosylase AlkC, and its comparison to other HEAT-like repeat (HLR)
superfamily proteins. Chapter Il explores how AIKC specially recognizes and catalyzes
cationic lesions through biochemical, structural, and bioinformatics analysis. The study
reveals for the first time the distinct non-base-flipping mechanism AIkC uses for
catalysis. B. cereus has methylpurine glycosylases AIKC and AIkD in addition to two
AlkA homologs and one AAG homolog, raising the question why bacterial cells contain
multiple alkylation-specific glycosylases with overlapping substrate specificities. Chapter
lll elucidates that AIkD has gained cellular function of excision of positively charged
bulky YTM adducts besides removal of canonical BER substrates. Given that HLR
superfamily proteins show distinct functions and substrate specificities, Chapter IV
compares phylogenetic distribution, substrate preference and catalytic mechanisms of
AlkC, AlkD, AlkF, AlkD2 families. Chapter V consists of a brief summary of some of the
research regarding HLR superfamily and identifies directions that would benefit from

future study.
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CHAPTER I

SELECTIVE BASE EXCISION REPAIR OF DNA DAMAGE BY THE NON-BASE-

FLIPPING DNA GLYCOSYLASE ALKC*

Abstract

Cellular metabolites and environmental toxins damage DNA by creating a variety
of covalent DNA adducts that impair normal cellular processes and lead to heritable
diseases, cancer, aging, and cell death (Friedberg et al, 2006a; Jackson & Bartek,
2009). Alkylation of nucleobase substituents and ring nitrogens is a major source of
DNA damage that can directly inhibit replication and transcription or can degenerate to
other forms of damage including abasic sites and strand breaks (Krokan & Bjaras, 2013;
Wyatt & Pittman, 2006). The toxicity of these DNA lesions is the basis for the use of

alkylating agents in cancer chemotherapy (Sedgwick, 2004).

*The work described in this chapter has been published in:

Shi, R., Mullins, E. A., Shen X-X, Lay, K. T., Yuen, P. K., David, S. S., Rokas, A.,
Eichman, B. F. (2018) Selective base excision repair of DNA damage by the non-base-
flipping DNA glycosylase AIkC. EMBO J. 37(1): 63-74
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DNA glycosylases preserve genome integrity and define the specificity of the
base excision repair pathway for discreet, detrimental modifications, and thus the
mechanisms by which they locate DNA damage is of particular interest. Bacterial AlkC
and AIKD are specific for cationic alkylated nucleobases and have a distinctive HEAT-
like repeat (HLR) fold. AIkD uses a unique non-base-flipping mechanism that enables
excision of bulky lesions more commonly associated with nucleotide excision repair. In
contrast, AIkC has a much narrower specificity for small lesions, principally N3-
methyladenine (3mA). A crystal structure resembling a catalytic intermediate complex
shows how AIkC uses unigue HLR and immunoglobulin-like domains to induce a sharp
kink in the DNA, exposing the damaged nucleobase to active site residues that project
into the DNA. This active site can accommodate and excise N3-methylcytosine (3mC)
and N1-methyladenine (1mA), which are also repaired by AlkB-catalyzed oxidative
demethylation, providing a potential alternative mechanism for repair of these lesions in

bacteria.

Introduction
To avoid the toxic effects of DNA alkylation and maintain integrity of their
genomes, all organisms possess multiple repair mechanisms to remove the diversity of
alkyl-DNA modifications. Nucleotide excision repair (NER) is the predominant
mechanism to eliminate helix-distorting and bulky adducts, whereas small nucleobase
modifications (e.g., methyl, etheno groups) are repaired by direct reversal or base
excision repair (BER) pathways (Mishina et al, 2006; Reardon & Sancar, 2005;

Sedgwick, 2004). N1-methyladenine (ImA) and N3-methylcytosine (3mC), predominant
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in single-stranded (ss) DNA and RNA, are demethylated by the AIkB family of Fe(ll)/a-
ketoglutarate-dependent dioxygenases. In contrast, N3- and N7-alkylpurines, the most
abundant double-stranded DNA alkylation products, are removed from the genome by
BER, whereby the damaged nucleobase is cleaved from the phosphodeoxyribose
backbone by lesion-specific DNA glycosylases that hydrolyze the N-glycosidic bond.
The resulting abasic site is nicked by apurinic/apyrimidinic (AP) endonuclease to
generate a 3'-hydroxyl substrate for gap repair synthesis by DNA polymerase.

DNA glycosylases that remove alkylation damage are essential to eukaryotes,
archaea, and bacteria (Birkeland et al, 2002; Chen et al, 1989; O'Connor & Laval, 1991;
Riazuddin & Lindahl, 1978; Thomas et al, 1982). Bacteria often contain paralogs that
eliminate diverse types of damage resulting from endogenous versus environmental
sources. For example, in E. coli, the AIKA glycosylase is induced to remove a broad
spectrum of alkylated and deaminated bases upon cellular exposure to alkylation
agents, while the constitutively active Tag enzyme is highly specific for N3-
methyladenine (3mA) formed endogenously (Bjelland et al, 1994; Bjelland et al, 1993;
McCarthy et al, 1984; O'Brien & Ellenberger, 2004a; Saparbaev et al, 1995). Damage
recognition and excision by these and other glycosylases rely on a base-flipping
mechanism, whereby the damaged nucleotide is rotated ~180° around the phosphate
backbone and sequestered inside a nucleobase binding pocket on the protein surface
(Brooks et al, 2013). This pocket contains residues that facilitate depurination by
activating or stabilizing the nucleobase leaving group and/or electrostatically stabilizing
an oxocarbenium intermediate that reacts with a water molecule to generate the abasic

site product (Figure 10A) (Drohat & Maiti, 2014). The extrahelical orientation of the
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substrate in the catalytic complex is stabilized by DNA-intercalating protein residues that
fill the space generated by the missing base. Thus, the specificity of a DNA glycosylase
for a particular substrate is achieved by a combination of duplex interrogation and
complementarity of the nucleobase and the active site pocket. The bacterial AIkC and
AlkD glycosylases, originally identified in Bacillus cereus (Bc), comprise a distinct
superfamily of DNA glycosylase selective for positively charged N3- and N7-alkylpurines
(Alseth et al, 2006; Dalhus et al, 2007). They specifically lack excision activity toward
uncharged 1,N®-ethenoadenine or hypoxanthine nucleobases (Alseth et al, 2006), the
common substrates of many previously characterized alkylpurine DNA glycosylases.
Structures of BCAIkD revealed a new fold composed of tandem HEAT-like repeats
(HLRs) that form a left-handed solenoid around the DNA duplex (Rubinson & Eichman,
2012; Rubinson et al, 2010; Rubinson et al, 2008). Unlike other glycosylases, AlkD does
not use a base-flipping mechanism for damage recognition or base excision (Mullins et
al, 2015b). Instead, the protein traps non-Watson-Crick base pairs in a sheared, base-
stacked conformation with catalytic active site residues in direct contact with the
deoxyribose, but not the nucleobase, of the damaged nucleoside. The lack of protein-
nucleobase contacts enables AIKD to excise both major and minor groove lesions 3mA
and N7-methylguanine (7mG). Similarly, by not confining the modified nucleobase
inside a binding pocket, AlkD can excise bulky lesions, including pyridyloxobutyl (POB)
adducts resulting from the carcinogen NNK (nicotine-derived nitrosamine ketone)
(Rubinson et al, 2010), as well as N3-yatakemycinyladenine (YTMA) formed from the

highly genotoxic bacterial natural product yatakemycin (YTM) (Mullins et al, 2017a;
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Mullins et al, 2015b; Xu et al, 2012). Thus, AIkD excises a diverse spectrum of cationic
lesions, including bulky lesions expected to be processed by NER.

AIKC from Bacillus cereus (BCcAIkC) shares 15.8% identity and 33.7% similarity
with BCAIKD and has been predicted to adopt the HLR architecture (Dalhus et al, 2007).
However, in contrast to AlkD, AIKC has a strong preference for 3mA and 3mG, and only
weak activity for 7mG (Alseth et al, 2006; Mullins et al, 2013). Given AlkD’s unique non-
base-flipping mechanism and activity for bulky lesions, we were interested to expand
our understanding of this new DNA repair superfamily by determining the basis for
AlkC’s apparent limited substrate specificity. We carried out a comprehensive
phylogenetic, biochemical, and structural comparison of AIkC and AIKD proteins and
found that the majority of AlkC proteins contain an immunoglobulin (lg)-like domain not
yet observed in a DNA repair enzyme and that is essential for base excision activity in
those enzymes. We also found that unlike AIkD, AIkC does not remove YTMA adducts
either in vitro or in vivo. The crystal structure of Pseudomonas fluorescens (Pf) AIKC
bound to damaged DNA revealed that the HLR and Ig-like domains wrap almost
completely around the DNA duplex to recognize the damaged base pair from opposite
major and minor grooves. Like AlkD, AIKC does not extrude the damaged nucleobase
from the DNA helix. However, unlike AIKD, AIKC induces a sharp kink in the DNA and
accesses the damage by inserting active site residues into the exposed base stack. The
structure and supporting mutational analysis of base excision by AIKC provide a
mechanistic basis for how AIKC selectively excises 3mA from DNA. Additionally, we
show that AIKC’s unique active site is also capable of robust excision activity for 3mC,

which is normally repaired by AlkB-catalyzed oxidative demethylation. This work
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provides a molecular basis for how a non-base-flipping glycosylase selects for discrete
methylated bases, and describes an alternative mechanism for removal of 3mC in

bacteria.

Results

Proteins within Two AlkC Subgroups Are Functionally Distinct from AlkD

Despite a predicted similarity in HLR secondary structure, AIkC and AIkD from B.
cereus were previously shown to be phylogenetically and functionally distinct (Alseth et
al, 2006; Mullins et al, 2013). To better understand the AIkC family of proteins and how
they differ from AIKD, we obtained 779 AIkC and 764 AIkD orthologous sequences by
performing an iterative PSI-BLAST search against the NCBI non-redundant protein
database and then used them to reconstruct a phylogenetic tree. 93% of AIkC
sequences were widespread among actinobacteria, bacteroidetes, firmicutes, and
proteobacteria, and only rarely found in archaea and eukaryotes, largely consistent with
a previous analysis (Backe et al, 2013). We found that AIkC proteins clustered into two
distinct clades that we denote AlkCa and AIKC (Figure 10B), both of which contain an
HLR domain distinct from AlkD mainly within the N-terminal 60-80 residues. The AIKC[
clade, which constitutes the majority (70%) of the total AIkC sequences, contains an
additional ~100-residue putative immunoglobulin (Ig)-like fold at the C-terminus (Figure
10C, Figure 11).

The specificity of AIKC for 3mA has been characterized only from the B. cereus
enzyme, which belongs to the AlkCa class (Alseth et al, 2006; Mullins et al, 2013). To

determine whether this 3mA selectivity is a general characteristic of both AlkCa and
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AIKCB proteins, we cloned and purified five AlkCa and two AIKCB orthologs and
measured their ability to excise 3mA and 7mG nucleobases from N-methyl-N-
nitrosourea (MNU)-treated genomic DNA, the major methylated products of which are
7mG (66%) and 3mA (8%) (Lawley, 1976). All seven AIKC proteins released the
maximum amount of 3mA after one hour as judged by treatment of substrate with HCI,
but exhibited only very low activity toward 7mG as compared to an AIKD control (Figure
10D). Consistent with this, both BCcAIkC (a) and PfAIKC (B) excised 7mG from a defined
oligodeoxynucleotide substrate after 24 hours, albeit with much slower kinetics than
BcAIkD (Figure 12A). Thus, 3mA specificity seems to be a general property of all AIkC
proteins, independent of the presence of the putative Ig-like domain.

We also found that AIkC’s specificity for N3-alkyladenine adducts is limited to
small adducts. Neither BcAIKC nor PfAIKC were able to cleave YTMA lesions for which
AIKD exhibits robust activity (Mullins, 2017) (Figure 12B). We previously showed that in
addition to AIkD excision of YTMA in vitro, B. anthracis cells lacking AlkD exhibited a
sensitivity to YTM (Mullins, 2015b). We therefore tested growth of alkC deficient B.
anthracis strains in the presence of YTM. Consistent with our in vitro results, YTM
sensitivity of a AalkC strain did not differ from that of wild-type B. anthracis, nor did a
AalkCAalkD double mutant show additional sensitivity compared to AalkD (Figure 12C).
Thus, substrate specificities of both a and B subgroups of AIkC are distinct from AlkD,
suggesting that AIkC utilizes a different strategy to recognize damaged DNA despite its

predicted structural similarity to AIkD.
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Figure 11. AIkCa and AIKCB sequence alignment. Twenty selected sequences from
four representative phyla (Actinobacteria, Bacteroideles, Firmicutes and Proteobacteria)
were aligned wusing Clustal Omega and annotated using BoxShade
(http://www.ch.embnet.org/software/BOX_form.html). Shaded residues have >50%
sequence identity (black) and similarity (grey). Secondary structural elements identified
from the PfAIKC crystal structure are shown below the sequences. Triangles designate
PfAIKC residues important for base excision activity (red), nucleobase binding (orange)
and for stabilizing the DNA backbone in the vicinity of the lesion (black).
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Figure 12. Substrate specificities of AIKC and AlkD. A,B, Excision activity of BCAIKD
and PfAIkC against oligodeoxynucleotides containing 7mG (A) and YTMA (B).
Representative denaturing polyacrylamide gels show substrates (S) and hydroxide-
nicked products (P) as a function of time. Quantification of the data from three
independent experiments is shown on the right (average * s.d.). The extra band below
the 12-mer product in panel A corresponds to a nuclease contaminant in the AIkD
preparation. The smearing in the AIKD-YTMA product band is a result of incompletely
denatured GC-rich duplex DNA after hydroxide nicking. C, Growth of B. anthracis wild-
type (blue), AalkC (red), AalkD (green), and AalkCAalkD (purple) in the presence of
varying concentrations of yatakemycin (YTM). Bacillus anthracis AalkC cells were
generated and their resistance to YTM assayed as described for AalkD (Mike et al,
2014; Mullins et al, 2015b; Stauff & Skaar, 2009). Briefly, growth curves were obtained
by growing cell cultures in the presence or absence of YTM and recording cell density
every hour for 20 hours. Spot assays were performed by serial dilution of early-mid-log
phase cells on LB plates prepared with or without YTM. Growth curves and spot assays
were performed in triplicate.
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AIKC Encircles and Bends Damaged DNA

To determine the structural basis for AIkC’s preference for 3mA and whether a
non-base-flipping mechanism is a common feature among HLR glycosylases, we
determined a crystal structure of PfAIKC in complex with DNA containing 1'-aza-2',4'-
dideoxyribose (1aR), which mimics the oxocarbenium ion intermediate formed upon
nucleobase dissociation (Figure 10A) (Chu et al, 2011; Hollis et al, 2000; Schramm,
2011). The PfAIkC/1aR-DNA model was refined against X-ray diffraction data extending
to 1.8 A resolution to a crystallographic residual of 14.1% (Riree=16.4%) (Table 2) and
contained two crystallographically unique protein-DNA complexes, each with 361 of 369
amino acids and all 22 nucleotides clearly defined by the electron density. The
structures of the two complexes in the asymmetric unit were virtually identical (r.m.s.d. =
0.42 A for all atoms), differing only in the location of a statically disordered 5'-
overhanging adenosine Al on the undamaged strand that forms a crystal packing

contact with the same nucleotide in an adjacent protein/DNA complex.
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Table 2. Data collection and refinement statistics

SeMet-AlkC/THF-DNA

AlkC/1aR-DNA

Data collection
Space group
Cell dimensions

a, b, c (A)

a, B, v (%)
Resolution (A)
Rsym
Avg. /ol
Completeness (%)
Redundancy
Wilson B-factor (A?)

Refinement
Resolution (A)
No. reflections
Rwork
Rfreeb
No. atoms®
Protein
DNA
Solvent?
Avg. B-factors®® (A?)
Protein
DNA
Solvent?
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Ramachandran distribution (%)

Favored
Allowed
Disallowed

P2:212,

80.6, 94.9, 134.0
90.0, 90.0, 90.0
50.00-2.40 (2.49—2.40)
0.109 (0.429)

23.0 (5.8)

99.7 (99.8)

9.8 (9.7)

25.2

40.42-2.40 (2.46—2.40)
40,519 (2,602)
0.168 (0.219)
0.225 (0.333)

5,685
870
573

25.6
25.6
29.2

0.008
0.967

97.6
24
0.0

P61

198.4, 198.4, 60.2
90.0, 90.0, 120.0
100.00-1.80 (1.86—1.80)
0.092 (0.490)

24.8 (5.3)

99.1 (97.1)

9.7 (9.1)

19.8

49.29-1.80 (1.82—1.80)
124,478 (3,819)
0.141 (0.177)
0.164 (0.202)

5,718
870
1,383

23.0
25.1
37.5

0.008
1.059

97.6
2.2
0.1

a Statistics for the highest resolution shell are shown in parenthesesis -

b Riee Was determined from the 5% of reflections excluded from refinementis;

¢ Riding hydrogen atoms were not included in no. atoms or avg. B-factors.

d|n addition to water molecules, values for solvent include one PEG 4000 molecule in the
THF structure and two Na+ ions, two pentaerythritol propoxylate, two glycerol, and three
MES molecules in the 1aR structure.

€ Equivalent isotropic B-factors were calculated in conjunction with TLS-derived anisotropic

B-factors.
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The PfAIKC crystal structure confirmed the presence of distinct HLR and Ig-like
domains, which together wrap almost completely around a highly bent DNA duplex
(Figure 13). As a consequence of its interactions with the HLR and Ig-like domains, the
DNA is sharply bent at the 1aR lesion by 60° away from the minor groove and the minor
groove widened by 7 A. The HLR domain (helices aA’-aN) is similar to that of AIkD in
that it contains an N-terminal a-helical bundle (aA'-aC) followed by five HLRs—aD-aE,
aF-aG, aH-al, adJ-aK, and aL-aM—that together form a left-handed solenoid that wraps
around one-half of the DNA duplex from the minor groove side (Figure 13A,B). The N-
terminal a-helical bundle contacts the backbone of the undamaged strand from the
minor groove using polar side chains and the helix dipoles of helices aA" and aC, which
point directly at thymines T6 (opposite the 1aR) and T7, respectively (Figure 13A). All
HLRs except HLR1 directly contact the DNA, primarily along the phosphate backbones.
The C-terminal helices of each HLR adorn basic and polar side chains that bind either
strand from the minor (HLR2, HLR3) or major (HLR4, HLR5) groove sides (Figure 13C).
HLR2 and HLRS3 also contain conserved glutamate side chains that directly contact the
laR. Between HLR3 and HLR4, an 11l-residue loop/a-helix insertion (ald-loop) not
found in AIkD penetrates the minor groove at the lesion. The HLR domain is tethered by
a 9-residue linker to the Ig-like fold, which is composed of nine B-strands (BA1-fG) and
an extended loop that contacts the DNA from the major groove side (Figure 13A). Both
domains form a positively charged, highly conserved concave surface that engulfs the
DNA (Figure 13B). Extensive polar and van der Waals contacts are formed with the

DNA backbone 5' to the 1aR and along the entire undamaged strand (Figure 13C).
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Figure 13. AIKC encircles damaged DNA. A, Two orthogonal views of the PfAIkC/1aR-
DNA complex crystal structure. The protein is colored blue, DNA gold, 1'-aza-2'4'-
dideoxyribose (1aR) magenta, and opposite thymine green. B, AIKC sequence
conservation (purple, high; cyan, low) superposed onto the protein surface. C,
Schematic illustration of AIkC-DNA interactions. Dashed and wavy lines denote polar
and non-polar interactions, respectively. Residues from HLR and Ig-like domains are
blue and grey, respectively. Contacts to the backbone are marked with an asterisk, and
symmetry-related contacts are in parentheses.

The AIkC Ig-like Domain is a Unique DNA Binding Motif in Bacteria
Ig-like domains are prevalent in both bacteria and eukaryotes as a generic
scaffold (Bodel6n et al, 2013; Bork et al, 1994; Halaby & Mornon, 1998; Halaby et al,

1999) and are important for sequence-specific DNA binding in some eukaryotic
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transcription factors (Becker et al, 1998; Bravo et al, 2001; Chen et al, 1998b; Cho et al,
1994; Cramer et al, 1997; Lamoureux et al, 2002; Nagata et al, 1999; Rohs et al, 2010;
Rudolph & Gergen, 2001; Tahirov et al, 2001). To our knowledge, no bacterial 1g-like
domains have been reported to bind DNA or to function in DNA repair. The Ig-like
domain of PfAIkC is composed of a nine-strand (BA1-BG) antiparallel -sandwich, in
which BA1, BA2, BA3, BB and BE form one [-sheet packed against a second sheet
formed by strands BC, BC', BF and BG (Figure 13A). The topology is consistent with the
C2 subtype (Figure 15B) but with very low sequence similarity, a highly kinked BA
strand (BA1-BA2-BA3), and a longer BC' strand than other C2-type Ig-like domains
(Bodelon et al, 2013; Halaby et al, 1999). The closest structural homolog of AIkC'’s Ig-
like domain as judged by a Dali search (Holm & Laakso, 2016) is found in a bacterial [3-
glucosidase and has been proposed to contribute to substrate binding and dimerization

of that enzyme (McAndrew et al, 2013).
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Ndt80 NF-xB p53 AlkC

Figure 14. Comparison of DNA-binding Ig folds. The top two rows show orthogonal
views of DNA-bound structures of Ig-like domains from three eukaryotic transcription
factors Ndt80 (PDB 1MNN), NF-kB (PDB 1A3Q), and p53 (PDB 1TUP), compared to
that of PfAIKC (this work). Topology diagrams of each structure is shown at the bottom
and are colored the same as the crystal structures. The two (3-sheets within the Ig core
are colored grey (A, B, D, E, E', and H) and pale cyan (C, C', F, and G). Regions
contacting the DNA are colored green (AB-loop), magenta (CC'-loop), orange (EF-loop),
and red. Points of contact with the DNA in are marked with yellow stars in the topology
diagram.

The Ig-like domains of eukaryotic transcription factors mediate DNA binding
through the loops between strands BA-BB and BE-BF (AB- and EF-loops) and the C-
terminal tail regions, all of which emanate from the 3-sandwich core (Figure 14) (Becker

et al, 1998; Bravo et al, 2001; Chen et al, 1998a; Cho et al, 1994; Cramer et al, 1997;
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Lamoureux et al, 2002; Nagata et al, 1999; Rohs et al, 2010; Rudolph & Gergen, 2001;
Tahirov et al, 2001). Although we have no evidence for sequence-specific binding by
AIKC, AIkC’s Ig-like domain also mediates DNA binding by the EF-loop, which in PfAIKC
contains a conserved Met-Thr-Thr-Arg motif (residues 336-338) that contacts

nucleobases on both strands in the major groove (Figure 15A). Side- and main-chain

EF-loop CcC

"turn

3mA released (pmol)

EF-loop

HCl mock WT AC

Figure 15. The Ig-like domain is important for AIKC function. A, Stereoimage of the Ig-
like domain (blue) interactions with the major grove of DNA (gold). DNA interacting side
chains are shown as sticks, and hydrogen bonds are shown as dashed lines.
Superscripts in nucleotide labels refer to damaged (D) and undamaged (U) strands. B,
Topology of AIkCB Ig-like domain. Regions contacting the DNA are highlighted in red. C,
Release of 3mA from methylated genomic DNA after a 5-min incubation with either HCI,
no enzyme (mock), PfAIKC (WT), or PfAIKCAC (AC).

groups within this motif interact with the phosphoribose groups on the undamaged
strand immediately 5' to the orphaned thymidine T6, and Thr337 is engaged with
cytosine C5 on the damaged strand. In contrast to the eukaryotic transcription factors,
AlkC’s AB-loop does not contact DNA, despite its orientation toward the DNA (Figure
14). Instead, PfAIkC makes unique DNA binding interactions using the BC' strand and
the preceding CC'-turn (Figure 15A,B). Side chains of Lys309, Phe311, and Lys312 on

the BC' strand interact with the backbones of both strands, and Lys301 and Ser302 on
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the CC'-turn form polar interactions with phosphates on the 5'-side of the lesion strand.
As a consequence of these contacts to both DNA strands, the Ig-like domain in AIKC
plays an important role in stabilizing the kinked DNA conformation toward the major
groove.

Consistent with a functional importance of the Ig-like domain, deleting it from
PfAIKC (PfAIKCAC, Figure 19A,B) abrogated base excision activity (Figure 15C), likely
owing to a severe decrease in DNA binding affinity relative to the wild-type protein
(Figure 19C). The dependence of PfAIKC activity on the Ig-like domain is interesting
given the absence of this domain in the fully functional AlkCa proteins, which suggests
that the AlkCa HLR domain contains a structural feature that compensates for DNA
binding in the absence of the Ig-like domain. Perhaps the most distinguishing feature of
the AlkCa HLR primary structure is an 8-10 residue insertion within helix aE of HLR1
(Figure 11). Whereas HLR1 does not contact the DNA in the PfAIKC structure, a
homology model of BCAIKC suggests that the extra residues endow AlkCa proteins with
a novel DNA binding interaction to the damaged strand (Figure 16). Together with
potential additional interactions between the N-terminal helical bundle and the
undamaged strand, these extra HLR1-DNA contacts would help stabilize the DNA kink.
Although the precise manner in which AlkCa proteins compensate for the lack of the Ig-
like domain has yet to be determined, it is clear that DNA binding by the Ig motif is

essential for AIKC function.
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Figure 16. AlkCa proteins contain an insertion that may stabilize DNA bend in the
absence of Ig-like domain. Two homology models for BCAIKC (center and right) are
shown superimposed against the 1aR-DNA from the PfAIkC/1aR-DNA crystal structure
(left). Only the N-terminal helical bundle (NTB, red), HEAT-like repeat 1 (HLR1, orange),
and Ig-like domain (olive) are shown for clarity. A phenylalanine side chain at the N-
terminus of helix aE in PfAIKC and in the 8-residue insertion of BCAIKC is shown in
spheres and highlighted yellow in the sequence alignment at the bottom. The secondary
structural elements from the three models and from a secondary structure prediction of
BcAIkC are shown against the sequences for each protein. The homology models were
generated in SWISS-MODEL (https://swissmodel.expasy.org/) using either the
sequence alignment shown in Fig. S1 (model 1) or generated by SWISS-MODEL
(model 2). In both models, the insertion makes contacts to the 1aR strand, either as a
loop (model 1) or as an N-terminal extension to helix aE (model 2).

AIKC Inserts Its Active Site into the DNA Duplex in lieu of Base Flipping

Contacts between the HLR domain and the lesion help to explain AIkC’s
specificity for 3mA and its mechanism of base excision. At the DNA bend, both the 1aR
lesion and its opposing thymidine on the undamaged strand (T6U) are displaced into
the widened minor groove (Figure 18A). The l1aR is slightly rotated toward the protein
to make electrostatic interactions and water-bridging hydrogen bonds to the carboxylate

side chains of Glu121 and Glul56 (Figure 18B). Contrary to base-flipping glycosylases,

there are no protein residues filling the void left by the missing nucleobase on the
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damaged strand. On the undamaged strand, the opposing thymidine T6U is displaced
into the minor groove as a single nucleotide bulge as a consequence of the sharp kink
in the DNA. The thymine base is no longer stacked with the flanking nucleotides and is
tethered to the damaged strand by a hydrogen bond to guanine G8D and via Na*

coordination to T9D and C10D nucleobases (Figure 18A and Figure 17A). The minor

Figure 17. Crystallographic features of the active site. A, Na* ion coordination in the
laR-DNA structure. Na* and water oxygens are shown as purple and red spheres,
respectively. 1aR is magenta and the opposite thymidine T6 is green. Superscripts in
nucleotide labels refer to the laR-containing, damaged (D) strand or the opposite,
undamaged (U) strand. Hydrogen bonds are shown as dashed lines with interatomic
distances in Angstroms. B, Stereo-views of the PfAIKC/1aR-DNA active site. Active site
residues are blue and DNA is gold/magenta/green. Pentaerythritol propoxylate (PEP)
sequestered from the solvent is in silver and superimposed against composite omit
electron density contoured at 10. The putative catalytic water is shown as a red sphere.
One arm of the PEP projects into the DNA kink between the 1aR and the flanking base
pairs, and thus may limit rotation of the 1aR ring back toward the DNA. The other two
polymeric PEP arms project outward to solvent. The fourth PEP arm is not present; its
terminal hydroxyl group forms a hydrogen bond to the displaced T6Y thymine base. The
position of the thymine is thus affected by the presence of the PEP in addition to its
coordination by the Na* ion. However, even in the absence of these stabilizing contacts,
the T6Y thymidine would be displaced into the minor groove as a result of the kink in the
DNA. The space occupied by the PEP molecule would be occupied by the excised base
both before and immediately after cleavage.

groove is held in this opened conformation by the AlkC-specific alJ-loop, at the tip of
which Prol63 and Trpl64 form van der Waals and hydrogen bonding contacts to the

edges of the A6D-T7U base pair just 5’ to the lesion (Figure 18A). Residues on the alJ-
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loop and at the N-terminal end of helix aG form a cavity at the hinge point in the DNA
that is appropriately shaped for a 3mA nucleobase (Figure 18C). In the crystal structure,
this cleft is filed by a pentaerythritol propoxylate solvent molecule from the
crystallization buffer (Figure 17B), but presumably would be occupied by the modified
nucleobase prior to and immediately following nucleobase excision (Figure 10A).

To gain a better idea of how the protein selects for 3mA, we modeled the
nucleotide in the active site using laR as a guide (Figure 18C). Holding the
deoxyribose ring in a fixed position, the 3mA nucleobase could adopt only a limited
range of positions that varied within a 15° torsional rotation about the N-glycosidic bond,
constrained by Tr-stacking against either its 3'-neighbor guanine G8D on one side or the
protein surface on the other. Against the protein, the N1-C2 edge of the 3mA
nucleobase abuts the indole side chain of Trpl64 to form a stabilizing cation-1r
interaction. In this conformation, the N3-methyl group resides in a pocket formed by
Phel22 and Glul21l (Figure 18B). These contacts to the damaged nucleobase explain
AlkC'’s inability to excise bulky minor groove YTMA lesions. Moreover, in this model, the
Hoogsteen face of the purine ring is snugly nestled between the flanking nucleobases at
the DNA kink, suggesting that purine N7-adducts would be sterically disfavored from

this collapsed major groove, providing a rationale for AIkC’s low activity toward 7mG.
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Figure 18. AIkC inserts its active site into the DNA. A, Close-up view of the AIKC active
site (blue) bound to 1aR-DNA (gold). The 1aR and opposite thymine are magenta and
green, respectively. Water is shown as a red sphere and hydrogen bonds are depicted
as dashed lines. Composite omit electron density contoured to 10 is superimposed
against only the DNA for clarity. Superscripts in nucleotide labels refer to the laR-
containing, damaged (D) strand or the opposite, undamaged (U) strand. The
pentaerythritol propoxylate molecule that occupies the active site has been omitted for
clarity. B, Schematic of the alignment of a catalytic water molecule (blue) against the
1aR oxocarbenium mimetic by AlkC active site residues. Hydrogen bonds are shown in
red. C, A hypothetical model for AIKC bound to a 3mA-DNA substrate was generated by
superimposing the 3mA deoxyribose ring onto that of 1aR in the crystal structure,
followed by rotating about the 3mA x (N-glycosidic bond) torsion angle to maximize van
der Waals interactions. The solvent accessible surface of AIKC is shown as a
transparent white envelope. D, Release of 3mA from methylated genomic DNA after a
5-min incubation with either HCI, no enzyme (mock), PfAIKC (WT), E121A, E156A, or
W164A.
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The position of the 1aR deoxyribose in the crystal structure provides a model for
catalysis of base excision by AIKC. The N1 nitrogen of 1aR, which mimics the anomeric
C1' carbon in the oxocarbenium intermediate, is positioned perfectly for nucleophilic
attack by the water molecule held in place by Glul21, Argl52, and Glul56 (Figure
18A,B). These putative catalytic protein-DNA contacts are made without flipping the
modified nucleotide into an active site pocket. In fact, the nucleotide is sterically
constrained from further rotation around the DNA backbone. A network of alternating
charges between Glul21-Arg152-Glu156-Arg159-Asp203 spans the backbone in a 3'-5’
direction across the damaged nucleotide. Arg152 and Argl59 electrostatically stabilize
the two phosphates flanking the 1aR and hold the carboxylate side chains of Glul21
and Glul56 in close proximity to the 1aR sugar ring (Figure 17B). Thus, Glul21 and
Glul56 are positioned to electrostatically stabilize the positive charge that develops on
the deoxyribose during base excision and to orient and deprotonate the catalytic water
nucleophile for attack of the anomeric C1' carbon, without the need to flip the damaged
nucleotide out of the DNA.

To validate this region of the protein as the active site, we tested the contribution
of Glul2l, Glul56, and Trpl64 to catalysis by substituting individual residues with
alanine and comparing the ability of the mutants to excise 3mA from methylated
genomic DNA. We verified that the mutations did not compromise protein integrity or
DNA binding (Figure 19). The Glul21Ala substitution abrogated 3mA excision activity
and Glul56Ala significantly decreased 3mA excision relative to wild-type (Figure 18C),
consistent with a catalytic role for these residues. In contrast, removal of the indole side

chain from Trpl64 had no effect on the total amount of 3mA excised after 5 minutes,

49



suggesting that this residue either does not participate in catalysis or has a less
detectable role in this assay. These structural and biochemical data clearly designate

the region surrounding the 1laR as the active site and demonstrate that like AIKD, the

AlkC protein uses a non-base-flipping mechanism to access its substrate.
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Figure 19. Characterization of PfAIKC proteins used in this study. A, SDS-PAGE of
purified proteins, stained with Coomassie Blue. B, Thermal denaturation of wild-type
and PfAIkC mutants monitored by circular dichroism. The fraction of unfolded protein
was expressed as the normalized molar elipticity at 222 nm. Melting temperatures (Tm)
were derived by fitting the data to the equation (fraction unfolded) = 1/ (1 + e(M™T/k),
where k denotes the cooperativity of the transition. Although PfAIKCAC has a lower Tm
than the full-length proteins, it is properly folded at 21 °C at which biochemical assays
were performed (Figure 19). C, Electrophoretic mobility shift assay for PfAIkC mutants
binding to 1 nM THF-DNA of the seguence 32p-
d(GACCACTACACT(THF)ATTCCTAACAAC) /
d(GTTGTTAGGAAT(T)AGTGTAGTGGTC) in 25 mM HEPES (pH 7.5), 50 mM KClI, 5
mM DTT, 5% glycerol, and 0.05 mg/mL BSA at 21 °C for 30 min. Concentrations of
PfAIKC are shown at the top of the representative gels. Electrophoretic separation was
carried out on a Novex™ TBE gel (ThermoFisher Scientific). Quantitation is plotted on
the right, in which each value is the mean £ SD (n=3). Equilibrium dissociation
constants (Kd) were extracted by fitting the data to a two-state binding model.
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DNA glycosylase product complexes are often remarkably similar in conformation
to their substrate or intermediate structures, and consequently these enzymes are
typically inhibited by their abasic site products, which we recently showed to be true for
the non-base-flipping glycosylase AIKD (Brooks, 2013; Mullins, 2017; Mullins, 2015b). In
an effort to trap an AIKC product complex, we crystallized PfAIKC with DNA containing a
tetrahydrofuran (THF) abasic site mimetic. The PfAIKC/THF-DNA crystal structure was
refined to a crystallographic residual of 16.8% (Rfee=22.5%) against X-ray data
extending to 2.4 A (Table 2, Figure 20). The asymmetric unit of the THF structure
contained two protein-DNA complexes with HLR and Ig-like domains wrapping around
highly bent DNA duplexes as in the 1aR structure. However, unlike the virtually identical
protein-DNA complexes in the 1laR structure, each protein-DNA complex in the THF
structure differed significantly in the relative position of their Ig-like and HLR domains as
well as in the conformation of the DNA, with a 60° bend angle in one and an 85° bend in
the other (Figure 20G). Most notably, there was a substantial difference in the positions
of THF and 1aR bound to AlkC. The THF moieties were slipped out of the DNA helix as
single nucleotide bulges, each adopting a distinct conformation and a set of contacts to
AIKC outside of the active site (Figure 20D-F). As a consequence, adenine A6D,
immediately 5' to the THF on the damaged (D) strand, formed an opportunistic base pair
with thymine T6U opposite THF on the undamaged (U) strand, leaving T7U (instead of
T6U) unpaired. The mismatched A6D-T6U base pair was observed in both Watson-
Crick and Hoogsteen orientations in the two complexes in the asu (Figure 20F).
Because neither THF contacted the active site residues, similar to that observed in a

non-catalytic complex of THF-DNA bound to AIkD (Rubinson et al, 2010), we conclude
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that the PfAIKC/THF-DNA structure is not representative of the true PfAIKC product
complex. Rather, the structural heterogeneity observed in this structure highlights a key
aspect of the non-base-flipping mechanisms used by AIKC and AIkD. These enzymes
lack the intercalating side chain used by base-flipping enzymes to plug the gap left in
the DNA as a result of the everted or excised base, and thus AIKC and AlkD do not
directly stabilize the conformation of the abasic DNA on their own. Rather, we
previously showed that the excised nucleobase stabilizes intermediate and product
complexes by remaining stacked in the DNA duplex from its position in the substrate
(Mullins et al, 2015b). Attempts to trap ternary PfAIkC/1aR-DNA/3mA and PfAIKC/THF-
DNA/3mA complexes containing free 3mA nucleobase were unsuccessful, likely owing
to the lack of base stacking at the sharp kink in the DNA, and suggesting that the

nucleobase readily dissociates following N-glycosidic bond cleavage.
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Figure 20. Structure of the PfAIKC/THF-DNA complex and its comparison to
PfAIkC/1aR-DNA. A, DNA glycosylase-catalyzed reaction together with chemical
structures of intermediate and product mimetics used in this study. B, Annealed
composite omit electron density contoured to 10 is superposed onto the THF-DNA
crystallographic model. C, Two views of the crystal structures, with protein in blue, DNA
in gold, THF/1aR in magenta, and the thymidine opposite THF/1aR in green. D, DNA
structures extracted from the complexes. E, Schematic of protein-DNA contacts. PfAIKC
maintains similar contacts with the DNA in THF and 1aR complexes relative to the
position of the DNA bend and not to the position of the 1aR/THF. F. Details of THF-DNA
bound outside of the PfAIKC active site. Both complexes in the crystallographic
asymmetric unit are shown. A PEG 4000 molecule (white carbons) fills the void in the

53



catalytic pocket in complex A. G, Superposition of the two protomers in the THF
complex. Bold arrows highlight the difference in positions of the Ig-domain relative to the
HLR domain and in the two DNA conformations. H, Superposition of the two 1aR
complexes. |, Superposition of one protomer from each of the THF (gold) and 1aR (cyan)
complexes.
Structural Differences between AlkC and AlkD

With crystal structures for both AIkC and AIKD in hand, we are able to understand
the basis for their differences in locating and discriminating DNA alkylation damage.
Despite the low sequence conservation between the HLR domains of BcAIkD and
PfAIKC (16.3% identity and 27.1% similarity), they adopt the same general C-shaped
architecture that complements the DNA helix (Figure 21A-C). Neither protein flips the
target nucleobase out of the helix, but they use different mechanisms to interrogate the
minor groove for lesion recognition. The modified nucleobase in the BcAIKD complex
does not contact the protein, but remains stacked within a DNA duplex that is only
modestly bent (Figure 22), which allows the enzyme to tolerate different positions and
sizes of alkyl substituents. The bulky YTMA lesion in particular resides in a cleft
between the enzyme and the widened minor groove (Mullins et al, 2017a). In contrast,
PfAIKC imposes a much sharper bend in the DNA duplex, which disrupts base stacking
and exposes the modified nucleobase to protein contacts from the minor groove (Figure
22). A defining feature of AIKC that distinguishes it from AIKD is the highly conserved
alJ-loop insertion that projects into the kink and traps the lesion between the surface of
the protein and the kinked DNA (Figure 21A-C). This loop occupies the space in the

minor groove that would be occupied by YTMA, and explains why AIkC is unable to

excise bulky minor groove lesions. Because of its direct contact to the modified
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nucleobases, the presence of the alJ-loop also restricts the size of the lesion that can

be accommodated (Figure 18C).

AlkC ----ARPALKEIFNVERLQHIAS 23
AlkD MHPFVKALQEHFTAHONPEKAEPMARYMRNHFLFLGI 37

AlkC EMTAVYPAFDAKGFLKHAKAGLAELSVMQRMARVSESLHAVIPLDYPQTLTLLYALAPRL 83
AlKD ------------m-mm—mmmm—— oo QTPERRQLLKDIIQIHTLPDQKDFQIIIRELWDLP 72

AlkC NSGFVSLFLPHYVASYGRDDFKRSMAALKYFTTF-------- GSAEFAIRHFLLHDFQRT 135
AlkD EREFQAAALDIMQKYKKHINETH-IPFLEELIVTKSWWDSVDSIVPTFLGDIFLKHPELI 131

O s——————————— i D ——< KD
AlkC LAVMQAWSQDDNEHVRRLASEGSRPRLPWSFRLAEVQADP--ELCASILDHLKADSSLYV 193
AlkD SAYIPKWIASDNIWLQRAAILFQL--------~-- KYKQKMDEELLFWIIGQLHSSKEFFI 181

AlkC RKSVANHLNDITKDHPEWVLSLIEGWNLENPHTAWIARHALRSLIKQOGNTRALTLMGAGA 253
AlkD QKAIGWVLREYAKTNPDVVWEYVQNNE- - - - LAPLSKREAIKHIKONYGINN 229

AlkC KAEVKIHHLMVTPAVINLGERINLSFTLESTAPAPQKLVVDYAIDYVKSTGHGAAKVFKL 313

AlkC KAFSLGAGAQQHIRREQHTIRDMTTRKHYPGRHVVHVLVNGERLGSAEFELRA 365

Figure 21. Comparison of AIKC and AIKD. A, Structure-based sequence alignment of
PfAIKC and BcAIkKD. Active site residues are red and DNA-interacting residues are
boxed. Secondary structures derived from the crystal structures are shown above the
sequences. The transparent N-terminal segment of helix aG (yellow) is unique to AlkD
and helix ald (dark blue) is unique to AIkC. B, C, Crystal structures of 1aR-DNA
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complexes of PfAIKC (B) and BcAIkD (C, PDB 5CLD). The N-terminal helical bundles
are red; HEAT-like repeats are orange, yellow, green, cyan, and purple; and the Ig-like
domain of AIKC is olive. Side-chains of active site residues are shown as sticks, and the
1laR moieties are shown as magenta spheres. D, E, Interactions between the N-
terminal helical bundles of PfAIKC (D) and BcAIKD (E) and DNA. Protein is colored
rainbow from N- (blue) to C-terminus (red). DNA strands are colored gold and silver,
and 1laR and opposite thymine are magenta and green, respectively. F, G, Active sites
of PfAIKC (F) and BcAIKD (G). Protein residues are colored blue, DNA gold, 1aR
magenta, and 3-deaza-3mA (3d3mA) nucleobase pink. The catalytic water is shown as
a red sphere and hydrogen bonds are depicted as dashed lines.

Figure 22. Glycosylase-induced DNA distortion. DNA models from glycosylase-DNA co-
crystal structures of PfAIKC/1aR-DNA (this work), BcAlkD/1aR-DNA (PDB 5KUB), and
base-flipping human AAG/1,Né-ethenoadenine-DNA (PDB 1EWN) compared to
unbound B-DNA (PDB 1BNA). The modified and partner nucleotides are colored
magenta and green, respectively. Black arrows depict the helical axes.

The highly kinked DNA important for lesion recognition in AIKC is stabilized by

both the Ig-like domain as well as the N-terminal helical bundle, the conformation and
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topology of which is distinct from AIkD and other HLR proteins AIkD2 and AIKF/AIKG
(Figure 21D,E) (Backe et al, 2013; Rubinson et al, 2008). In AIkD’s three-helical bundle
(aA-aC), helix aB interacts with the damaged DNA strand and is essential for binding
affinity (Mullins et al, 2015a). In contrast, PfAIkC’s N-terminal helical bundle does not
contact the damaged strand. PfAIKC’s helix aA and aB, which are broken into 2-helix
segments to give aA’, aA, aB, and aB’, run antiparallel to one another and with opposite
polarity with respect to BCAIKD so that aB does not contact the DNA. Instead, the N-
terminal end of helix aA' points toward the undamaged strand DNA, similar to the helix
aC in both PfAIKC and BcAIkD (Figure 21D,E). As noted above, this region of AIKC may
work together with the Ig-like domain to stabilize the bent DNA conformation.

The active sites of AIkC and AIKD are surprisingly different. AIkC contains a
network of alternating charged residues along the damaged DNA backbone, whereas
AlkD uses a Trp-Asp-Trp motif to cradle the backbone around the damaged nucleotide
(Figure 21F,G). Each of the charged AIKC residues that span the damaged DNA
backbone are invariant except for Glu121 (Figure 11). Glul21 is positioned closest to
the anomeric C1' carbon and is spatially aligned with AlkD’s catalytic Asp113 on helix
aG (Figure 21A), consistent with its essential role in PfAIKC activity. Interestingly,
among AlkC orthologs, the position of Glul21 is almost always either a glutamate or a
tryptophan. We recently established that the two tryptophan side chains that flank the
catalytic Asp113 in AlkD contribute to catalysis, presumably by further stabilizing the
development of positive charge on the deoxyribose as the N-glycosidic bond is broken
(Mullins et al, 2015b; Parsons et al, 2016). In contrast, invariant Glul56 is positioned

closer to the O1' of the deoxyribose and is sandwiched between two arginine side
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chains from the ionic network, significantly lowering its predicted pKa (2.9) relative to
that of Glul2l (4.3). We therefore speculate that Glul21 deprotonates the water
nucleophile and that Glul56 plays more of a role in stabilizing positive charge that

develops on the deoxyribose during base excision.

AlkC Catalyzes Base Excision of 3mC and 1mA from Duplex DNA

During our phylogenetic analysis, we noticed that most AlkC-containing bacteria
lacked an AIKB ortholog, implying that these bacteria would be unable to repair 1-
methyladenine (1mA) and 3-methylcytosine (3mC) lesions by oxidative demethylation.
Out of 834 completely sequenced and annotated bacterial genomes that contain either
an AlkB or AIKC ortholog, only 6% contained both proteins (Figure 23A). Given this
distribution and the apparent specificity of AIKC for cationic methylbases, we tested the
ability of purified BCAIKC (a) and PfAIKC (B) proteins to excise 1mA and 3mC from a
double-stranded oligodeoxynucleotide substrate under single-turnover conditions.
Compared to a no-enzyme control, BcAIKC and PfAIKC exhibited robust activity for 3mC
and modest activity for ImA, while AlkD had no activity toward either 3mC or 1mA (Figs.
6B,C and Figure 24A,B). AIKC excision of 1ImA was comparable to its weak activity for
7mG (Table 3), suggesting that 3mC is a more biologically relevant substrate for AIkC
than is 1mA. Consistent with this, we were able to easily model 3mC, but not 1mA, into
our crystal structure. Positioning 3mC in the active site places the N3-methyl group in
van der Waals contact with Trp164 and the O2 oxygen in the Phel22/Glul21 pocket,
whereas the N1-methyl group on 1mA sterically clashed with Trpl164. 3mC and 1mA

excision was abrogated by Glul2lAla and Glul56Ala mutants and impaired by
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Trpl64Ala substitution (Figure 24C,D), consistent with a catalytic role for the
glutamates and a possible role for Trpl64 in discrimination of different alkylated
substrates. AIKC repair of these unusual lesions and the low percentage of bacteria that
contain both AIkB and AIKC raises the interesting possibility that AIKC repairs 3mC and
1mA in bacteria that do not contain the AIkB oxidative demethylase (Figure 23D).
Similarly, AlkA orthologs from the archaeon Archaeoglobus fulgidus and the archaea-
related bacterium Deinococcus radiodurans, neither of which contain an AIkB homolog,
are capable of 1ImA and 3mC excision (Leiros et al, 2007; Moe et al, 2012). We did not
observe 3mC or 1mA excision activity from ssDNA, nor did we observe excision of 1ImG
and 3mT (Figure 24E), all of which are substrates for AIkB (Delaney & Essigmann,

2004; Falnes et al, 2004; Falnes et al, 2002; Koivisto et al, 2004; Trewick et al, 2002).

Table 3. Base excision activities @

mG 3mC ImA
BcAIKD 1.3 x 102° 6.1 x 107 n.d.c
BcAIkC 1.5x10°% 1.7 x 10* 6.9 x 10
PfAIKC 2.4 x 10° 5.2 x10* 2.4 % 10°
PfAIKC E121A n.d. n.d.
PfAIKC E156A n.d. n.d.
PfAIKC W164A 6.1 x 10° 5.6 x 106

2Values are single-turnover rate constants (s*), averaged from three
independent measurements. Errors (s.d.) were between 10-20% for
each.

® Value from Parsons (2016) J. Am. Chem. Soc., 138: 11485-8.
°n.d., none detected.

59



B C - > RS \»\\9\»\‘“
oH CF PN
XN
@ / @®
| /& < | N/) S| b — — —
543 4R dR
0.8
AlKB = R
5306 c8
23 -%'c ® mock
S8 o4 S8 B BcAKD
66 o5 A BcAIC
£%5 £ v PfAIKC
0-0 T T T T T - T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
NH,
D _CH,OH

=

N
succinate D | %
O CO 0 N~ O
2 2 o CH,0

1KG +
NH, ’ y w \<\ NH,
AlkB 2

/CHL‘.

. K ol . | Y
& N/go NH, & N/KO
° AlkC 7 /f“ °
DNA >
DNA Hh (IJ O N O ///DNA}j
BER
OH
P

Figure 23. AlkC excises 3-methylcytosine (3mC) and 1-methyladenine (1mA) from DNA.
A, Venn diagram of the numbers of bacterial species containing either AIkB (blue), AlkC
(yellow), or both (green). B, C, Chemical structures and in vitro base excision of 3mC(B)
and 1mA (C) from 25-mer double-stranded oligodeoxyribonucleotides. Representative
denaturing electrophoresis gels show substrate (S) and product (P) after a 24-hour
incubation with either no enzyme (mock), BcAIkD, BcAIkC (AlkCa), or PfAIKC (AIKCR).
Plots show quantified time courses from three experiments (values are mean = SD). D,
3mC may be repaired in bacteria by either AlkB-catalyzed oxidative demethylation or
AlkC-catalyzed base excision. aKG, a-ketoglutarate.
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Figure 24. AIKC excision of 3mC and 1mA. Representative denaturing electrophoresis
gels show substrate (S) and NaOH-nicked abasic-DNA product (P) over a 24-hour
incubation. The plots show averages and s.d. from three experiments. A,B, 3mC-DNA
(a) and 1mA-DNA (b) excision by no enzyme (mock), BcAIkD, BCcAIkC, or PfAIKC. C,D,
3mC (c) and 1mA (d) excision by no enzyme (mock), wild-type PfAIkC (WT), or PfAIkC
mutants (E121A, E156A, W164A, AC). E, 24-hour incubation of BCAIKC or PfAIKC with
single-stranded (ss) or double-stranded (ds) oligodeoxynucleotides containing a single

3mC, 1mA, 1mG, or 3mT modification.
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Discussion

Previous work defined the HLR domain as a new enzymatic scaffold for duplex
DNA containing bulky lesions (Rubinson & Eichman, 2012; Rubinson et al, 2010;
Rubinson et al, 2008). We now show how decoration of this DNA repair fold with
additional motifs adapts it for specific, discreet lesions. The majority of AIKC orthologs
extend the DNA binding surface beyond the HLR domain using an Ig-like domain, which
works together with the HLR N-terminal helical bundle to severely distort the DNA
duplex and expose the nucleobase lesion. Projection of the AlkC-unique alJ-loop into
this kinked DNA helix limits the size of alkylbases that can be excised, while two
glutamate side chains enable AlkC to excise 3mC and 1mA, providing an alternative
means of removing these modified nucleobases by BER, in addition to oxidative
demethylation. In contrast, AlkD utilizes a Trp-Asp-Trp triad to recognize DNA damage
without contacting the nucleobase or disrupting the DNA base stack, enabling AlkD to
excise both major and minor groove lesions of various sizes. Thus, although AlkC and
AIkKD are related evolutionarily through their HLR architectures, and neither enzyme flips
its target substrate into an active site pocket, they have developed different strategies to

recognize and excise specific sets of alkylated lesions.

Methods
Phylogenetic Analysis
AlkC and AIKD orthologs were identified by the PSI-BLAST search against the
NCBI non-redundant protein sequence database (last accessed on March 14, 2016)

using PfAIKC (NCBI reference WP_012723400.1) and BcAIkD (NCBI reference
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CAJ31885.1) as queries with a cutoff e-value of 10°°. If multiple protein sequences were
included for a single species, a simple neighbor joining tree and the corresponding HLR
domain were used to remove the potentially redundant and paralogous sequences. All
AIkC and AIkD orthologous sequences were aligned using Clustal Omega (Sievers et al,
2011) and the phylogenetic tree constructed using FASTTREE (Price et al, 2010)
initiated with 100 random starting trees using a Whelan and Goldman + GAMMA amino
acid model of substitution. The distribution of AlkB and AlkC sequences in bacteria was
culled from the complete genomes using RefSeq representative genomes of NCBI
TBLASTN (last accessed on March 14, 2016) with a cutoff e-value of 10°. The
corresponding HLR and AlkB conserved domain were used to manually remove species

that have potential paralogous sequences.

Protein Purification

Cloning and purification of Bacillus cereus (ATCC 14579) AIkC and AIkD were
described previously (Mullins et al, 2013; Rubinson et al, 2008). AIkC genes from
Bacillus anthracis (NCBI WP_000521720.1), Bacillus mycoides (WP_003190106.1),
Bacillus  weihenstephanensis (WP_012261200.1), Sphingobacterium sp. 21
(WP_013668283.1), Pseudomonas fluorescens SBW25 (WP_012723400.1), and
Streptomyces albus (WP_003946460.1) were synthesized into expression vector pJ434
(DNA2.0). Constructs used in the genomic DNA base excision assay were
overexpressed in E. coli C41(DE3) cells at 16 °C overnight upon induction with 500 pM
IPTG. For all other biochemical assays and X-ray crystallography, P. fluorescens alkC

was sub-cloned into pBG100 (Vanderbilt Center for Structural Biology) encoding a
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cleavable N-terminal hexahistidine tag and overexpressed in E. coli HMS174(DE3) at
16 °C overnight with 500 uM IPTG. Cells were lysed by sonication at 4 °C in buffer A
(50 mM TriseHCI pH 8.5, 500 mM NaCl, and 10% (v/v) glycerol). AIkC orthologs were
purified from soluble lysate by Ni-NTA (Qiagen) affinity chromatography by sequentially
washing and eluting in buffer A containing 20 mM and 500 mM imidazole, respectively.
Pooled fractions were digested with Rhinovirus 3C (PreScission) Protease overnight at
4 °C to remove the N-terminal hexahistidine tag. Cleaved protein was diluted 10-fold in
buffer B (50 mM TrisHCI pH 8.5, 10% (v/v) glycerol, 2 mM DTT, and 0.1 mM EDTA)
and purified over heparin sepharose (GE Healthcare) using a 50-1000 mM NacCl linear
gradient. The protein was further purified using gel filtration chromatography (Superdex
200, GE Healthcare) in buffer C (20 mM TriseHCI pH 8.5, 150 mM NacCl, 10% (v/v)
glycerol, 2 mM DTT, and 0.1 mM EDTA). Purified proteins were concentrated, flash-
frozen, and stored at -80 °C in buffer C.

PfAIKC mutants were constructed using the Q5 Site-Directed Mutagenesis Kit
(New England BiolLabs, Inc.). PfAIKCAC (residues 1-249) was generated by mutating
the codon corresponding to residue 250 to a stop codon. Purification of PfAIKC mutants
was conducted in the same manner as wild-type PfAIKC except that PfAIKC Glul21Ala
was overexpressed in E. coli ArcticExpress (DE3) cells. Selenomethenine (SeMet)-
incorporated PfAIkC was overexpressed and purified the same as wild-type PfAIkC,
except overexpression was carried out in M9 minimal media supplemented with 0.4%
(w/v) dextrose; 1 mM MgSOs4; 0.1 mM CaCl;; 1 mg/L thiamine; 60 mg/L
selenomethionine; 50 mg/L each of leucine, isoleucine, and valine; and 100 mg/L each

of phenylalanine, lysine, and threonine. Integrity of mutant proteins was verified by
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thermal denaturation, monitored by circular dichroism molar ellipticity at 222 nm on a
Jasco J-810 spectropolarimeter using 7.5 yM protein in 50 mM HEPES pH 8.5, 100 mM

KCI, and 10% (v/v) glycerol.

Base Excision Assays

Base excision using genomic DNA and oligonucleotide substrates were carried
out as previously described (Mullins et al, 2013). Briefly, to measure release of
methylbases from genomic DNA by AIKC orthologs, 5 uM protein was incubated with 10
pg of MNU-treated calf thymus DNA at 37 °C for 1 h in 50 mM HEPES pH 7.5, 100 mM
KCl, 5% (v/v) glycerol, 10 mM DTT, 2 mM EDTA, and 0.1 mg/mL BSA in a 50 pL
reaction and products quantified by HPLC-MS/MS. The activity of PfAIKC and mutants
were tested in the same manner except that the assay was carried out at 21 °C for 5
min in a 30 pL reaction consisting of 10 uM protein, 50 mM HEPES pH 8.5, 100 mM KCl,
5% (v/v) glycerol, and 6 pg of MNU-treated calf thymus DNA from a different batch. For
oligonucleotide-based assays, 7mG, 1mA, 3mC, 1mG, or 3mT were incorporated into
the sequence d(GACCACTACACCXATTCCTTACAAC) at the underlined position either
enzymatically (7mG) (Mullins et al, 2013) or by solid-phase synthesis by
Midland Certified Reagent Company (1mA, 1mG, and 3mT) or ChemGenes Corporation
(3mC), and annealed to the complementary strand in annealing buffer (10 mM MES pH
6.5 and 40 mM NaCl). The YTMA lesion was generated in the sequence
[d(CGGGCGGCGGCA(YTMA)AGGGCGCGGGCC)/
d(GGCCCGCGCCCTTTGCCGCCGCCCG) as described previously (Mullins et al,

2015b). Glycosylase reactions contained 100 nM 6-carboxyfluorescein (FAM) labelled-
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DNA and 10 uM protein, and were carried out either at 21 °C in 50 mM HEPES pH 8.5,
100 mM KCI and 10% (v/v) glycerol (PfAIkC) or at 35 °C in 25 mM HEPES pH 7.5, 50

mM KCI and 5% (v/v) glycerol (BcAIKC and BcAIkD).

X-Ray Crystallography

Crystallization of the seven purified AIkC orthologs were first screened against a
library of double-stranded oligonucleotides (Integrated DNA Technologies) ranging in
length from 8-15 nucleotides and containing a centralized THF across from thymine.
Diffracting crystals were obtained from the PfAIKC protein grown in the presence of an
11-mer THF-DNA [d(TGTCCA(THF)GTCT)/d(AAGACTTGGAC)]. The PfAIKC/THF-DNA
structure was determined using single-wavelength dispersion (SAD) phases from
SeMet-incorporated protein and refined to 2.4-A resolution (Table 2, Supplemental
Figure 20). Crystals of the 1aR-DNA complex were obtained by replacing THF with 1aR
in the same 11-mer sequence, which was synthesized as previously described (Chu et
al, 2011). The PfAIkC/1aR-DNA structure was determined by molecular replacement
using the refined protein coordinates from the PfAIKC/THF-DNA complex as a search
model.

Protein-DNA complexes were assembled by incubating 0.12 mM PfAIKC with
0.15 mM DNA on ice for 30 min. Crystals were grown using the hanging-drop vapor
diffusion method at 21 °C. For the THF complex, 1 yL of SeMet-PfAIKC/THF-DNA
solution was mixed with 1 pL of reservoir solution (100 mM TriseHCI pH 8.5, 18% PEG
4,000, and 5% (v/v) glycerol). For the 1aR complex, 1 uL of wild-type PfAIkC/1aR-DNA

solution was mixed with 1 pL of reservoir solution (18% pentaerythritol propoxylate and

66



100 mM MES pH 6.1). Drops were equilibrated against 500 yL of reservoir solution.
Crystals were flash frozen in liquid Nz in either mother liquor supplemented with 30%
(v/v) glycerol (THF complex) or in mother liquor alone (1aR complex).

X-ray diffraction data were collected at Advanced Photon Source beamline 21-
ID-F (THF complex) and Advanced Light Source SIBYLS beamline (1aR complex). All
data were processed with HKL2000 (Otwinowski & Minor, 1997). Phases for the
PfAIKC/THF-DNA complex were determined by Se-SAD from positions of 18 Se atoms
using AutoSHARP (Vonrhein et al, 2007). PfAIkC/1aR-DNA phases were determined by
molecular replacement using the refined coordinates of the SeMet-PfAIKC protein as a
search model in the program Phaser (McCoy et al, 2007). Atomic models were built in
Coot (Emsley & Cowtan, 2004) and atomic positions, individual B-factors, TLS
parameters, and occupancies were refined using Phenix (Adams et al, 2010). The final
models were validated with MolProbity (Davis et al, 2007) and contained no residues
(THF complex) or one residue (1laR complex) in the disallowed regions of the
Ramachandran plot (Table 2). The identity of the sodium ion was verified by ligand
distances, coordination, and geometry using the CheckMyMetal web server (Zheng et al,
2014). Structure factors and coordinates were deposited in the Protein Data Bank under
accession codes 5VIO (THF complex) and 5VHV (1aR complex), and the corresponding
X-ray diffraction images deposited in the SBGrid Data Bank (Meyer et al, 2016).

Structural biology software was curated by SBGrid (Morin et al, 2013). Structure
figures were prepared in PyMOL (Schrddinger, 2016). Conservation from 527 AlkCB
sequences was mapped onto the structure of PfAIkC using the ConSurf server

(http://consurftest.tau.ac.il/index_full_form_example.php). DNA geometric parameters
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were measured using Web 3DNA (Zheng et al, 2009). Structure-based pKa calculations

were carried out in Rosetta (Kilambi & Gray, 2012; Lyskov et al, 2013).
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CHAPTER Il

CELLULAR FUNCTION OF ALKC AND ALKD IN RESPONSE TO DIFFERENT DNA
DAMAGING AGENTS

Abstract

DNA damage repair is essential to safeguard the stability and integrity of the
genomic DNA against endogenous and environmental DNA damaging agents. Among
the diverse repair pathways, direct reversal and base excision repair (BER) are two
fundamental pathways that occur in cells to repair DNA methylation damage, while
nucleotide excision repair (NER) is responsible for the majority of bulky helix-distorting
lesions. Bacillus cereus contain methylpurine DNA glycosylases AlkC and AIkD, which
exhibit robust in vitro excision activity for 3-methyladenine, in addition to three other
putative methylpurine DNA glycosylases. The reason for such an apparent redundancy
is unclear, and suggests an alternate role for AIkC and AIkD in repairing other types of
damage. Indeed, we previously showed that AIkC excises 3-methycytosine (3mC) and

1-methyladenine (1mA), which are usually repaired by the direct reversal enzyme AlkB.

*Some of the work described in this chapter has been published in:

Mullins, E. A., Shi, R., Parsons, Z. D., Yuen, P. K., David, S. S., Igarashi, Y., Eichman,
B. F. (2015). The DNA glycosylase AlkD uses a non-base-flipping mechanism to excise
bulky lesions. Nature, 527(7577), 254.

Mullins, E. A., Shi, R., Eichman, B. F. (2017). Toxicity and repair of DNA adducts
produced by the natural product yatakemycin. Nat. Chem. Biol., 13(9), 1002.

Shi, R., Mullins, E. A., Shen X-X, Lay, K. T., Yuen, P. K., David, S. S., Rokas, A.,
Eichman, B. F. (2018) Selective base excision repair of DNA damage by the non-base-
flipping DNA glycosylase AlkC. EMBO J. 37(1): 63-74
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Here, we used bacterial genetics to understand the cellular roles of AlkC and
AIKD. Cell growth data from Bacillus anthracis strains lacking alkC or alkD genes
indicated that AIkC and AIKD are not critical for protection of cells against methylating or
other common DNA damaging agents. Consistent with its in vitro excision activity, we
found that AlkD mediated BER and UvrA-mediated NER work synergistically in repair of
YTMA, the antifungal and antibiotic compound produced by Streptomyces. Despite the
excision activity of AIkC toward 3mC and 1mA in vitro, we did not observe significant
effect of AIKC on repair of these adducts in cells. These results indicate that AIkC and
AIkD may have evolved to contribute to repair of non-BER substrates, and give an

example of how the cell uses one scaffold for diverse biological roles.

Introduction

The cell encounters constant environmental and endogenous challenges that
cause genomic instability (Friedberg et al, 2006b). In bacteria, two major pathways play
key roles in removal of alkylated lesions (Mishina et al, 2006). Base excision repair
(BER) is the predominant pathway to deal with the majority of methylated nucleobases.
BER is initiated with recognition and excision of the damaged nucleobase by a DNA
glycosylase, followed by incision of the abasic (AP) site, DNA synthesis and ligation
(Fromme & Verdine, 2004). DNA glycosylases are widely spread in all domains of life,
consistent with their important role in damage repair (Scharer & Jiricny, 2001). 3-
methyladenine DNA glycosylases are responsible for two of the most abundant N-
methylated lesions in cells, 3-methyladenine (3mA) and 7-methylguanine (7mG). 3mA is

highly toxic as it inhibits DNA replication while 7mG is prone to produce labile AP sites

70



(Wyatt et al, 1999). The expression levels of methylpurine DNA glycosylases are tightly
regulated in cells to prevent, rather than confer alkylation sensitivity (Posnick & Samson,
1999; Troll et al, 2014). Human alkyl-adenine DNA glycosylase (AAG) preferentially
eliminates hypoxanthine (Hx) and its expression largely depends on the tissue type and
the age (Allan et al, 1998). E.coli TAG, the 3-methylpurine DNA glycosylase specific for
3mA, is constitutively expressed to repair a basal level of endogenous alkylation
damage, while AIKA, which is part of the adaptive response and has a broader substrate
range, is inducible upon methylating drug treatment (Lindahl et al, 1988; Sedgwick &
Lindahl, 2002). Rapid removal of methylated bases by overexpressing methylpurine
DNA glycosylase increases cell sensitivity to damaging agents as the process
generates an elevated amount of AP sites and strand breaks, which are more cytotoxic
than the neutral 7mG lesions (Glassner et al, 1998; Posnick & Samson, 1999; Troll et al,
2014).

The other fundamental pathway to repair methylation damage is direct reversal
repair. One form of direct reversal is oxidative demethylation, which is mediated by the
dioxygenase AIkB (Falnes et al, 2002). AlkB oxidizes the erroneous methyl group on 3-
methyl-cytosine (3mC) and 1-methyl-adenine (1mA) to formaldehyde, and reverts the
damaged bases to cytosine (C) and adenine (A) (Landini & Volkert, 2000; van den Born
et al, 2009). Despite bearing similar positive charge with 3mA and 7mG at physiological
pH, 3mC and 1mA bases with high abundancy in ssSDNA and RNA have more stable N-
glycosidic bonds, and are repaired by direct reversal repair instead of base excision

repair (Dalhus et al, 2009). Interestingly, AlkA2 from Deinococcus radiodurans and AlkC

71



from Bacillus anthracis process in vitro activities toward the AlkB substrates 3mC and
1mA (Moe et al, 2012; Shi et al, 2018).

YtkR2, a homolog of 3-methyladenine DNA glycosylases AIkD from HEAT-like
repeat superfamily, has been identified in the gene cluster of yatakemycin synthesis
pathway in Streptomyces sp. TP-A0356. Besides removing 3mA and 7mG, YtkR2
shows activity for N3-base adducts modified by the highly potent antifungal drug
yatakemycin (YTM), which belongs to the family of duocarmycin drug family (Xu et al,
2012). Unlike the majority of glycosylases that flip the modified base into the active site,
AlkD adopts a non-base flipping mechanism in which the damaged nucleotide remains
stacked in the DNA duplex during catalysis. This lack of constraints on enzyme
substrate size allows YtkR and AIkD to efficiently recognize and excise bulky positively
charged N3-yatakemycyladenine (YTMA) in in vitro glycosylase assays (Mullins et al,
2015b).

In Bacillus cereus, five 3-methylpurine DNA glycosylases coexist in cells (Alseth
et al, 2006). Together with robust in vitro activities of AIkC for 3mC and AIKD for YTMA,
this high redundancy leads to the hypothesis that AIKC and AIkD may have gained
activity for noncanonical base adducts besides 3mA and 7mG removal. Here we
demonstrate, though AIkC and AlkD exhibit high activity for 3mA (Alseth et al, 2006;
Mullins et al, 2013), knockout of alkC and alkD genes imparts no sensitivity to the
methylating agents. However, AlkD-mediated BER and UvrA-mediated NER contribute

to the repair of bulky YTM-adducts in vivo.
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Results

AIkC and AIKD are Not Essential for Repair of Methylation Damage

In E.coli, AIKA and TAG are two critical methylpurine DNA glycosylases to excise
methylated nucleobases (Evensen & Seeberg, 1982; Wyatt & Pittman, 2006). Depletion
of these two 3-methyladenine glycosylases sensitizes cells to methylating agents, such
as methyl methane sulfonate (MMS). The AalkAAtag double-knockout strain exhibits
remarkable susceptibility to MMS, whereas complementation with AIKC or AlkD
significantly rescues its sensitivity (Alseth et al, 2006). Consistent with this, AIKC and
AIKD exhibit robust in vitro activities toward 3-methyladnine (3mA) (Mullins et al, 2013).
The cellular function of AIKC and AlkD were characterized through ectopic expression in
E. coli, and no AIkC or AIkD homolog has been discovered in E.coli. In order to
precisely understand the cellular function of AIkC and AIkD, it is necessary to work on a
model organism that contains alkC and alkD genes. Alkylpurine DNA glycosylases AlkC
and AIkD were originally discovered in Bacillus cereus, which is nearly identical (>90%)
to that of Bacillus anthracis. The avirulent Sterne strain (34F2) of Bacillus anthracis has
lost the plasmid that codes one virulence factor, which allows it to be widely used in
scientific research and animal immunization (Welkos, 1991; Welkos & Friedlander,

1988).
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Figure 25. Sensitivity of AalkC, AalkD, and AalkCAalkD mutants to a variety of DNA
damaging agents. The logarithmically growing cells of wild-type (WT), AalkC, AalkD,
and AalkCAalkD-knockout strains of B. anthracis were diluted and grown on LB plates
containing 3 mM MMS, 10 mM NAL, 10 mM HU and 250 uM Hz0:..

To characterize the cellular function of AlkC and AIKD in repair of various DNA
damage, we treated alkC and alkD depleted cells with a variety of DNA damaging
agents in B. anthracis Sterne. No noticeable difference in growth was observed for
single- and double- knockouts compared with wild-type after treatment with hydroxyurea
(HU), nalidixic acid (NAL), MMS, N-methyl-N-nitrosourea (MNU) (data not shown), and
hydrogen peroxide (H202) (Figure 25). HU is the inhibitor of ribonucleotide reductase,
which causes replication stress by blocking DNA synthesis and decreasing the level of
dNTP pool (Kog et al, 2004). NAL inhibits DNA gyrase, leading to double-strand DNA
breaks and inducing the SOS response (McQueen et al, 1989). H202 generates reactive
hydroxyl radicals to damage DNA (Petersen et al, 2000). As expected, the results
indicate that AIKC and AIkD are not involved in repair of lesions induced by HU, NAL,
and H202. Alkylating agents and carcinogens MMS and MNU produce different spectra

of methylated bases. MMS primarily causes 3mA and N7-methylguanine (7mG) adducts
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while MNU generate Of-methylguanine in addition to N-methylated products (Nay &
O‘Connor, 2013). Compared to a broad range of substrates (3mA, 7mG, and POB-
adducts) removed by AlkD, AlkC is more specific for 3mA in vitro (Mullins et al, 2013;
Rubinson et al, 2010). Interestingly, the presence of AIkC and AlkD does not render the
cell higher resistance to methylation damage (Figure 25). Because of the coexistence
of multiple alkylpurine DNA glycosylases in Bacillus anthracis, AIKC and AIKD are not
essential for cell survival when challenged with MMS and MNU. Similar results were
obtained when the mutant tolerance and persistence were tested using different drug

concentrations of MMS and MNU (data not shown).

The Expression of AIkC and AIkD upon DNA Damaging Agent Treatment

Bacillus cereus has two AlkA homologs and one AAG homolog presumably to
control the level of alkylated DNA. To investigate the expression of AIKC and AIKD in
response to DNA damage and understand the regulatory mechanism of balance
maintenance between different alkylpurine DNA glycosylases, we compared the
expression of alkylpurine DNA glycosylases AlkA, AAG, AIKC, AlkD, and NER enzyme
UvrA in the presence and absence of DNA damaging agents, with particular attention to
the methylated and bulky lesions produced by methyl methanesulfonate (MMS) and
NNK precursor 4-[(acetoxymethyl) nitrosamino]-1-(3-pyridyl)-1-butanone (NNKOAc-).
NNK is a potent tobacco-specific carcinogen that results in bulky pyridyloxobutyl (POB)-
modified DNA (Xue et al, 2014). The cytotoxic POB adducts are repaired by NER in vivo
(Brown et al, 2008), while AIkD also releases cationic 7-POB-G and O2-POB-T adducts

in vitro (Rubinson et al, 2010). As expected, one of the AIKA homologs was upregulated
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following MMS stimulation. The human AAG homolog was not induced after MMS or
NNKOAc exposure, whereas the E.coli UvrA homolog remarkably increased its
expression in the presence of MMS. AIKC and AlkD also showed inducible expression
with  MMS (Figure 26). The data suggest that under normal circumstances,
methylpurine DNA glycosylases maintain basal levels of expression to protect against
endogenous DNA damage, whereas these glycosylases (except for AAG) are
upregulated in response to elevated levels of damaged bases. This gRT-PCR
experiment was performed only once, and needs to be repeated to ensure the accuracy

of the results.
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Figure 26. Expression of putative B. anthracis alkylpurine DNA glycosylases. mRNA
levels of B. anthracis AIKA (blue), AIkC (orange), AIKD (grey), UvrA (yellow), and AAG
(light blue) with and without 4-(methylnitrosamineo)-1-(3-pyridyl)-butanone (NNKOAC)
and MMS were determined by gRT-PCR and normalized to the internal 16sRNA control.
This experiment was conducted only once.

AlkD-Mediated BER and UvrA-Mediated NER Work Synergistically in Repair of Bulky
Yatakemycin Adducts
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Unlike alkylpurine DNA glycosylases AAG, MAG and AlkA, AIkD is the first
glycosylase that does not rely on the base-flipping mechanism and excises bulky YTMA
in vitro (Mullins et al, 2015b; Rubinson et al, 2010). YtkR2, the homolog of AIkD, has
been identified in the YTM biosynthesis gene cluster as providing self-resistance to this
extremely cytotoxic antitumor antibiotic YTM (Xu et al, 2012). We wanted to know
whether AIKD plays an important role in repair of YTMA in Bacillus anthracis. Therefore,
we constructed a B. anthracis AalkD knockout and tested the cell sensitivity to YTM.
Consistent with previous results, the lack of alkD showed no effect on cell sensitivity
toward MMS compared to the wild-type due to the redundancy of multiple alkylpurine
DNA glycosylases (Figure 27a). However, deletion of alkD did increase cell
susceptibility in the presence of YTM, indicating that AIKD is important in removal of
bulky lesions in vivo (Figure 27b). Consistent with the lack of the ability to remove
YTMA in vitro, alkC-depleted B. anthracis strains did not show additional sensitivity in
response to YTM compared with the wild-type (Figure 12c).

Bulky lesions, including those formed from a natural product akin to YTM and
CC-1065, are known to be repaired via nucleotide excision repair (Kiakos et al, 2007;
Selby & Sancar, 1988). To understand how AlkD-mediated BER and UvrA-mediated
NER work synergistically in resistance to YTM, we constructed of AalkD and AuvrA
single knockouts and AalkDAuvrA double knockout strains, and treated them with
increasing concentrations of YTM. AuvrA showed slightly more growth defect than
AuvrA after YTM treatment, while AalkDAuvrA exhibited cumulative sensitivity (Figure
28 a,b). The high sensitivity of AalkD and AuvrA single knockouts at low drug

concentration suggests NER and AIkD provide low levels of protection in vivo. Single-
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and multiple-turnover excision of YTMA by AIKD have been tested and showed that the

YTM elimination efficiency is restricted by product inhibition, thus correlating the robust

in vitro activity of AIkD with its low cellular protection (Mullins et al, 2017a).
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Figure 27. Sensitivity of AalkD mutant and wild-type to MMS and YTM. Wild-type (black)
and AalkD knockout (red) strains of B. anthracis were treated with varying
concentrations of MMS and YTM. Control experiments contained no drug. Deletion of
AIkD caused no observable phenotype with MMS but resulted in increased sensitivity to
YTM. a, MMS treatment. b, YTM treatment. Error bars represent the s.e.m. from three
replicate growth curves. Spot assays were performed in duplicate. (Mullins, 2015)
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Figure 28. Determination of YTM resistance. a, Growth of B. anthracis deletion strains
in liqguid medium. Error bars represent s.e.m. from four replicate experiments. OD600,
optical density at 600 nm. b, Growth of B. anthracis deletion strains on solid medium.
YTM was omitted from all control experiments. (Mullins, 2017)

Cellular Protection against 3-Methycytosine and 1-Methyladenine by AlkC

The predominant pathway for repair of 3-methylcytosine (3mC) and 1-

methyladenine (1mA) in DNA and RNA is mediated by the dioxygenase AIkB through
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oxidative demethylation. We found that AIKC specially removes 1mA and 3mC damage
in dsDNA. Because the majority of 3mC and 1mA are present in single-strand (ss) DNA
and RNA, we were interested to know whether AIKC removes these lesions from ssDNA,
ssRNA and dsRNA, and provides an alternative pathway to eliminate 3mC and 1mA in
Vivo.

To examine the activity, we incubated dsRNA and ssRNA containing 1mA with
Pseudomonas fluorescens AIkC (PfAIkKC) and B. cereus AIKC (BcAIkC), and quantified
the released nucleobases by HPLC-MS. No 1mA nucleobase was liberated following a
24-hour incubation with AIKC, suggesting AIKC discriminates against lesion in ssDNA

(Figure 24E) and RNA (Figure 29).
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Figure 29. AIKC has no activity for 1-methyladenine in RNA. 1-methyladenine (1mA)
was released from double-strand RNA (black bars) and single-strand RNA (grey bars)
after a 24-hour incubation with either no enzyme (mock), positive control (HCI), B.
cereus AIKC, or P. fluorescens AIKC. Error bars represent the s.e.m. from three replicate
experiments.
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Figure 30. Cellular function characterization of AIKC. A, Growth of wild-type E.coli
(MV1161) with empty vector pBR322 (+/p; red) and pBR322-bcAIkC (+/pC; blue), E.coli
AalkB (MV2029) with empty vector pBR322 (AalkBlp; green) and pBR322-bcAlkC
(AalkBIpC; purple) was determined in the presence of varying concentrations of N-
methyl-N-nitrosourea (MNU). Cell densities were recorded every hour for 10 hours. B,
Early-mid-log phase cells were plated on LB plates prepared with 0, 0.5, 0.8, and 3 mM
MMS. Growth curves and spot assays were performed in triplicate. Error bars represent
the s.e.m. from three replicate growth curves.

AlkB prevents cell death from exposure to MMS. We speculated AIKC might
provide cellular protection against toxicity of 1mA and 3mC in the absence of alkB. We
therefore asked whether overexpression of AIkC would suppress the sensitivity of alkB-
deleted cells to MMS. To control the expression level of AIKC, we expressed AIKC either
from the “leaky” trc promoter or the endogenous alkB promoter. AalkB mutants were
more sensitive to MMS than wild-type, whereas additional expression of AIKC did not
enhance MMS resistance of either strain (Figure 30 A,B). In contrast, expression of
ectopic AlkC in wild-type and AalkB mutant decreased the cell viability. This is probably

because AIKC is highly active in the cell to remove methylated lesions, thus increasing
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abasic sites and stand breaks, whereas 1mA and 3mC lesions in dsDNA themselves

are of low toxicity to cells and only comprise a small portion of DNA damage.

Discussion

Here we report that although AlkC and AlkD catalyze repair of a broad range of
positively charged lesions in vitro, the relative cellular repair efficiency for each lesion
varies dramatically in B. anthracis. The non-base-flipping glycosylase AIKD provides in
vivo activity for NER substrates YTMA, but not for classical BER substrates 3mA and
7mG. Similarly, in contrast to high 3mA activity in vitro, lack of AIKC has no effect on
survival with methylation damage. Note that no detectable effect on cellular repair of
3mA was observed in the absence of AIkC and AlkD compared to wild-type, suggesting
that this specificity may have been developed as a result of the overlapping methylation
repair of alkylpurine DNA glycosylases in B. anthracis.

A host cell reactivation assay can be performed to determine the cellular function
of AIkC in 3mC repair. In this experiment, the survival of methylated lambda M13 duplex
DNA is assayed in B. anthracis AalkC, AalkB and AalkCAalkB mutants. Specifically,
M13 DNA pre-treated with MMS is transformed into B. anthracis mutants. Failure to
repair the methylated bases will hinder the transformation efficiency of DNA. Thus,
repair efficiency can be monitored by counting plague-forming units. If AIkC is highly
effective in repair of 3mC and 1mA in dsDNA, AalkCAalkB mutant will show no or only
modest deficiency in reactivating M13 compared to single mutants.

The global transcriptional upregulation of multiple methylpurine DNA

glycosylases and UvrA in B. anthracis following MMS and NNKOACc treatment suggests
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BER and NER may play a minor role in removal of lesions induced by these two
chemicals. The discrepancy in expression indicates the relative levels of DNA
glycosylases are fine-tuned for balance between eliminating toxic lesions and
maintaining low levels of harmful repair intermediates.

More work needs to be done to fully understand the regulation of methylpurine
DNA glycosylases. AIKD excises bases modified by YTM, thus mRNA levels can be
monitored with YTM treatment. Prior to examination of the expression levels of AIkC
and AIkD upon MMS and YTM treatment, the substrate spectra of putative AIKA and
AAG homologs should be determined to verify that they are not non-functional proteins
and have identical specificities with E.coli AIKA and human AAG. Furthermore, AlkC and
AlkD are upregulated simultaneously with AlkA after MMS treatment, it would be
interesting to characterize the regulatory pathway of AIKC and AlkD and test if the

operons of alkC and alkD genes are transcriptionally activated by Ada.

Methods

Preparation of AalkC, AalkD, and AalkC AalkD Cells

The 1-kilobase flanking regions surrounding alkD were inserted into the
knockout-plasmid pLM4 using standard molecular biology techniques. The modified
plasmid was propagated in nonmethylating E. coli K1077 and dialyzed against
electroporation buffer for 1-4 hours before introduction by electroporation into B.
anthracis Sterne cells in pre-chilled 1mm BioRad cuvette. B. anthracis colonies
containing the plasmid were grown on LB plates supplemented with 20 pyg mi™

kanamycin at 42.5 °C for 1-2 days to generate merodiploids with plasmid DNA
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integrated into their chromosomal DNA. Merodiploids were then grown in LB medium for
1 day at 30 °C to facilitate elimination of redundant DNA from their genomes. Cultures
were serially diluted and grown on LB plates without kanamycin for 1 day at 30 °C so

that colonies lacking alkD could be identified by PCR screening.

Determination of Resistance to DNA Damaging Agents

Overnight cultures of B. anthracis Sterne (wild-type, AalkD, AalkC, AuvrA and
AalkC AalkD) grown at 30 °C were diluted 1:100 in 100 pl of LB medium in the presence
or absence of varying concentrations of MMS, H202, HU, NAL, NNKOAc, YTM in a 96-
well flat-bottom plate. The plate was incubated at 30 °C with shaking for 20 h, and cell
density was measured at 600 nm every hour using a Synergy 2 multi-detector
microplate reader. Before each measurement, the plate was gently vortexed to ensure
full resuspension of sedimented cells. Experiments were performed in triplicate.
Overnight cultures of B. anthracis Sterne (wild-type, AalkD, AalkC, AuvrA and AalkC)
grown at 30 °C were diluted 1:100 in 5 ml of LB medium and incubated at 30 °C with
shaking until early logarithmic phase. Culture aliquots (5 ul) were then tenfold serially
diluted (1:10%107%-1:107%/107°) and spotted on LB plates prepared with or without MMS,
H202, HU, NAL, NNKOAc, YTM. Plates were incubated at 37 °C and imaged after 2
days. Experiments were performed in duplicate.

Growth curve and spot assay of E.coli were performed in the similar manner as B.
anthracis. E.coli wild-type MV1161 and AalkB MV2029 were transformed by empty
vectors (pTrcl9A; pBR322) and AlkC expression constructs (pTrc19A-bcAIkC; pBR322-

bcAlIkC with alkB promoter). The cells were grown in LB medium or LB plates containing
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MNU. Cell densities were recorded and plates were imaged at the indicated time. E.coli
wild-type MV1161, AalkB MV2029, and vector pTrc99a were gifts from Michael Volkert
(University of Massachusetts Medical School). pBR322 was gift from Neil Osheroff
(Vanderbilt University). DNA fragment of alkC with alkB promoter was synthesized and

subcloned into pBG322 by GeneScript.

RNA Quantification

Cell culture of B. anthracis wild-type was reseeded at 1:100 from an overnight
culture and spiked with MMS or NNKOAc at mid-log growth phase and incubated for 30
minutes. Cells were harvested by adding equal volume of ice cold acetone-ethanol. Cell
pellet was resuspended in RNA trizol and lysed in bead beater tubes containing Lysing
Matrix B. RNA was isolated using chloroform and Qiagen RNeasy Prep Kit. DNA
contamination and DNase were removed using RQ1 (Promega) and Qiagen RNeasy
miniprep RNA Cleanup protocol. RNA was quantified by Nanodrop on BioTek and used
to generate cDNA. cDNA was amplified and quantified by Bio-Rad iQ SYBR Green

Supermix and 3-step with melt curve program.

Base Excision Assays

Base excision using oligonucleotide substrates were carried out as previously
described (Mullins, 2013). Briefly, to measure release of methylbases from double-
strand RNA (dsRNA) and single-strand RNA (ssRNA) by Pseudomonas fluorescens
AIKC and Bacillus cereus AIkC, 1mA, or 1ImA, 3mC, 1mG, and 3mT, were incorporated
into the RNA sequence (GACCACTACACCXATTCCTTACAAC) or DNA sequence

d(GACCACTACACCXATTCCTTACAAC) at the underlined position by solid-phase
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synthesis by Midland Certified Reagent Company, and annealed to the complementary
strand in annealing buffer (10 mM MES pH 6.5 and 40 mM NacCl) to generate dsRNA or
dsDNA. The lesion DNA strand has 6-carboxyfluorescein (FAM). 10 uM protein was
incubated with sSRNA, dsRNA, ssDNA, dsDNA for 24 hours at 21 °C in 50 mM HEPES
pH 8.5, 100 mM KCI and 10% (v/v) glycerol (PfAIkC) or at 35 °C in 25 mM HEPES pH
7.5, 50 mM KCI and 5% (v/v) glycerol (BCcAIKC) in a 50 pL reaction. Products released
from RNA and DNA were quantified by HPLC-MS/MS and gel electrophoresis as

described previously (Mullins et al, 2013; Shi et al, 2018).
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CHAPTER IV

STRUCTURAL BIOLOGY OF HEAT-LIKE REPEAT FAMILY OF DNA

GLYCOSYLASES

Abstract

DNA glycosylases maintain genome integrity by removing aberrant nucleobases
as the first step of the base excision repair pathway. The HEAT-like repeat (HLR) DNA
glycosylase superfamily contains DNA glycosylases that specifically remove a variety of
cationic alkylated DNA bases, as well as non-enzymatic proteins with varied DNA
binding functions. In contrast to glycosylases in other superfamilies, HLR AlkC and AIkD,
engage damaged DNA and excise the nucleobase without flipping the base lesion into
the active site and stabilizing the DNA duplex with plug residues. Owing to the non-base
flipping mechanisms, AIkD efficiently excises the bulky yatakemycin-modified DNA
adduct (YTMA), while AIKC significantly enhances the catalysis of 3-methylcytosine
(3mC), and 3-methyladenine. In contrast to AIkC and AIKD, BER activity for HLR
proteins AlkD2 and AIKF has not been identified. Apart from their catalytic site, the most
notable differences for individual family of HLR proteins are the N-terminal cap. This
superfamily exhibits a diverse range of substrates. This chapter focuses on reviewing
the chemical mechanisms of AIKC and AlkD in the context of structures, with emphasis
on the comparison of the catalytic pocket and therefore substrate selectivity. Together
with a thorough phylogenetic and functional comparison between different families, we

outline the implications of this novel protein folds composed of short a-helical repeats.

*This chapter will be published as a review article in BioEssays.
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Introduction

A number of cellular metabolites and environmental toxins generate a diverse
spectrum of alkylated nucleobase modifications that thwart normal DNA processes
(Friedberg, 2008; Lindahl, 1993). The cytotoxic and mutagenic effects of alkylation
damage can lead to genomic instability and disease, while also making some genotoxic
DNA alkylating agents effective anticancer and antimicrobial chemotherapeutics
(Sedgwick, 2004; Tubbs & Nussenzweig, 2017; Wyatt & Pittman, 2006). Alkylation
damage is repaired in the cell by several modification-specific pathways. Bulky,
crosslinked, and helix-distorting lesions typically are processed by nucleotide excision
repair (NER), whereas small modifications are removed by direct reversal and base
excision repair (BER) mechanisms. BER is initiated by a lesion specific DNA
glycosylase that liberates the modified nucleobase from the DNA backbone via
hydrolysis of the N-glycosidic bond (Figure 31A). This reaction generates an
apurinic/apyrimidinic (AP) site that is subsequently excised by an AP endonuclease and
replaced by a gap-filling DNA polymerase.

Alkylation of DNA nucleobases is one of the most common forms of DNA
damage. Consequently, alkylation specific DNA glycosylases are widely distributed
across all domains of life. These enzymes can be classified into one of three distinct
structural superfamilies with overlapping substrate specificities (Brooks et al, 2013).
Human AAG adopts a unique aB-fold (Lau et al, 1998), while those from unicellular
organisms, including yeast MAG and Magl and E. coli AlkA and Tag, adopt the helix-
hairpin-helix (HhH) fold observed in other oxidation-specific glycosylases (Adhikary &

Eichman, 2011; Brooks et al, 2013; Drohat et al, 2002; Labahn et al, 1996; Rubinson et
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al, 2009). Like other previously defined glycosylase superfamilies, both AAG and HhH
architectures scaffold a general DNA binding surface and an active site pocket, the
latter of which binds the target nucleobase that has been extruded out of the DNA helix
in a process known as base flipping (Roberts & Cheng, 1998). The remodeled helix is
stabilized by intercalation of one or more side chains into the void generated by the
everted base. The nucleobase binding pocket in large part defines the enzyme’s
substrate specificity and places a limit on the size of the chemical modification that can
be accommodated. Whereas AAG, AIkA, and MAG recognize a wide spectrum of
alkylated and even deaminated nucleobases, the constitutively active Tag enzyme has
a tight specificity for 3-methyladenine generated endogenously (Rubinson et al, 2009).
A third superfamily of DNA glycosylases was recently defined by bacterial AIkC
and AIkD, which have a distinct specificity for cationic N3- and N7-alkylguanines and a
unique construction from tandem a-helical repeats related to HEAT motifs
(Huntington/Elongation/A-subunit/Target-of-rapamycin) (Alseth et al, 2006; Dalhus et al,
2007). HEAT repeats are pairs of antiparallel a-helices that stack in parallel arrays to
form extended superhelical or C-shaped structures, which often form scaffolds for large
multiprotein assemblies, including those involved in chromatin maintenance and
remodeling (Neuwald & Hirano, 2000; Perry & Kleckner, 2003; Sibanda et al, 2010).
HEAT domains are also involved in binding and transporting protein ligands within the
inner channel of the superhelix (Andrade et al, 2001; Grove et al, 2008; Yoshimura &
Hirano, 2016). More recently, this channel has emerged as a nucleic acid binding

surface in proteins with diverse functions, including RNA nuclear export, regulation of
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MRNA stability, and chromosome segregation (Kschonsak et al, 2017; Lahr et al, 2015;

Okada et al, 2009).
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Figure 31. Base excision repair and alkylated lesions removed by AIkC and AIkD. A, N-
glycosidic bond is cleaved to release cationic 3mA nucleobase from DNA backbone
followed by nucleophilic water attacking the oxocarbenium intermediate to generate an
abasic (AP) DNA. B, Methylation substrates of AIKC and AIkD. The relative enzyme
activities of AIKC and AIkD toward different substrates are shown as yellow and blue
circles, respectively. 3mA, 3-methyladenine; 3mG, 3-methylguanine; 3mC, 3-
methylcytosine; 1mA, 1-methyladenine; 7mA, 7-methyladenine. C, Bulky lesions
excised by AIkD. O?-POBC, 0O2-[4-3-(pyridyl)-4-oxobut-1-yl]-cytodine; 7POBG, 7-[4-3-
(pyridyl)-4-oxobut-1-yl] guanine; YTMA, N3-yatakemycyladenine.

The HEAT-like repeat (HLR) glycosylases AIkC and AIkD have illustrated how
this versatile helical repeat architecture can serve as a DNA damage sensor in addition
to a non-specific DNA binding platform (Rubinson & Eichman, 2012), and have provided
new insight into repair of DNA alkylation by multiple pathways. In contrast to the base-
flipping AAG and HhH glycosylases, AIkC and AIKD are unique in that they do not use a
base flipping mechanism to recognize and cleave their substrates, and instead, interact
with damaged nucleotides while stacked in the DNA helix. Consequently, these

enzymes recognize a chemically different set of alkyl substituents previously associated

with direct reversal and NER (Figure 31B,C). AIkC is capable of excising 3-
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methylcytosine (3mC) and 1l-methyladenine (1mA) (Shi et al, 2018), which are also
directly repaired by oxidative demethylation by the AIkB family of dioxygenases
(Fedeles et al, 2015; Mishina & He, 2006) (Figure 31B). The non-base flipping
mechanism of AlkD enables it to remove bulky adducts, including pyridyloxobutyl (POB)
adducts of guanine and cytosine (Figure 31C). Likewise, Bacillus cereus AlkD and its
ortholog in Streptomyces sp. TP-A0356, YtkR2, excise adenine modified by
yatakemycin, a bulky and highly toxic Streptomyces secondary metabolite that belongs
to the duocarmycin/CC-1065 family of natural products, which are known NER
substrates (Jin et al, 2001; Kiakos et al, 2007; Selby & Sancar, 1988) (Figure 31C).

In addition to AIkC and AIkD enzymes, two distinct HLR proteins lacking base
excision activity—AIkD2 and AlkF—have been identified. AlkD2 has no detectable DNA
affinity, whereas AIKF has an affinity for branched DNA structures (Backe et al, 2013;
Mullins et al, 2015a). In this chapter, we will discuss the structural basis for the unique
specificities of the non-base flipping mechanisms of AIKC and AIkD, as well as the

structural features that alter DNA binding properties of AlkD2 and AlkF.

Phylogeny of the HLR superfamily

The HLR superfamily consists of four distinct clades typified by AIKC, AIkD,
AlkD2, and AIKF (Figure 32). We searched for AIKC, AIkD, AlkD2 and AIkF homologs
from a PSI-BLAST search against the NCBI non-redundant protein sequence database
using Pseudomonas fluorescens AIKC, Bacillus cereus AIkD, Streptococcus mutans
AlkD2, and Bacillus cereus AlkF as queries. The phylogenetic tree shown in Figure 32A

was constructed from multiple sequence alignment after redundant sequences were
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excluded using the neighbor-joining tree (Shi et al, 2018). All homologs were primarily
confined to bacteria, although a small percentage of AlkD homologs were found in
eukaryotes. The AIKC and AlkD clades comprise the majority of HLR sequences, with
43% and 32% of the total, respectively (Figure 32A). Over 16% of AlkD orthologs are
found in Proteobacteria, 69% are distributed among Firmicutes, Actinomycetes, and
Bacteroidetes, and only 5% are distributed in eukaryotes and archaea (Figure 32B).
Similarly, 94% of AIkC orthologs are predominantly found in Actinomycetes,
Bacteroidetes, Firmicutes, and Proteobacteria. AlkF is the third most populated clade,
comprising 21% of the total HLR sequences. The original identification of AlkF also
defined a separate family of AIkG proteins (Backe et al, 2013). AIKF and AIKG are
closely related (the two paralogs from Bacillus cereus share 35% similarity and 52.7%
identity), and thus were grouped together in the AIKF clade in our analysis. The vast
majority (94%) of AIkF/AIKG orthologs are distributed among Firmicutes and
Actinobacteria. In contrast to the other groups, AIkD2 represents only 4% of the total
HLR sequences and is primarily found in Bacteroidetes. Thus, the enzymes AIkC and
AIkD are the most abundant and are distributed among bacterial phyla, whereas the
non-enzymatic AlkF and AlkD2 sequences represent ~25% of the total HLR family and

are rarely found in Proteobacteria.
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Figure 32. Phylogenetic analysis of HLR superfamily proteins. A, Phylogenetic tree
composed of 968 AIKC (yellow), 1299 AIkD (blue), 123 AlkD2 (magenta) and 629 AlkF
(green) generated and visualized using Clustal Q and iTOL. B, The distribution of
HEAT-like repeats (HLR) proteins in diverse phyla is shown in pie chart.
The general HLR structure

Each member of the HLR superfamily is composed of an N-terminal helical
bundle (NTB) followed by 5 HLR motifs, which together form a C-shaped structure
(Figure 33). The C-terminal helices of each HLR line the concave surface, which is the
most conserved region (Figure 33A). In AIKC and AIkD this surface is highly positively
charged as a result of the distribution of lysine and arginine side chains important for
DNA binding (Rubinson et al, 2008). In contrast, the positive charges on the surfaces of
AlkD2 and AIKF are not concentrated within the concave cleft. Each of the five HLR
motifs (HLR1-5) have a distinct structure (Rubinson et al, 2008) that is largely
conserved in each of the four HLR proteins, with a few notable exceptions (described in
the following sections). The HLR families differ in the relative positions and stacking of

adjacent HLR motifs, which affects the overall solenoid structure. For example, AlkD2 is

a hybrid of AIkC and AIKD families in that HLR1-2 shows a high degree of structural
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similarity to AlkD, and HLR3-5 are more similar to AIkC (Figure 33A). In addition to
differences in HLR1-5 packing, some HLR families are also distinguished by inserted
motifs within the HLRs (Figure 33B). The AIKC family is largely defined by the presence
of an inserted DNA binding loop (DBL) between HLR3 and HLR4 that is present in both
AlkCa and AIkCPB subtypes, which differ in the presence of an additional 100-residue
immunoglobulin (lg)-like domain at the C-terminus. AlkF contains an inserted B-hairpin

motif between helix aL and aM of HLR5 that affects its ability to bind branched DNA

structures (Backe et al, 2013).
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Figure 33. Structural comparison of HLR superfamily proteins. A, Structures of BcAIkD
in complex with 1aR-DNA (PDB 5CLB), PfAIKC in complex with 1aR-DNA (PDB 5VHV),
AlkD2 (PDB 4X8Q), and AlkF (PDB 3ZBO). N-terminal bundle, red; HEAT-like repeats,
orange, yellow, green, navy and purple; B-sheet, paleyellow; Other helix or loop, grey.
HLR protein sequence conservation (purple, high; cyan, low) and electrostatic surface
potential (blue, positive; red, negative) are mapped onto the protein surface. B,
Schematic of protein domains of AIKC, AlkD, AlkD2, and AlkF. Catalytic residues are
highlighted with asterisk. Ig, immunoglobulin-like domain.

The largest structural differences between the four HLR family members are

found in the NTB, which also plays a role in DNA binding. The NTB of AlkD and AlkF
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are composed of three helices (0A, aB, aC), in which antiparallel helices aA and aC
stack onto HLR1, leaving helix aB to protrude into the concave surface. In AIkD, helix
aB contacts DNA (Mullins et al, 2014; Mullins et al, 2015b; Rubinson et al, 2010). The
NTB of AIkD2 has the same antiparallel arrangement and packing of aA and aC, but
lacks the aB helix, which greatly reduces DNA binding affinity of AlkD (Mullins et al,
2015a). In contrast, the NTB of AIkC is highly divergent from AIkD, AIkD2, and AlkF,
largely in the orientation of the aA and aB helices (Shi et al, 2018). In AIkC, aA and aB
are each split into two co-linear helices that pack together with helix aC. Interestingly,
helix oA resides in the same location as in the other three families, but runs in the
opposite direction. Consequently, the N-terminus of helix aA in AIKC points into the
inner surface of the solenoid and contacts DNA (Figure 33B) (Shi et al, 2018). These
structural differences endow each HLR protein with a particular substrate specificity,

which we describe in more detail below.

AlkD Uses a Non-Base-Flipping Mechanism to Excise Bulky Lesions

AIKkD excises a variety of cationic alkylated DNA lesions. The Bacillus cereus
enzyme (BcAIkD) was characterized initially to remove 3mA, 3-methylguanine (3mG),
and 7-methylguanine (7mG), and to provide Tag and AlkA deficient E. coli with
resistance to methylating agents (Alseth et al, 2006). BcAIkD was subsequently shown
to also remove bulky, cationic POB adducts (Rubinson et al, 2010). More recent work
revealed that AIkD proteins likely evolved specifically to repair YTM-DNA damage. The
Streptomyces AlkD homolog, YtkR2, excises YTM-adenine adducts and protects E. coli

challenged with either YTM and the methylating agent methyl methane sulfonate
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(MMS). Deletion of YtkR2 from Streptomyces sp. TP-A0356 reduces YTM production by
40% (Xu et al, 2012). BcAIKD also excises YTM-adenine lesions in vitro, and deletion of
AlkD from Bacillus anthracis (AalkD) sensitized cells to low levels of YTM toxicity
(Mullins et al, 2017a). In contrast, AalkD cells were not sensitive to MMS, likely because

of the AAG, AlkA, and AIkC orthologs present in Bacillus (Alseth et al, 2006).
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Figure 34. Comparison of catalytic irrelevant and relevant AlkD structures. A, B,
Structure and active site of BCAIKC in complex with 3-deaza-3-methyladeine (3d3mA)
DNA in catalytic irrelevant (A, PDB 3JX7) and relevant (B, PDB 5CL8) conformations.
The protein is colored in grey, DNA gold, 3d3mA magenta, and opposite thymine green.
The active site residues are shown as grey sticks. C, Ternary product complex and
close view of catalytic active site of AlkD, AP-DNA and yatakemycinyladenine (YTMAde)
(PDB 5UUF). AIKD is colored grey, DNA gold, AP-site and YTMAde magenta, and
lesion opposite thymine green.

A homology model of BCAIkD, constructed from a crystal structure of an ortholog

from Enterococcus faecalis (PDB 2b6c) determined by the Midwest Center for Structural
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Genomics consortium, enabled identification of functionally important residues, which
were corroborated by a subsequent BCcAIKD crystal structure (Rubinson et al, 2008).
The active site consists of electrostatically paired Aspl13-Argl48 side chains
surrounded by a several aromatic residues (Tyr27, Trp109, Phel79, Phel80, and
Trpl87) clustered on the concave surface of the protein (Figure 34). Mutational
analysis confirmed a role for Asp113, Arg148, Trpl109, Trpl87 in glycosylase activity in
vitro and in cells, providing direct evidence for catalytic activity by an HLR protein
(Dalhus et al, 2007; Rubinson et al, 2008). Structures of AlkD bound to DNA containing
either a 3-deaza-3-methyladenine (3d3mA) substrate analog (Figure 34A), a
tetrahydrofuran (THF) abasic site product analog, or a GT mismatch illustrated how
AIKD encircles half of the DNA duplex to place the shallow active site surface against
the DNA backbone of the aberrant base pair (Rubinson et al, 2010). These initial
structures revealed that the AIKD active site is distinctly different from traditional base
flipping glycosylases in that there was neither a putative extrahelical nucleobase binding
pocket nor an obvious helix intercalating residue. Instead, the enzyme was able to form
a specific complex with a variety of non-Watson-Crick base pairs without contacting the
damage itself. However, the protein-DNA contacts important for catalysis were not
discernable because the damaged nucleotides resided on the solvent exposed strand
and not adjacent to the active site.

In order to trap a catalytically relevant complex containing the damaged
nucleotide in contact with the protein, we took advantage of a nearest neighbor effect on
AlkD catalysis in which base excision activity was weakest with thymine 3’ to the lesion

(E.H. Rubinson and B.F. Eichman, unpublished). Modeling thymine immediately 3’ to
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the aberrant base pair in the crystal structures (A7Y in Figure 34A) generated a
potential steric clash between the thymine methyl group and Argl90, providing a
structural rationale for the sequence effect and a strategy for preventing binding of the
enzyme to the strand opposite the lesion. Indeed, altering the original
ST(3d3mMA)A%PTTA? sequence to SA(3d3mA)A3/STTT? resulted in a structure with the
modified nucleotide positioned against the active site (Figure 34B) (Mullins et al,
2015b). Although 3d3mA was refractory to excision by AIKD at neutral pH, it was clear
from the electron density that hydrolysis of the N-glycosidic bond occurred in the
crystals to produce a mixture of intact 3d3mA-DNA substrate and AP-DNA + 3d3mA
nucleobase product, thus confirming the catalytic relevance of this new DNA orientation.
As in the previous mismatch structures, the 3d3mA nucleotide remains stacked within
the DNA helix in a sheared orientation, with the 3d3mA displaced toward the minor
groove (Figure 34B). As a consequence, the 3d3mA deoxyribose is cradled by active
site residues Aspl113, Trp109, and Trpl87, along with a water molecule positioned by
the Aspl13 carboxylate for in-line attack of the deoxyribose C1' carbon. In addition to
substrate and product complexes generated by harvesting crystals at various times after
protein-DNA mixing, an AlkD-DNA complex mimicking the oxocarbenium intermediate
was determined using l-azaribose (1aR)-DNA and 3mA nucleobase. Strikingly, the
positions of the protein, DNA, and free nucleobase did not differ significantly among the
substrate, intermediate, and product complexes, indicating that the protein structure is
tailor-made to place minimal constraint on a non-Watson-Crick base pair for N-

glycosidic bond hydrolysis without base flipping.

98



Perhaps the most striking feature of the structures of AIKD in complex with
methylated DNA is that the active site residues do not directly contact the target
nucleobase. Instead, the protein facilitates base excision exclusively through
interactions with the lesion deoxyribose. The position of the Aspll13 carboxylate is
consistent with a role of this side chain in positioning the water nucleophile for in-line
attack of the anomeric C1’ carbon, and in stabilization of the developing positive charge
on the oxocarbenium reaction intermediate, as proposed for other DNA glycosylases
(Werner & Stivers, 2000). In addition, the CH-1 interactions between Trp109 and
Trp187 indole side chains with the lesion C2' and C4'/C5’, respectively, suggested that
these residues also play a role in stabilization of positive charge on the deoxyribose
(Mullins et al, 2015b). Aromatic residues in base flipping glycosylases either bind the
extrahelical base or plug the gap through 1T-11 stacking, and thus interfere with substrate
binding (Hollis et al, 2000). In contrast, mutation of the highly conserved Trp109 and
Trpl87 in AIkD resulted in a 100-fold decrease in catalysis without compromising DNA
binding (Parsons et al, 2016).

Due to the non-base-flipping catalytic mechanism, AIkD is capable of repairing
non-duplex-distortion bulky lesions in vitro (Mullins et al, 2015b). YTM, is highly toxic,
and belongs to the antimicrobial and antitumor agent of CC-1065 and duocarmycin
antibiotic family (lgarashi et al, 2003). YTMA increases the melting temperature of
duplex DNA by 36 °C through intensive CH-1r interactions, and has extraordinarily slow
spontaneous rate. The enhanced barrier is overcome by AIkD, which pries open the
minor groove around the lesion, allowing catalytic residues Aspl113, Trpl109, Trpl87,

and the nucleophilic water to access to the lesion’s N-glycosidic bond (Figure 34C).
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Single mutations of Asp113, Trp109 and Trpl87 to alanine, though with significantly
reduced activity, remain at least 10%-fold higher than the spontaneous depurination

(Mullins et al, 2017a).
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Figure 35. Structural comparison of AIkC- and AlkD-DNA complexes in context of lesion
removal. Structures and close views of catalytic active sites in AIKC (A) and AIKD (B) in
complex with 1aR-DNA. AIkD is colored grey, DNA gold, 1aR and 3mA magenta, lesion
opposite thymine green, and water red.

We have shown that both AlkD-involved BER and UvrA-involved NER pathways
confer resistance to YTM in B. cereus (Mullins et al, 2017a; Mullins et al, 2015b). The
double knockout AalkD AuvrA strain show additive sensitivity toward YTM compared to
single-knockouts. However, given the weak resistance of wild-type bacteria to YTM,
none of these pathways repairs lesions sufficiently in vivo. It raises the question that

why toxicity of YTM is only slightly alleviated by AIkD even though AIkD exhibits high

efficiency of YTM removal in vitro. That is explained by strong product inhibition of AlkD
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to AP-DNA that prevents AP-DNA being further processed by downstream
endonuclease. Interestingly, YtkR2 from Streptomyces sp. TP-A0356, an ortholog of
AlkD, is in the YTM biosynthetic gene cluster. Its robust activity for YTMA is considered
as part of a self-defense mechanism to safeguard genomic against endogenous DNA
modification drugs. It is suggested that ytkR2 together with four other genes in the
biosynthetic gene cluster, including an AP endonuclease, are responsible for
biologically antibiotic resistance to YTM. It is possible that this gene cluster which is
adapted to YTM production may work differently from AIkD to efficiently hand over the
abasic site product to the subsequent step in the pathway. Repair of the non-traditional
lesion by AIKD family of proteins helps cells outcompete other soil bacteria by providing
additional antimicrobial resistance and safeguarding genomic against naturally DNA

damaging chemicals (Mullins et al, 2017a).

AIkC Uses a Non-Base-Flipping Mechanism to Select for Small Alkyl-adducts

AlkC cleaves a narrow range of protonated alkylpurines, including the minor
groove lesion 3mA, as well as 3-methyl-cytosine (3mC) and 1-methyl-adenine (1mA)
which are usually repaired by AlIkB involved direct reversal repair. In contrast to a
broader range of substrates that AlkD can remove, AlkC displays low activity for 7mG
and no activity for bulky lesions (Alseth et al, 2006; Shi et al, 2018).

Unlike the other HLR superfamily DNA glycosylases comprised of single domain,
70% of AlkC have acquired the additional Immunoglobulin (Ig) -like domain, which is
essential for substrate binding (Shi et al, 2018). The structure of AIKC in complex with

transition state analog 1'-aza-2',4'-dideoxyribose (1aR) shows that like AIkD, AIkC is a
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non-base-flipping glycosylase (Figure 35A). Despite of the similar HLR architecture and
non-base flipping mechanism between AIKC and AIKD, they utilize different non-base-
flipping strategies (Shi et al, 2018). AlkD recognizes and catalyzes damaged base
cleavage without disrupting the DNA base stack. However, in contrast to the modest
DNA bend by AIKD, AIKC bends l1aR-containing DNA by 60° from the minor groove.
This sharp bending pushes the positively charged lesion against the concave cleft of the
protein, thus exposing the lesion adjacent to the active site pocket. Despite of the
severe kink at the damage site, the lesion is not flipped out the DNA duplex. Instead of
using a Trp-Asp-Trp motif to only contact DNA backbone, AIKC inserts its active site of
Glu-Arg cluster into DNA to access to the lesion. AIKC employs a catalytic pocket
mediated by a network of alternating charge residues Glul121-Arg152-Glu156-Arg159-
Asp203. The phosphates flanking the damaged base are electrostatically stabilized by
positively charge residues Argl52 and Argl59, while Glul21l and Glul56 are well
positioned to stabilize the developed positive charge on the transition state intermediate
in addition to activating the nucleophilic water (Figure 35A). Substitution of either of two
glutamate residues with alanine in PfAIKC greatly decreases 3mA activity, and abolishes
the catalytic activities for ImA and 3mC lesions. This is consistent with the observation
that alanine mutation of catalytic active site residues can distort the pocket
conformation, therefore affecting the catalytic activity. Different from AlkD, a highly
conserved loop between helices | and J in AIKC occupies the catalytic active site,
precluding the access of any bulky lesion. The substrate specificity of AIKC is
speculated to be constrained by not only 1r-stacking between the damaged base and

DNA or protein surface, but also cation-Tr interaction between the lesion and conserved
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loop residues like Trpl64. The strict arrangement of the active site limits substrate

specificities of AIkC (Shi et al, 2018).

AlkD2, a B-Helix-Absent HLR Superfamily Member

AlkD2 is not a DNA glycosylase and does not exhibit any significant DNA binding
affinity (ref). While maintaining more sequence similarity to AIkC, the overall structure of
AlIkD2 resembles the structure of AIkD with the major discrepancy in the absence of B-
helix in AlkD2 (Mullins et al, 2015a). AIkD2 is the only HLR protein that lacks B-helix
(Figure 33A), an essential element in HLR DNA binding proteins. Instead, it has a
substituted short loop. Although AIkD2 only displays fairly weak DNA binding affinity for
various types of DNA, it has a rather conserved and positive charged protein-ligand
interface. Lack of the penetrating B-helix which directly strengthens the interaction
between the minor groove of DNA and the protein, is proposed to lead to loss of affinity
for DNA. The alkD2 gene in S. mutants locates in the gene cluster of purine synthesis
pathway, suggesting the its potential role in purine synthesis. The loose DNA binding
may be relevant to its biological role of passing the reaction intermediate to the following
step (Mullins et al, 2015a). Agreeing with this hypothesis, we successfully solved the
structure of SmAIKD2 in complex with inosine-monophosphate (IMP), which is an

intermediate ribonucleoside monophosphate in purine metabolism (not published).

AlkF Favors Branched DNA Binding
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AIKF and its close ortholog AIKG do not display glycosylase activity toward
alkylated, oxidized, or other modified DNA nucleotides. However, AIKF shows a specific
DNA binding activity toward branched structures (Backe et al, 2013).

As the first solved structure in HLR superfamily, AIKF from Bacillus cereus was
initially deposit as a hypothetical protein by Midwest Center for Structural Genomics in
2004 (PDB 1t06). Bjgras group redefined and characterized the AIKF family when
discovering AIKF to be AlkC and AIkD homologs (Backe et al, 2013). AIkF and AIKG
display low millimolar affinity for branched DNA, like Holliday and three-way junctions,
albeit the binding is fairly weak compared with low micromolar binding affinity of AlkC

and AIKD for lesioned DNA (Backe et al, 2013; Shi et al, 2018).

subunit 2

subunit 1

Figure 36. Dimerization of AIKF. A, AIKF crystallizes in a dimeric form (subunit 1 and
subunit 2). B, Electrostatic surface potential (blue, negative; red, positive) of AIKF
mapped onto the dimer surface.

The overall concave surface of AIKF is not as negatively charged as other DNA
binding HLR proteins, possibly explaining the weak DNA preferences even for branched

structures. The structure is rigid except for the flexible 12-amino acid B-hairpin between

L-helix and M-helix (Figure 33A). This unique B-hairpin covers the concave surface
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corresponding to the DNA binding site of AIkD. Substitutions of Arg203, Lys206, and
Lys207 with alanine within the B-hairpin greatly reduce preference of AIkF to branched
DNA. It is not clear if this unique variant B-hairpin acts as a platform for DNA binding or
engages in a novel feature suitable for other unknown function. This B-hairpin is only
conserved in some of the AlkF homologs. However, it is difficult to predict from
sequences if this structural element is present in other AlkF homologs. Few residues
are invariant in AlkF family. They are buried in the inner surface of AIKF and none of the
invariant residues are predicted to directly contact with DNA. Intriguingly, in the AIKF
structure, the flexible C-terminal region folds back onto the concave surface of the
protein, presumably making it in a locked self-inhibitory conformation (Figure 36A)
(Backe et al, 2013). The cellular function of AIKF has not been well characterized.
Despite of the moderate sensitivity of double knockout AalkF AalkG to MMS and NAL,
single-knockout mutants AalkF and AalkG only show negligible sensitivity to various
types of genotoxic stresses. Besides, they are not essential for cell growth under normal
conditions. No evidence has been found that it takes part in DNA damage (Backe et al,
2013). Higher affinity of AIKF family of proteins for branched DNA indicates AlkF may
play a role in the cellular process involving branched structures. AlkF was crystallized
as a dimer with a tunnel formed by the concave surfaces of the protein, indicating it may

function as a dimer and utilize the tunnel for cargo transportation (Figure 36).

Comparison between HLR Proteins

Despite of high structural similarity in HLR superfamily, glycosylases within

different families display distinct substrate preferences (Backe et al, 2013; Mullins et al,
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2015a; Mullins et al, 2015b; Shi et al, 2018). B. cereus AIkC and AlkD catalyze repair of
DNA adducts. However, B. cereus AIKF and S. mutants AIkD2, without any detectable
DNA glycosylase activity, are structural, but not functional homologs of AIkC and AlkD.
Therefore it raises the question about the structural determinants for enzyme specificity.

Prior to the discovery of AIKC and AIKD, a base-flipping mechanism was the
generally accepted catalytic mechanism for all known glycosylases, by which removal of
the methyl moiety is accompanied by damaged base flipping into the active pocket
(Brooks et al, 2013). Unexpectedly, AIkD is capable of removing DNA adducts stacked
in the DNA duplex, thus making AIKD competent for bulky adducts like yatakemycin-
adducts and pyridyloxobutyl (POB)-adducts in vitro in addition to removal of positively
charged 3mA and 7mG. Similarly, AlkC accommodates the damaged base without
base-flipping. Its substrate selectivity relies on the exposure of lesion at the kinked DNA
to a deep protein pocket. AIKC is able to repair 3mC and 1mA besides 3mA. The unique
structural features contribute to the repair of non-traditional BER substrates by AlkD and
AIKC (Mullins et al, 2015b; Rubinson & Eichman, 2012; Shi et al, 2018). Although
complementation of HLR glycosylases in E. coli methylpurine-glycosylase depleted
AtagAalkA strain rescues methyl methanesulfonate (MMS) sensitivity (Alseth et al,
2006), neither B. anthracis AalkC or AalkD is more susceptible to the drug compared to
wild-type. Lack of sensitivity to alkylating agents in alkC and alkD depleted bacteria may
be due to the redundancy of five methylpurine DNA glycosylases present in Bacillus
anthracis.

AlkD2 and AlkF are distributed in diverse bacteria, but none of them exhibit any

glycosylase activity and their cellular functions have not been well characterized yet.
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AlkD2, the evolutionary intermediate of AIkC and AIkD, shares similar HLR architecture
but lacks the critical B-helix for substrate binding. Though AIkD2 has a positive charged
concave surface favorable for DNA binding (Figure 33A), it does not retain DNA binding
specificity. AIkF has binding preferences for branched DNA. The presence of the unique

B-hairpin in AlkF was proposed to engage DNA in its major groove.

Figure 37. N-terminal bundle of proteins with HEAT-like repeats. A, Structures of
SmAIKD2 in complex with inosine monophosphate (IMP), BCAIkD in complex with DNA,
Exportin-5 in complex with RanGTP, and TIP. N-terminal bundle is colored magenta,
HEAT-like repeat blue, and ligand gold. Close views of the interaction between
substrate and N-terminal bundle in SmAIkD2 (B) and BcAIkD (C).

N-terminal helical bundle (NTB) is one critical element for HLR proteins to
distinguish substrates. NTB is usually composed of 2- or 3-helix segments, dependent

on its substrate preference (Figure 37A). In the SmAIKD2—-IMP complex, the protein
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engages IMP with the NTB. His17, in proximity to the phosphate group of IMP, is in the
loop which is substituted with B-helix in other DNA binding HLR proteins. To bind IMP
instead of DNA, guanidino group of Arg85 in SmAIKD2 is hydrogen bonded with the
phosphate group of IMP. This interaction is further enhanced by the electrostatic
interaction between these two functional groups, in which the indole ring of Trp84 is
positioned by m—TT interaction with the ribose ring of IMP (Figure 37B). Interestingly to
note, not only for HLR proteins, the NTB also plays important role in holding a variety of
substrates in superhelical structures. For example, Exportin-5, which consists of 20
HEAT repeats and transports pre-miRNA, forms U-like structure with RanGTP using the
NTB without B-helix (Figure 37A). Although Tyr27 in B-helix of AIkD significantly
contributes to the binding affinity of damaged DNA, this contact is not conserved and
essential for AIKC and AIKF (Figure 37C).

AIKC, AIKD, AlkD2 and AIkF are structural homologs, they do not share the same
functionalities. With more structural study on HLR superfamily proteins, it will help
explicitly explain the mechanism how DNA repair enzymes are evolved into similar
architecture but with distinct features, and employ them as a platform to protect against
a variety of endogenous and exogenous DNA damaging agents. Interestingly, a fourth
superfamily was recently defined by the tandem winged helix-turn-helix structure of
bacterial AlkZ, a DNA glycosylase with the surprising ability to unhook interstrand
crosslinks derived from the natural product azinomycin B (Mullins et al, 2017b; Wang et
al, 2016). The active site of AlkZ does not form an obvious nucleobase binding pocket
but is instead located on the surface of the protein so that catalytic residues are

predicted to interact with a modified nucleotide that remains stacked in the DNA helix.
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The cross-talks between BER and other DNA repair pathways suggest the involvement

of catalytic mechanisms associated with broadening of enzyme substrate specificity.
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CHAPTER V

DISCUSSION AND FUTURE DIRECTIONS

Glycosylases play a key role in base excision repair (BER) of DNA damaged by
endogenous and exogenous toxins and mutagens. AIKC and AIkD belong to the HEAT-
like repeat (HLR) family of glycosylases with interesting catalytic and DNA binding
activities. In this thesis, | have described work to characterize the selective base
excision repair mechanism of alkylpurine DNA glycosylase AIKC (Chapter 1l) and the
cellular function of AIkD (Chapter Ill). However, several interesting questions remain
regarding the AIKC subclades (AlkCa and AIKCp), the role of AlkD homologs YtkR2 and
C10R5 in BER in Streptomyces to provide resistance against yatakemycin/CC-1065
natural products, and the cellular function of other HLR proteins. In this chapter, | will
discuss some of the interesting findings of AIkC and other HLR proteins and propose

future work in this area.

Structure-Function Analysis of AIkC

The bioinformatics analysis identified two AIKC subfamilies: the single-domain
AlkCa subfamily which resembles the overall HEAT-like repeat (HLR) architecture of
AlkD and the two-domain AIKCB subfamily which acquires an additional C-terminal
immunoglobulin (Ig)-like domain (Shi et al, 2018). The crystal structure of Pseudomonas
fluorescens (Pf) AIkC, which belongs to the AIKCB subfamily, provided clues into the

differences between AIKC subfamilies (see Chapter Il) in addition to the DNA-binding
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capabilities of the Ig-like domain of AIKCB. The Ig-like domain of PfAIKC donates nearly
40% of the DNA contacting residues in the protein, and truncation of this domain
(PfAIKCAC) diminished DNA binding. Similar to DNA binding mediated by the EF-loop in
other Ig domains, a Met-Thr-Thr-Arg motif within the EF-loop of PfAIKC contacts both
strands of DNA. The BC' strand and the CC'-turn also contribute to interacting and
stabilizing the kinked DNA (Shi et al, 2018). To fully understand the role of these
interactions in DNA binding, we can mutate the DNA contacting residues in the Ig-like
domain to alanine and test the effect on binding. It would also be interesting to address
the how the Ig-like domain works with the HLR domain. In the crystal structure of PfAIKC
in complex with tetrahydrofuran (THF)-DNA, PfAIkC distorts and restructures the DNA
into two different conformations (Figure 20). The difference in DNA distortion results
from the flexible linker between relative rigid HLR and Ig-like domains, and the tight fit
between PfAIkC and DNA. It is therefore interesting to speculate this Ig-like domain
anchors DNA onto HLR domain and enhances DNA binding. This also agrees with our
analysis that PfAIKC has higher activity for 1ImA and 3mC than BcAIkC, and AIkCR is the
dominant population in AlkC family. Because the Ig-like domain has not been observed
in other HLR superfamily proteins, it is possible that the ancestor of AIKC containing
species rearranged the existing HLR domain and acquired this Ig-like domain during
evolution to improve their antimicrobial resistance (Trivedi et al, 2015).

Because AlkCa is able to function without the Ig-like domain, we were interested
to know whether AlkCa contains specific structural elements that compensate for DNA
binding in the absence this domain. Based on the multiple sequence alignment between

AlkCa and AlkCB homologs and the structural comparison between the PfAIKC structure

111



and a homology model of B. cereus AIkC (BcAIkC, AlkCa), we identified a unique
insertion of TEVGTFTNG in BcAIKC, which is absent in PfAIKC and predicted to stabilize
DNA bend (Figure 16). Consistent with our hypothesis, deletion of this short sequence
in BCAIKC severely reduced the 1-methyladenine (1mA) and 3-methylcytosine (3mC)
excision activities. However, the activity was not recovered by insertion of this sequence
in PfAIKCAC (Figure 38). It is likely that this BcAIKC deletion adversely destabilized and
inactivated the protein. Alternatively, multiple structural elements in the HLR domain of
BCcAIKC could account for the binding functionality, explaining why the PfAIKCAC

insertion did not rescue its activity.
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Figure 38. Schematic of BCAIKC (AlkCa) and PfAIKC (AIKCB) domains. The 9-residue
insertion of BCAIKC is shown in blue. The predicted and observed enzymatic activity
towards 1mA and 3mC are annotated as “active” (Y) and “not active” (N).

We still have no structural information for the AIkCa subfamily. The AlkCa
subfamily is divided into AlkCa1 and AlkCa2 groups, the latter of which constitutes the
majority of AIKC proteins (Figure 10). The AlkCa homologs characterized in Chapter |l
belong to the AlkCa1 group, which is the closer relative to AIKCPB than is AlkCa2. The

activity of AlkCa2 has not yet been determined. Therefore, we selected four AlkCa2

proteins (Aquimarina latercula AlkCa2, Bacillus thuringiensis AlkCa2, Actinomyces
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viscosus AlkCa2 and Pseudomonas fluorescens AlkCa2) and cloned them into protein
expression vector pBG102 for future structure-function analysis.

PfAIKC uses the non-base-flipping mechanism where the damaged base is
slightly rotated and exposed to the protein active site through a sharp bend in DNA.
Catalytic residues Glul21 and Glul56 stabilize the positive charge developed on the
sugar and deprotonate the nucleophilic water to attack the N-glycosidic bond. The
presence of two glutamate residues remarkably elevates its catalytic power and enables
AIKC to cleave the more stable 1-methyladenine (1mA) and 3-methylcytosine (3mC)
lesions from DNA. Modeling 3-methyladenine (3mA) into the PfAIKC structure illustrates
that the conformational constraints lead to the selectivity of PfAIKC for 3mA (Figure
18C). It will be interesting to know if substitution of Glul121 or Glul56 with GIn or Asp
will affect substrate catalysis to the same degree as Glu to Ala mutations.

Five putative methylpurine DNA glycosylases are present in B. anthracis. This
high redundancy reflects the high load of exogenous DNA damage bacteria encounters
in the environment. It also suggests possible alternative functions of AIKC. Although no
cellular evidence has been found yet, it is likely that AIKC removes 3mC and 1mA, the

direct reversal repair substrates, from dsDNA in vivo.

Structure-Function Analysis of AlkD

YTM and CC-1065 of duocarmycin family are potent natural antibiotics produced
by Streptomyces. The remarkable cytotoxicity of this cyclopropylpyrroloindole family of
drugs for tumor cells makes them great candidates for anticancer therapy development.

The biosynthetic gene clusters of YTM and CC-1065 have been characterized (Figure
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39), which expand our knowledge in how cells generate these toxic chemicals. Although
the YTM and CC-1065 biosynthetic gene clusters are evolutionarily closely related, only
12 of 28 genes in CC-1065 cluster express proteins homologous to proteins from YTM
cluster (Wu et al, 2017; Xu et al, 2012). YtkR2 from Streptomyces sp. TP-A0356, an
ortholog of AIKD, is identified in this cluster. Its high activity for YTMA is considered to
be part of a self-defense mechanism to safeguard genomics against endogenous DNA
modification drugs (Xu et al, 2012). Likewise, C10R5 from Streptomyces zelensis,
another ortholog of AIkD, is identified in the CC-1065 biosynthetic gene cluster (Wu et
al, 2017). We have shown that AIkD confers resistance to YTM in B. anthracis. However,
since YtkR2, C10R5, and AIKD in cells encounter different levels and types of damage
induced by the corresponding secondary metabolites, it is not clear whether they have
evolved specific catalytic mechanisms and activities to adapt to these antibiotics. Future
work can focus on biochemical and genetic characterization of C10R5 and YtkR2, and

comparison of YtkR2, C10R5 with AIKD.
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Figure 39. Biosynthetic gene clusters of YTM and CC-1065. YtkR2, I, J, K
U, V, R7 genes in YTM cluster are homologous to c10R5, H, R1, C, N, K,
R6 genes in YTM cluster, respectively.

L, N
G, B

0O
v
—

Pairwise sequence alignment showed that YtkR2 shares 24% identity and 44%

similarity with AIkD, and C10R5 shares 20% identity and 34% similarity with AlkD. The
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relatively high homology with AIkD indicates YtkR2 and C10R5 are composed of HEAT
repeats. The catalytic residues Trpl109, Aspl113, and Trpl187 of AIKD are conserved in
these two enzymes (Figure 40). The non-base-flipping mechanism allows AIKD to
remove YTMA. Given the robust activity of YtkR2 for YTMA and the homology of C10R5
and YtkR2 to AIkD, YtkR2 and C10RS5 should also utilize non-base-flipping mechanisms.
To validate our hypothesis and understand the catalytic mechanism of YtkR2 and
C10R5, we can determine the crystal structures of these two glycosylases in complex
with DNA containing the reaction intermediate analog 1aR-DNA, substrate YTMA-DNA,
or CC-1065-DNA. Previous studies revealed that AIkD has high activity for 3mA, 7mG,
POB-adducts, and YTMA, and that YtkR2 has high activity for 3mA and YTMA (Alseth
et al, 2006; Mullins et al, 2015b; Rubinson et al, 2010; Xu et al, 2012). It remains
unclear whether YtkR2 and C10R5 have similar substrate selectivity and catalytic
efficiency. To understand how they distinguish distinct substrates, we can compare the
activities of YtkR2 and C10R5 toward methylated bases (3mA and 7mG) and bulky
adducts (POB-adducts, YTMA, and CC-1065). Furthermore, it is intriguing to know if
AlkD is critical for excision of CC-1065 adducts in vivo and in vitro. Only 6 of 16 DNA
contacting residues in AIKD are conserved in C10R5. Thus the binding and substrate
preference of CLOR5 may be different from AlkD. To test this, we can perform CC-1065
excision assay by AlIkD, solve the structure of AIkC with CC-1065 containing DNA, as

well as test sensitivity of alkD-depleted B. anthracis in response to CC-1065.
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C10R5 1l --MNHEAAAAEMRGLLADRADEAFIDSMORMFRTPVPALEGVANGTVTDMAHRWVAERPDL
YtkR2 1 MDAETTHLVAEMTAGLRAAGDEOTHEGAKQOMLKSDLLHYEVRLPVIRKMVADAVRANGRL
AlkD 1l ----MHPFVKAMQEHFTAHQNEKMNEPMARMMKNHFLFLEGIQTPERRQMLKDIIQIHTLP
C10R5 59 SPAGRLEIARIMVEQSKHHIETLINGFALLHRIAK------ RRLGGIMLDHARVWLDLHVT
YtkR2 61 AHPQLVACT IAWRP -EVHISRIMASILLERHVEHVLRREDTALLEIMLRDS - - - - - - - - R
AlkD 57 DQKDFQIIIEMWDL - PERIAFQAMALDIMOQKYKKHINETHIPFLETIVTK--~-~-~---- S

* *
ClO0R5 113 NEYAQCHDLCLKLLHPYFMGHLDEIPRT-RERL-DGGPRPYARBIAANVALVKLVRRRVGKEVY
YtkR2 112 TRYALVMLLAGSVAGRLLMREPAVVDVY-RRAAEEHQUIRBISGVLAFLVPVGDEEGFSRY
AlkD 108 WQRDSVPSIVPTFLGDIFMKHPELISAYIPKYIASDNIRYLQEPAAILFQLKYKQKMDEELLF

*
GVEWLMKVTAREHIHOAMGAYLRTWHRHLRRD T Y
ALCIVIRROASKKHIJAEMYAWFRPRADRSSGVTVIHER
ATEVIIREYAKTNEDVYWEYVONNEL - - APLSKIER

YtkR2 171 WPVFTEI---GDPMLEDPRFFVR

ClO0R5 171 ELPLEHVFGNCTAMMSDDDHYVQJS
K
AlkD 168 WI-------- IGOMHSSKEFFIQNS

Cl10R5 231 LEGMGADDRHALMALDGGARA---
YtkR2 228 VRYLGAEQREAVLAAYRHGDESPP
AlkD 218 IKHIKQNYG---INNEKIGETLS-

Figure 40. AIkD homologs C10R5 and YtkR2. A, Yatakemycin-adenine DNA. B,
CC1065-adenine DNA. C, C10R5 model generated using SWISS-MODEL. D, Multiple
sequence alignment of C10R5, YtkR2, and AIkD. Sequences were aligned using Clustal
Omega and annotated using BoxShade. Shaded residues have 100% sequence identity
(black) and similarity (grey). Catalytic residues are marked with an asterisk.

The presence of an endonuclease gene in the YTM biosynthetic gene cluster
raises an interesting question whether this endonuclease has co-evolved with YtkR2 to
efficiently remove YTMA. The glycosylase remains bound to the AP site until displaced
with the AP endonuclease. Presumably, this tight binding of the glycosylase to the AP
site is to prevent the toxicity of AP lesion (Pope et al, 2002). In E.coli, exonuclease Il

(Exo 1lI) and endonuclease IV (Endo IV) are AP endonucleases responsible for the

backbone nick step following the N-glycosidic bond cleavage. The high affinity of AlkD
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for abasic DNA prevents the handover of the AP site from DNA glycosylase to the
subsequent endonucleases Exo Ill and Endo IV. This presumably causes the low YTMA
repair efficiency (Mullins et al, 2017a). The robust activity of YtkR2 for YTMA and the
high sensitivity of B. anthracis wild-type strain to YTM raise the question of how the AP
site is efficiently dissociated from YtkR2 and processed by the rest of BER proteins in
Streptomyces for YTM production. We hypothesize that YtkR2 and the endonuclease
YtkR5 in the YTM biosynthetic gene cluster are adapted to YTM production and work
differently from AIkD and endonucleases Exolll and Endo IV to efficiently hand over the
abasic DNA product to the subsequent step in BER. Consistent with this, YtkR5 shares
relatively low sequence similarity and identity with Exo Il (15% identity and 25%
similarity) and Endo IV (21% identity and 34% similarity). 13 of 16 AlkD-DNA interaction
residues are conserved in YtkR2 (Figure 39). To characterize if YtkR5 enhances the AP
site release from YtkR2, we can examine the YTM excision rate under multiple turnover
conditions in the presence of YtkR5. Together with the biochemical analysis of YtkR2
we proposed earlier, we will understand better how the BER pathway in antibiotic-
producing bacteria develops self-resistance to avoidance of harmful effects of
secondary metabolites. Similar characterization can be performed regarding the CC-

1065 biosynthetic gene cluster.

Function and Activity Studies of Other HLR Proteins
Four HEAT-like repeat family proteins, AIkC, AIkD, AIkD2 and AlkF share similar
a-helical domains, whereas the arrangement of first two or three helices in the N-

terminal bundle may be important for differentiating the enzyme substrates. In addition

117



to characterizing AIkC and AIKD proteins, efforts have been made to understand the
roles of AIKF and AlkD2. We found AIkD2 lacks B-helix which is present in the other
three families and this may directly lead to loss of affinity for DNA (Mullins et al, 2015a).
The alkD2 gene in S. mutants is in the gene cluster of purine synthesis pathway,
suggesting its potential role in purine biosynthesis. Therefore, we wanted to know if
alkD2 genes in other species locate in the same gene cluster. However, the majority of
genes located adjacent to alkD2 are annotated to produce hypothetical proteins, making
this bioinformatics-function analysis very challenging. We were also interested to
determine the binding affinity of SmAIkD2 to inosine monophosphate (IMP), a purine
synthesis intermediate, but we were not able to determine the protein-ligand binding
using isothermal titration calorimetry because of the high dilution heat released when
IMP was added to SmAIkD2. To understand how AIKF binds to three-way and four-way
DNA junctions, we incubated AIKF with DNA four-way junction and observed a
secondary shift at high protein concentration in addition to the primary shift using
electrophoretic mobility shift assay, which may be consistent with our assumption that
AIkF dimerizes when acting on the substrate.

In summary, we studied the versatility of the novel HEAT-like repeat structure in
substrate recognition and removal. The non-base-flipping mechanisms of alkylpurine
DNA glycosylases AIkC and AIKD elucidate their novel selective repair of direct reversal
and NER repair substrates. Characterization of the HLR proteins reveals the
evolutionary dynamics that HLR architecture serves a flexible binding platform for
diverse substrates, and multiple methylpurine DNA glycosylases tightly coordinate

repair to prevent genomic damage. Additionally, the protection of AIKD from YTM
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toxicity not only advances our understanding of self-defense mechanism provided by
BER, but also sheds light on its potential application in increasing the yield of the

antitumor agents via elimination deleterious lesions.
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