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Chapter 1

Introduction?!

DNA is a fundamental biomolecule of life which stores the genetic information of
organisms and drives many of the evolutionary processes observed in nature. The
accurate and faithful replication and segregation of DNA is essential for life and the
propagation of species. Despite the crucial need to protect and maintain genomic
integrity, DNA is subject to both physical and chemical damage from both endo- and
exogenic sources in nature which impair the ability to replicate the DNA and access the
genomic information for gene expression and regulation. It is therefore no surprise that
organisms have evolved unique genomic and biochemical adaptations to produce
antibiotic chemical agents which can modify or alter DNA (genotoxins) in competing
organisms to impact fitness of a species. It is thus essential for these organisms to
possess parallel, often highly specialized DNA repair pathways to combat the damage
which can occur to self, and to protect the genome from damage which can modify the
information contained within the sequence. This dissertation will focus on the bacterial
base excision repair (BER) pathway and novel discoveries and implications in repair of
highly specialized and potent bacterial genotoxins and interstrand crosslinks (ICLS).
These studies emphasize the genomic, biochemical, structural, and functional properties

of the AlkZ/YcaQ family of DNA glycosylases in bacteria and their role in DNA repair.



Mechanisms and Classes of DNA Damage

DNA is susceptible to chemical modification at virtually every single hetero and
carbon atom within the nucleotide structure (Gates, 2009) (Fig. 1A). DNA damage can be
classified by the various chemical and physical mechanisms by which nucleic acids can
be altered. In general, DNA damage can fall into distinct categories whereby there is
modification of the nucleobase, deoxyribose sugar, or phosphate backbone. Here, |
describe the general classes and mechanisms of DNA damage arising from both
exogenous and endogenous sources, and then elaborate on the specific, conserved DNA
repair pathways which protect cellular life from genomic damage. | conclude the
introduction with descriptions of evolutionarily specialized DNA repair pathways involving
base excision repair (BER) involved in bacterial natural product antibiotic self-resistance

and interstrand crosslink (ICL) repair.

Types of DNA damage

The maintenance of genome integrity is dependent on the stability of the
information stored within the DNA nucleotide sequence. However, DNA contains many
functionalized heteroatoms and reactive portions which can be modified by agents within
the environment (Gates, 2009). DNA is composed of a double helix of nucleotides which
form specific hydrogen bonding base pairs within the duplex (Fig. 1A). Common types of
modifications to the nucleic acid structure include alkylation, hydrolytic deamination, or
oxidation of the atoms within DNA (Gates, 2009) (Fig. 1A). Initial formation of these DNA
adducts or alterations can lead to secondary DNA damage which can include single-

strand breaks (SSBs), double-strand breaks (DSBs), misincorporated nucleotides during



replication, chromosomal rearrangements, insertions/deletions (indels), and ultimately
cell death due to genome degradation/deregulation (Liu et al., 2016; Chatterjee and
Walker, 2017) (Fig. 1B). Chemical agents that covalently modify the DNA to form adducts
can create a diverse set of alkylated products: small base modification (methylation),
crosslinking of the nucleobases (inter- and intra-strand crosslinks), or formation of bulky,
helix-distorting lesions (Gates, 2009) (Fig. 1B). In general, these various classes of DNA
damage can arise by certain types of DNA damaging agents (genotoxins, metabolites),
or physical processes (high-energy radiation) (Fig. 1C). The association between a
compound or process that can modify DNA and the repair pathways which can recognize
and fix the damage is a highly intricate and evolutionarily conserved process in nature. |
will next focus on the sources of DNA damage that arises from both endogenous and

exogenous sources.
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Figure 1. Mechanisms and classes of DNA damage (A) Chemical structure of a G:C
and A:T base pair and sites/types of reactivity for each atom within DNA. Cyan-
alkylation damage, tan-deamination, light green-oxidation. (B) Cartoon schematic of
classes of DNA damage. From left to right: (i) single-strand breaks (SSBs) (ii) double-
strand breaks (DSBs) (iii) base modifications (iv) interstrand crosslinks (ICLs); top-1,2
ICL, bottom-1,3 ICL (v) intrastrand crosslink (vi) bulky monoadducts (C) Chemicals,
agents, or common types of DNA damage which give rise to the classes of damage in
panel B. From left to right: (1) ionizing radiation (IR) (2) doxorubicin (3) deoxyuracil-
tan, 7-methylguanine-cyan,  8-oxoguanine-light green (4) cisplatin-top,
mechlorethamine-bottom (5) mitomycin C (6) benzo[a]pyrene epoxide. Figures B-C
were produced with BioRender.

Sources of DNA damage

Cellular life developed and evolved in environments which are constantly under
assault by physical and chemical agents that can damage DNA as well as other essential
biomolecules. These sources arise from unavoidable environmental phenomena such as
ionizing radiation and reactive cellular metabolites which are either byproducts of cellular
metabolism, or are genetic adaptions to produce specialized defense molecules which
impact an organisms fitness. Here | will describe and elaborate on natural and artificial

process which can damage DNA from exogenous and endogenous sources.

Exogenous sources

An exogenous source of DNA damage would arise from a chemical or physical
process that originates outside the cell where the damage occurs. Some of the most
common types of exogenous DNA damage occurs from the inherent properties of the
electromagnetic spectrum of light as it interacts with DNA and associated biomolecules.
High-energy, low wavelength ionizing radiation (IR- X-rays, gamma rays, cosmic rays)

can directly interact with the bonds in DNA, leading to their destruction and fragmentation
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of the DNA through SSBs and DSBs (Sinha and Hader, 2002; Lomax et al., 2013) (Fig.
2A). Ultraviolet radiation (UV) is a lower-energy wavelength of light which can excite the
bonds within the DNA, leading to crosslinking of pyrimidine nucleobases to form
cyclobutane pyrimidine dimers or 6-4 photoproducts (Rastogi et al., 2010) (Fig. 2C). In
addition to light-based exogenous sources of DNA damage, viral infections are also a
source of host genomic instability, as many viruses hijack the host nucleic acid processing
machinery and degrade the host genome through nuclease action (Parson and Snustad,
1975; Weitzman and Fradet-Turcotte, 2018) (Fig. 2B).

Additionally, many bacteria, fungi, and plants produce specialized secondary
metabolites that target competing organismsé DNA, which can cause inhibition of
processes that require accessing the information within the genome (transcription,
replication, repair) (Huang et al., 2021) (Fig. 2D). These natural products include the
mycotoxin family of aflatoxins, plant psoralens, and topoisomerase inhibitors such as
camptothecin. Because DNA damaging agents are highly efficient at inhibiting DNA
replication, which can ultimately lead to cell death, it is therefore no surprise that these
chemicals are used therapeutically to treat a variety of diseases, in particular cancer
(Cheung-Ong et al., 2013). These agents include synthetic alkylating agents such as N-
methyl-N-nitrosourea derivatives (NMU-methylating agent), intercalating agents such as
doxorubicin, and crosslinking agents such as the nitrogen mustard family. Rapid and
efficient repair of these types exogenous damage is thus essential for chemotherapeutic
resistance mechanisms, and understanding how these alterations are dealt with is an

ongoing aspect of cancer biology.
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Figure 2. Exogenous sources of DNA damage (A) lonizing radiation (X-rays, gamma
rays, cosmic radiation) can directly damage the chemical bonds in DNA, or indirectly
through the generation of reactive oxygen species (ROS), leading to single-strand and
double-strand breaks. (B) Viral infections suppress the host genome and lead to
degradation of the genomic DNA. (C) Ultraviolet (UV) radiation can induce the
formation of cyclobutane pyrimidine dimers (CPDs-top), or 6-4 photoproducts-bottom.
(D) Common chemical sources of DNA damage: (i) methylnitrosourea-methylating
agent (ii) camptothecin-topoisomerase poison (iii) aflatoxin Bi-alkylating agent (vi)
psoralen-ICL agent. Reactive portions/sites of DNA damage are highlighted in red.
Figures A-C were produced with BioRender.

Endogenous sources

An endogenous source of DNA damage would arise from cellular, biochemical, or
metabolic processes within the cell where the DNA damage is occurring (Tubbs and
Nussenzweig, 2017). Many of these types of endogenous damage are unavoidable due
to the conserved nature of DNA processing and metabolic requirements of cellular life. In
general, these categories of damage can be classified into two types: (I) damage derived
from nucleic acid-processing enzymes and (II) damage derived from reactive metabolites
(Fig. 3 A-B).

The chemical and physical processing of DNA by nucleic acid-processing enzymes
is essential for the replication, transcription, repair, and recombination of the genome
(Hoeijmakers, 2001). However, these proteins can also lead to damage within DNA
through a variety of mechanisms. DNA polymerases are involved in the replication and
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repair of DNA, and together with the replication machinery faithfully duplicate the genome.
Most DNA polymerases have high-fidelity when incorporating nucleotides across from the
templates, however errors do arise at a low rate during replication (Bebenek and Ziuzia-
Graczyk, 2018). Specialized low-fidelity translesion synthesis (TLS) polymerases can
also bypass damage which occurs on the template DNA and often can incorporate the
incorrect nucleotide to ensure the genome is replicated (Yang and Gao, 2018) (Fig. 3A).
These errors in replication and repair lead to mutations in the genetic code, which can
contribute to disease progression (Makridakis and Reichardt, 2012). Other DNA-
processing enzymes such as DNA glycosylases, deoxyribonucleases, and
topoisomerases can lead to strand breaks (SSBs, DSBs) and subsequent loss of genomic
information (Klapacz et al., 2010; Fu et al., 2013; Williams et al., 2019) (Fig. 3A). Due to
the instability these enzymes can create, they are under tight regulation within a cellular
and genetic context to minimize this damage.

In addition to these enzymatic sources of DNA damage, chemical sources of
damage arise from reactive metabolites and byproducts of cellular metabolism (Fig. 3B).
Alkylation of the DNA is a common type of damage, and can form from several
metabolites or co-factors. Formaldehyde is a by-product of one-carbon metabolism and
repair of DNA damage and can react with nucleophilic portions of the nucleobases to from
monoadducts and crosslinks (Grafstrom et al., 1983) (Fig. 3B). S-adenosylmethionine is
a cofactor involved in many cellular processes involving methyl transfer reactions and
contains an electrophilic S-methyl group that can alkylate DNA at various positions
(Rydberg and Lindahl, 1982) (Fig. 3B). The metabolism and spontaneous oxidation of

cellular lipids such as 4-hydroxynonenal (4-HNE) can also generate complex DNA



adducts and reactive oxygen species (ROS) such as hydroxyl radicals that can further
modify DNA (Voulgaridou et al., 2011) (Fig. 3B). Finally, catabolism of steroid-based
hormones can generate reactive catechol quinone species, which produce ROS and lead
to DNA degradation (Han and Liehr, 1995) (Fig. 3B). These diverse, inevitable sources
of DNA damage pose a severe threat to cellular life, and as such, DNA repair pathways

are equipped to prevent and restore these alterations to the genome.
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Figure 3. Endogenous sources of DNA damage (A) Damage arising from nucleic acid
processing enzymes. From top left: incorporation of incorrect nucleotide by DNA
polymerases, strand cleavage by bifunctional DNA glycosylase, nuclease degradation
of DNA, and topoisomerase cleavage complex. (B) Metabolites which can chemically
damage DNA. From top left: formaldehyde-one carbon metabolism/alkylation, S-
adenosylmethionine-cofactor/alkylation, hydroxyl radical-general metabolism/oxidizer,
4-hydroxynonenal (4-HNE)-lipid peroxidation/alkylation, and sterol catechol quinones-
steroid metabolism/ROS generator. Reactive portions are highlighted in red. Figure A
was produced with BioRender.

DNA Repair Pathways

The totality of DNA damaging agents which arise from both endogenous and
exogenous sources poses a challenge for cellular life: how can the integrity of the genome
be maintained despite a constant assault of the DNA from all angles? To combat these

processes, nature has evolved unique and specialized DNA repair pathways which can



recognize and repair the diverse types of damage arising in the natural world. In these
next sections, | will describe and elaborate on bacterial DNA repair pathways as they are
currently understood, and highlight outstanding questions in the field. The focus will be
on the base excision repair (BER) pathway and DNA glycosylases, which initiate this

pathway.

Base excision repair (BER) pathway

Base excision repair (BER) is a conserved DNA repair pathway from bacteria to
vertebrates and canonically maintains genome integrity from damage arising from small
nucleobase modifications occurring on a single strand of DNA (Krokan and Bjoras, 2013)
(Fig. 4A). BER is initiated by a damage-specific DNA glycosylase (elaborated in the next
section) that recognizes, binds, and catalyzes the hydrolysis of a modified nucleobase
(alkylation, oxidation, deamination damage) from the phosphodeoxyribose backbone to
generate an apurinic/apyrimidinic (AP/abasic) site (Mullins et al., 2019). This step is the
most diverse in BER, as numerous, diverse superfamilies of DNA glycosylases have been
described (Brooks et al., 2013). Bifunctional DNA glycosylases (elaborated later) also
catalyze the elimination of the AP site. The second step of BER occurs when an AP
endonucl ease (Exolll or Endol V in barickther i a)
DNA (Mullins et al., 2019). If no bifunctional activity was performed by a DNA glycosylase
in step one, this nicked DNA must be end-pr oc e s s e d -lyaseractivitg &f DNbA
polymerase |, and subsequently repair synthesis is performed by DNA Pol I. Finally, the
DNA is sealed by the action of DNA ligase | to repair the DNA in an error-free process

(Mullins et al., 2019) (Fig 4A).
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Figure 4. General overview of the base excision repair (BER) pathway (A) Cartoon
schematic of the base excision repair pathway in bacteria. From left: a damage-specific
DNA glycosylase catalyzes the hydrolysis of the damaged base (purple) from the
deoxyribose backbone to generate an abasic (AP) site. AP endonucleases (Exolll and
Endol V) incise the AP site 5a to the |
processed to remove the deoxyribose from the backbone, and DNA polymerase |
performs repair synthesis. The gap is sealed by DNA ligase | in an error-free process.

DNA glycosylases

DNA glycosylases perform the first step in the BER pathway (base excision), and
are an extremely evolutionarily diverse family of DNA repair enzymes with multiple
substrates, mechanisms, and structures (Fromme and Verdine, 2004; Brooks et al., 2013;
Mullins et al., 2019). DNA glycosylases can be categorized broadly into two categories:
() monofunctional DNA glycosylases (catalyzes only base excision), and (ll) bifunctional
DNA glycosylases (catalyze base excision and AP elimination). These two types of DNA
glycosylases recognize and excise a variety of DNA adducts and lesions to protect the
genome from mutational errors which arise when damaged DNA is replicated. In this
section, | elaborate and describe the mechanistic, structural, genetic, and substrate

repertoires of both monofunctional and bifunctional DNA glycosylases.

Monofunctional glycosylases
Monofunctional DNA glycosylases perform only the first step in base excision:

hydrolysis of a damaged base from the deoxyribose backbone (Mullins et al., 2019). The
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catalytic mechanisms by which monofunctional glycosylases operate involve a
dissociative Sn1 mechanism by which the enzyme first recognizes and binds to its
cognate DNA damage, and then base depurination occurs (spontaneous or enzyme-
catalyzed) (Drohat and Maiti, 2014) (Fig. 5A). Base depurination generates a transient
oxocarbenium intermediate where the Cla

by | one pairs dvionofandtional ODNA gycosylasey then catalyze the

anome

addition of water across the Claqg a-activaimga c car

water molecule for nucleophilic attack, or through positioning of the water to have optimal
access (DmhatGhdyMaiti, 2014). In general, these enzymes use catalytic
carboxamide (Asn, GIn) or carboxylate (Asp, Glu) side chains to perform the chemistry of
base excision (Mullins et al., 2019). A common theme for DNA adducts or lesions
recognized and repaired by monofunctional glycosylases is destabilization of the N-
glycosidic bond or base pairing ability which is dependent on the site of the nucleobase
the adduct is positioned (O'Brien and Ellenberger, 2004; Drohat and Maiti, 2014) (Fig.
5B). These damages generally contain either positive charges on the nucleobase (3mA,
7mG) which allow the depurinated base to leave as a neutral group or other positions that
also destabilize the base pairing ability (Drohat and Maiti, 2014) (Fig. 5B). As such, this
class of glycosylases generally recognize damage that is distinct from those repaired by
bifunctional glycosylases.

Due to the extreme diversity in damage that can arise to nucleobases in DNA,
there are multiple superfamilies of monofunctional DNA glycosylases that recognize and
repair certain types of these base lesions (Brooks et al., 2013) (Fig. 5C). In bacteria,

monofunctional glycosylases repair lesions derived from alkylpurine damage (AIkA, AIkC,
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AIkD, Tag), deaminated cytosine (Udg), and mispaired oxidized purines (MutY) (Mullins
et al., 2019). These enzymes are the first step in protection against mutations and
cytotoxicity of these adducts. Additional specialized glycosylase systems exist in bacteria
such as the restriction endonuclease DNA glycosylase R.Pabl, which recognizes and
excises adenines in specific sequences to protect against phage infection (Miyazono et
al., 2014).

The structural mechanisms of how monofunctional DNA glycosylases recognize
and catalyze base excision is a well-studied process with some general properties,
although new advancements in our understanding of these enzymes have expanded the
known structural properties of these proteins (Mullins et al.,, 2019). In general, DNA
glycosylases contain an active site pocket that can accommodate a flipped-out nucleotide
to position within proximity to theflciappilnygad
(Slupphaug et al., 1996; Brooks et al., 2013) (Ex. uracil DNA glycosylase, Fig. 5D). To
maintain base stacking within the duplex, intercalating residues are positioned within the
site where the flipped-out nucleobase was. The flipped-out nucleobase is then
depurinated and hydrolyzed to create an AP site, which is often tightly-bound by the
enzyme (Mullins et al., 2019). The structural restraints of base-flipping into a space-limited
active site is the basis for why canonical DNA glycosylases cannot excise bulky or

crosslinked nucleobases.
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Figure 5. Structural and biochemical overview of monofunctional DNA glycosylases
(A) Chemical mechanism of monofunctional DNA glycosylase base excision. Within
the enzyme active site, base depurination occurs (spontaneous or enzyme-catalyzed)
to generate an oxocarbenium intermediate (middle). In the second step, the
glycosylase catalyzes the additio n of water across t he
generating an AP site. (B) Chemical structures of common lesions recognized and
excised by monofunctional DNA glycosylases. (C) List of common bacterial
monofunctional DNA glycosylases and most prevalent lesions they excise. (D) Crystal
structure of human uracil DNA glycosylase (UDG) in complex with deoxyuracil-
containing DNA (PDB: 4SKN). The excised and flipped-out uracil (blue) is located
within the active site pocket.

Bifunctional glycosylases
Bifunctional DNA glycosylases perform multiple steps within the BER pathway and
excise and repair damage that is generally distinct to that repaired by monofunctional
glycosylases (Prakash et al., 2012; Mullins et al., 2019). Bifunctional glycosylases first
bind to their cognate lesions and perform base excision through formation of a covalent
enzyme-substrate intermediate (DNA-protein crosslink; DPC) (Mullins et al., 2019) (Fig.
6A). This step is generally achieved through a nucleophilic attack of a nitrogen (N) of Lys,
Pro, or the N-terminal amine (Fromme et al., 2004). This generates the DPC intermediate
which is characterized by a Schiff base (imine) betweenani t r ogen andTh€la ( Fi

second function of bifunctional glycosylases is lyase activity, whereby the Schiff base
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DPC intermediate undergoes enzyme-c at a |l y @ e d-@lifmidation to nick the DNA

either 3a or 3qg+5a o fgenerates anALP, -lssaturated dldEHydg..

Becaus®OsigBamup is generated during this
generated by a polynucleotide phosphatase/kinase (PNPK) before repair synthesis and
ligation can occur (Krokan and Bjoras, 2013). The majority of DNA lesions recognized
and repaired by bifunctional DNA glycosylases do not lead to significant destabilization
of the N-glycosidic bond and are primarily derived from oxidation of the nucleobases
(Prakash et al., 2012) (Fig. 6B). This lack of destabilization for these adducts and lower
propensity for spontaneous depurination may help explain why the two types of DNA
glycosylases possess distinct catalytic mechanisms.

Bifunctional glycosylases are also highly conserved across all domains of life, but
seem to have less diversity than monofunctional DNA glycosylases (Fig. 6C). In bacteria,
at least four superfamilies of bifunctional enzymes exist, many of which are conserved in
vertebrates (Prorok et al., 2021) (Fig. 6C). These excise a diverse subset of oxidized
purines and pyrimidines from the genome, but some more specialized vertebrate
enzymes such as NEIL3 can catalyze the unhooking of ICLs derived from natural
products and endogenous ICLs (Semlow et al., 2016; Imani Nejad et al., 2020; Li et al.,
2020). Structurally, bifunctional glycosylases operate in a manner somewhat similar to
how monofunctional enzymes excise their damage in the sense that base-flipping is a
common process to perform base excision (Mullins et al.,, 2019). For example, the
formamidopyrimidine DNA glycosylase (Fpg) has been covalently trapped in the enzyme-
substrate intermediate to reveal the N-terminal proline residue covalently adducted to the

C 1ladaf the AP site (Fromme and Verdine, 2002) (Fig. 6D). The AP site-crosslink is rotated
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into the active site of Fpg, and an intercalating residue stacks in the bases to maintain the
duplex. These major differences between the classes of DNA glycosylases has led to
many important discoveries for their implications in cancer, antibiotic resistance, and

evolution (Jiang and Ramachandran, 2016; Mullins et al., 2019).
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Figure 6. Structural and biochemical overview of bifunctional DNA glycosylases (A)
Chemical mechanism of bifunctional DNA glycosylase base excision. Base excision
occurs in the first step when the nitrogen of either a lysine, proline, or the N-terminus
attacks the Clag anomeric carbon, whi c |
covalent Schiff base intermediate. The second functional step that bifunctional
glycosylasesc at al yze is nicking of -ehemDNAt b
el imination of t he (B}@henucal stBictureS of copmman depidns
recognized and excised by bifunctional DNA glycosylases. (C) List of common
bacterial bifunctional DNA glycosylases and most prevalent lesions they excise. (D)
Crystal structure of Geobacillus stearothermophilus formamidopyrimidine DNA
glycosylase (Fpg) trapped in a covalent complex with abasic site-containing DNA
(PDB: 1L1Z). Fpg glycosylase domain is in green, Zn-finger motif in yellow. DNA
protein crosslink (DPC) between the N-terminal proline and the ring-opened AP site is
shown in pink. The covalent intermediate was trapped by reducing the Schiff base
intermediate with sodium borohydride.

Nucleotide excision repair (NER) pathway

The nucleotide excision repair (NER) pathway is another highly specialized and
diverse DNA repair mechanism which is highly conserved across all species (Kisker et
al., 2013; Scharer, 2013). NER is distinct from BER in both the types of lesions or damage

it can recognize, as well as the mechanism by which the DNA is repaired. In general, the
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lesions recognized by NER are bulky, helix-distorting lesions which severely disrupt the
duplex structure (UV crosslinks, intrastrand crosslinks, bulky alkylators, intercalating
agents) (Gillet and Scharer, 2006). In bacteria, global genome NER is initiated by
recognition of the damage by the UvrA2B2 complex which recognizes distorted duplex
structures (Malta et al., 2007; Kisker et al., 2013) (Fig. 7A). UvrC is then recruited to the
site of damage, and contains dual nuclease domains which perform dual incisions on the
damaged strand wi t hi nER hleu bilthis eréates a stretch of 12-13 nucleotides
which is removed by the action of the Dpol/UvrD helicase complex to generate a gapped
DNA (Caron et al., 1985; Moolenaar et al., 1995; Verhoeven et al., 2002; Kisker et al.,
2013) (Fig. 7A). Repair synthesis by DNA polymerase | and sealing by DNA ligase | repair
the gapped DNA (Van Houten et al., 1988; Kisker et al., 2013) (Fig. 7A). In contrast with
BER, NER requires larger repair complexes and recognizes substrates which are

generally recalcitrant to base excision by DNA glycosylases due to their requirement for

base-flipping.
A
Nucleotide Excision Repair
(NER)
gapped DNA repaired DNA
DoDOmOEBan OooWmOogs @ 0 _, DENEEEEE0
000800008 2 OO0 00G08a B00000088
UvrABC excinuclease DNA polymerase
UvrD helicase DNA ligase

Figure 7. Overview of the nucleotide excision repair (NER) pathway (A) Cartoon
schematic of the nucleotide excision repair pathway in bacteria. From left: a bulky,
helix-distorting lesion is recognized by the UvrABC excinuclease complex which
performs dual incisions of a stretch of nucleotides on one strand containing the lesion.
The UvrD helicase unwinds and removes this stretch of nucleotides to generate a
gapped DNA structure (middle), which is filled in through repair synthesis by a DNA
polymerase and DNA ligase.
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DNA interstrand crosslink (ICL) repair

DNA interstrand crosslinks (ICLs) arise when bifunctional alkylating agents
covalently modify both strands within the DNA duplex, resulting in complete inhibition of
strand-separating processes such as replication and transcription (Deans and West,
2011; Huang and Li, 2013). Because ICLs modify both strands within the DNA, there is
no undamaged strand that would be required for normal repair synthesis, as repair on
one strand still leaves a monoadduct on the other. For this reason, ICL repair in bacteria
requires coordination between multiple DNA repair pathways to ensure removal of the
crosslink and to prevent mutations from arising, however ICL repair is an error-prone
process (Noll et al., 2006). For bacterial ICL repair, the most well-studied organism is
Escherichia coli as many of the molecular and genetic mechanisms have been elucidated
here. In general, ICL repair is primarily initiated by the NER UvrABC complex whereby
dual incisions are performed on one side of the crosslink, and UvrD un-anneals the 3-
stranded monoadduct to create a gap (Van Houten et al., 1986; Cheng et al., 1991; Noll
et al., 2006) (Fig. 8A). This gapped 3-stranded monoadduct can undergo two repair
mechanisms: (1) if no homologous template is available, translesion synthesis (TLS) can
occur (generally by Pol V) across this structure in a low-fidelity process, as the adducted
nucleobase cannot be faithfully read by the polymerase, or (II) homologous recombination
(HR) can occur if a homologous template is available (replicated chromosome,
extrachromosomal plasmid) whereby the RecABCD proteins perform homology
searching, strand invasion, and replication by a DNA polymerase/ligase (Cole, 1973;
Yang, 2003; Noll et al.,, 2006) (Fig. 8A). This 3-stranded monoadduct is a suitable

substrate for a second round of NER by the UvrABCD system, which will excise out a
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stretch of the crosslinked nucleotides (Sladek et al., 1989; Noll et al., 2006) (Fig. 8A).
Repair synthesis by DNA polymerase | and sealing by DNA ligase | repair the gapped
DNA (Noll et al., 2006) (Fig. 8A). Since ICL repair potentially requires TLS across the 3-
strand monoadduct, ICL repair is not considered an error-free pathway. The primary goal
of ICL repair is to remove the crosslinked bases from the genome, even if it is at the
expense of introducing mutations. However, there is evidence in E. coli of a
recombination-independent pathway for ICL repair which involved DNA polymerase I,
which implicates additional DNA repair pathways in the resolution of ICLs in bacteria
(Berardini, 1997, 1999). The findings of additional ICL repair enzymes and cooperation
between DNA repair pathways to faithfully repair ICL damage is critical to understanding

how cells maintain genomic information despite complex types of damage.
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Figure 8. Overview of bacterial DNA interstrand crosslink (ICL) repair (A) Cartoon
schematic of DNA interstrand crosslink (ICL) repair pathway in bacteria. From left: the
UvrABC excinuclease complex recognizes the ICL and performs dual incisions of a
stretch of nucleotides on one strand. The UvrD helicase unwinds this stretch of
nucleotides to create a gapped 3-stranded monoadduct. This 3-stranded intermediate
can then be bypassed by a low fidelity translesion polymerase (TLS) in an error-prone
process. Alternatively, homologous recombination can be accomplished if a
homologous template is available in an error-free process. Each of these steps
produces a 3-stranded monoadduct (no gap), which then enters a second round of
NER to liberate the crosslinked nucleotides and generates a gapped DNA (far right).
This gap is filled in through repair synthesis by a DNA polymerase and DNA ligase.
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Natural Product Genotoxins as a Source of DNA Damage

Bacteria are an exceptionally rich sources of secondary metabolites which affect
nearly all aspects of cellular life to provide fitness, cooperation, or survival of cellular
organisms (Pham et al., 2019). These natural products are produced through the genetic
organization of biosynthetic gene clusters (BGCs) which contain the genes necessary for
the biosynthesis, regulation, transport, and resistance (if toxic) to the cognate metabolite.
Bacteria produce diverse classes of natural products that modify cell signaling, cell wall
biosynthesis, global metabolism, translation, and nucleic acids (Pham et al., 2019; Scott
and Piel, 2019). Natural products that target DNA for damage or alteration are termed
genotoxins, and bacteria produce a large variety which affect all aspects of nucleic acid
chemistry. In general, bacterial genotoxins can be classified as: (1) non-alkylating (no
covalent modification to the nucleobase), and (2) alkylating (covalently modifies the bases
within DNA). In this section, | describe the general classes and properties of both these

classes of bacterial genotoxins.

Non-alkylating genotoxins

Genotoxins that do not alkylate DNA are highly diverse in their structures and
chemical properties while interacting with DNA. These products can be relatively
unreactive, or lead to secondary DNA damage through complex cleavage mechanisms.
Non-alkylating genotoxins must be directed to DNA through some interaction with the
nucleic acid structure, which is generally accomplished through intercalation into the
duplex or threading within the major or minor grooves (de Almeida et al., 2021). A general

class of these genotoxins are strand cleavage agents (DNA molecular scissors) that do
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not directly alkylate DNA but can catalyze the nicking of the DNA backbone (Fig. 9 A-B).
Bleomycin is an FDA-approved cancer treatment that binds in the minor groove of DNA
with its bis-thiazole moiety (Povirk et al., 1979; Zhao et al., 2002; Yu et al., 2016) (Fig.
9A). Bleomycin is a non-heme iron polypeptide/polyketide that chelates Fe?* ions to
create a pseudoenzyme that reacts with molecular Oz to generate superoxide and
hydroxy! radicals (Hecht, 2000; Chen et al., 2008). These ROS can abstract hydrogen
atoms from the carbon atoms within the deoxyribose sugar, leading to oxidative damage
to the DNA and ultimately SSBs and DSBs. Another strand cleavage agent that operates
by a different mechanism is calicheamici
enediyne family of antitumor/antibiotics and possesses a unique 10-membered ring which
becomes activated for DNA attack (Nicolaou et al., 1993). Calicheamicin threads the DNA
minor groove and thiol-based activation of the trisulfide portion positions the enediyne
system to undergo a Bergman cyclization to create a highly-reactive diradical benzene
species (Zein et al., 1988; Simkhada et al., 2009). This diradical benzene is positioned to
abstract hydrogen atoms from Claq, C4aq,
reaction with molecular Oz to further oxidize and cleave the DNA (Walker et al., 1992).
Because of its potent antitumor properties, calicheamicin and other enediynes have been
explored as cancer treatments (Shao, 2008).

Other types on non-alkylating genotoxins include the intercalating agents, whereby
a planar aromatic ring system is suitable for insertion into the duplex to stack between the
bases (Fig. 9 C-D). Intercalating agents can stabilize the duplex structure to prevent
strand separation or access to the genetic information (Mukherjee and Sasikala, 2013).

The intercalative properties of these agents can lead to secondary DNA damage or
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inhibition of nucleic acid-processing enzymes (Beretta and Zunino, 2008). Aclacinomycin
is a Streptomyces natural product which contains an anthracycline planar core system
and aminosugars that interact within the groove of the duplex (Jensen et al., 1991) (Fig.
9C). Intercalation by aclacinomycin can induce histone eviction from chromatin, disrupting
the epigenomic state of the DNA (Pang et al., 2013; Pang et al., 2015). Doxorubicin is
another Streptomyces natural product that is FDA-approved to treat various cancers
(Rivankar, 2014) (Fig. 9D). Doxorubicin also contains an anthracycline core ring
(intercalation) and aminosugars which bind within (thread) the minor groove, and leads
to topoisomerase Il inhibition by stabilizing the cleavage complex, thus leading to strand
breakage (Frederick et al., 1990; Pommier et al., 2010). The diverse structural and
functional properties of various types of non-alkylating bacterial genotoxins has led to
tremendous advancements in the fields of discovering and developing novel antitumor
and antibiotic agents.
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Figure 9. Structures and properties of non-alkylating bacterial genotoxins (A)
Bleomycin is a non-heme iron-dependent DNA strand cleavage agent which generates
free radical oxygen species that react with DNA. (B)Ca | i ¢ h e a imanenediyne
antitumor agent which binds to DNA and can abstract hydrogen atoms from the
deoxyribose backbone through an intermediate diradical benzene (C) Aclacinomycin
is a DNA intercalating agent that stalls replication and transcription machinery. (D)
Doxorubicin is also an intercalating agent which acts as a topoisomerase inhibitor to
generate SSBs and DSBs.

Alkylating genotoxins

Bacterial genotoxins that covalently modify the heteroatoms within the
nucleobases are known as alkylating agents (addition of a carbon moiety). Similar to non-
alkylating genotoxins, these families are known to possess highly diversified biosynthetic
scaffolds and reactive groups to modify the DNA. Many of these compounds are either
currently FDA-approved for certain treatments or are under investigation for their potential
as therapeutics. In general, alkylating genotoxins can be classified as either: (1)
monoalkylating agents (attachment to one strand of DNA), or (2) bifunctional alkylating
agents (modify multiple bases of DNA to create intra- and interstrand crosslinks).
Monoalkylating agents are highly diverse in their mechanisms of action and sites of DNA
where alkylation takes place. Streptozotocin (STZ) is a methylating agent approved to
treat pancreatic cancer and contains an N-methyl-N-nitrosourea derivative attached to
glucose (Szkudelski, 2001) (Fig. 10A). STZ undergoes decomposition to form an
electrophilic methyldiazonium ion that reacts at the N7 and O6 atoms of guanine and the
N1/3/7 atoms of adenine to form methylated DNA adducts (Murata et al., 1999).
Leinamycin is a macrolactam with antitumor/antibiotic properties and contains a unique
spiro-fused 1,3-dioxo-1,2-dithiolane moiety that generates DNA adducts and strand

breaks (Hara et al., 1990; Viswesh et al., 2010) (Fig. 10A). Leinamycin binds in the minor
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groove and undergoes a thiol-based activation mechanism whereby a highly-reactive 3-
membered episulfonium ring system is generated, and alkylation at N7 of guanine occurs.
This leinamycin-guanine adduct is rapidly depurinated to remove the guanine from the
genome and generate toxic AP sites (Nooner et al., 2004). A third type of monoalkylating
bacterial genotoxin is derived from the spirocyclopropylcyclohexadienone (SCPCHD)
family of natural products such as yatakemycin, CC-1065, and duocarmycin (Boger and
Johnson, 1995; Igarashi et al., 2003) (Fig. 10A). Yatakemycin (YTM) is an exceptionally
potent antitumor/antibiotic that threads into the minor groove of DNA and alkylates at N3
of adenine in particular sequences through cyclopropane ring opening (Parrish et al.,
2003; Mullins et al., 2017). YTM adducts are highly stable and prevent strand separation
through stapling of the minor grooves with extensive C-H-p interactions (Mullins et al.,
2017).

The second, much smaller class of alkylating genotoxins in bacteria is comprised
of the bifunctional alkylating agents that contain two electrophilic portions on the molecule
capable of reacting with multiple nucleobases in DNA to form intrastrand (same DNA
strand) or interstrand (both DNA strands) crosslinks (Scharer, 2005). ICL agents are
capable of exhibiting cytotoxicity towards prokaryotes with less than 100 crosslinks per
cell, making them extremely cytotoxic at low doses (Noll et al., 2006). In Streptomyces,
which are sources of a significant amount of antitumor/antibiotics used clinically, there
are only two known families of bifunctional ICL agents: the mitomycins and the
azinomycins (Fig. 10B). The mitomycin (MM) family is composed of mitomycin A, B, and
C, with MMC being the most well-studied, and FDA-approved to treat pancreatic and

stomach cancers (Tuinmann et al., 2004; Lee et al., 2006) (Fig. 10B). Mitomycin C is

23



composed of a quinone ring, a carbamate moiety, a methoxy portion, and an aziridine
ring, all of which are important for the complex mechanisms of DNA crosslinking (Tomasz,
1995). The quinone portion of MMC can intercalate into the duplex, while the additional
regions are positioned within the minor groove (Tomasz et al., 1987; Norman et al., 1990).
The first step of activation occurs when the quinone portion is reduced to generate a
hydroquinone (Tomasz, 1995). Oxidative elimination of methanol and reductive ring
opening of the aziridine portion generates the first DNA-reactive semiquinone species
(Tomasz, 1995). Alkylation then occurs at the exocyclic N2 amine of guanine, followed by
oxidative elimination of the carbamate moiety to generate the second electrophilic MMC
species (Tomasz, 1995). A second alkylation reaction at N2 of guanine occurs either
within the same DNA strand (intrastrand crosslink) or on the opposing strand (interstrand
crosslink) (Tomasz, 1995). The second family of ICL agents in bacteria is the azinomycins
(A and B), which form N7-purine/N7-purine interstrand crosslinks in selective DNA
sequences with their reactive epoxide and aziridine warheads (Fujiwara et al., 1999;
LePla et al., 2005). Crosslinking by azinomycin B (AZB) begins when the methyl
methoxynapthoate portion binds within the major groove of DNA to direct the warheads
for alkylation (Alcaro and Coleman, 2000). The first alkylation occurs when the aziridine
ring is attacked by N7 of purines, leading to monoalkylation (Salvati, 1992; Alcaro and
Coleman, 2000). The second alkylation step occurs at the epoxide ring, when a second
N7 on a purine in the opposing strand (1,3 spacing) opens the ring to crosslink the DNA
(Salvati, 1992; Alcaro and Coleman, 2000). The N7-purine/N7-purine ICLs generated by
AZB are relatively unstable and prone to depurination, which creates opposing AP sites

and leads to DSBs in cells treated with AZB (Armstrong, 1992; Salvati, 1992; Fujiwara et
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al., 1999; Kelly et al., 2006). For this reason, AZB is a potent antitumor agent, but its
applications are relatively understudied due to the inherent instability of the molecule.
This diversity in alkylating bacterial genotoxins forms the basis for continued exploration

of natural products and BGCs which produce novel, useful biomolecules.
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Figure 10. Structures and properties of alkylating bacterial genotoxins (A) Structures
of monoalkylating genotoxins from bacteria. From top left: streptozotocin-methylating
agent, leinamycin-N7 guanine alkylator, yatakemycin-N3 adenine alkylator. Reactive
portions of the molecules are highlighted in red. (B) Structures of bifunctional alkylating
agents from bacteria. From top: mitomycin C-N2 guanine-N2 guanine ICL agent,
azinomycin B-N7 guanine-N7 guanine ICL agent.

Bacterial Antimicrobial Resistance Mechanisms

Bacteria that produce cytotoxic natural products must be equipped with inherent
self-resistance mechanisms to combat the target of the compound(s) they produce
(Hopwood, 2007). Many of these secondary metabolites are incredibly potent molecules
with activities in the sub-nanomolar concentration range, so rapid and complete repair or
resistance to damage that arises through exposure to these agents is paramount. In
addition to self-resistance, many genetic and evolutionary processes can occur to transfer

resistance mechanisms between bacteria or act through selective mutational pressures
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(Boolchandani et al., 2019). This phenomenon forms the basis for antimicrobial resistance
(AMR) in both producing-organisms and those exposed to the specific natural product or
antibiotic. In this section | will elaborate on the general molecular mechanisms of antibiotic
resistance in bacteria, and expand on specific resistance mechanisms related to DNA

glycosylase-mediated base excision repair (BER) of alkylating genotoxins.

General mechanisms of antibiotic resistance

Antimicrobial resistance (AMR) in bacteria is an extremely important subject to
understand, as the emergence of resistant bacterial strains has posed a significant
challenge for treating infections across the world (Prestinaci et al., 2015). AMR can be a
complex system of cooperating pathways which operate synergistically to provide cellular
resistance to antibiotics, and many of these AMR phenomena are still currently being
characterized at the genetic and molecular level (Blair et al.,, 2015). To properly
understand AMR in bacteria, an appreciation for the diversity of molecular targets of
antibiotics is in order. Antibiotics (natural or synthetic) target critical cellular processes
that when disrupted, lead to cytotoxicity and cell death (Boolchandani et al., 2019).
Common antibacterial targets include: folic acid synthesis (one-carbon metabolism), cell
wall biosynthesis, protein translation by the 50S/30S ribosome, and nucleic acids (DNA,
RNA, nucleic acid processing enzymes) (Fig. 11A). Each target of these antibiotics is
generally characterized by the classes of antibiotics which targets them (sulfonamides-
f ol at e me tlecthnosicell svall metdbolism, tetracyclines-protein synthesis, and

guinolones-topoisomerase inhibitors) (Fig. 11A). Due to the extreme diversity in
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antibiotics and their molecular targets in bacteria, nature has evolved efficient resistance
mechanisms to combat the actions of these compounds.

The molecular mechanisms of AMR in bacteria fall into several general classes,
although new mechanisms, pathways, and enzymes are still commonly being discovered.
| will not delve deeply into the genetic mechanisms of AMR, which generally include:
changes in gene expression of the target, horizontal gene transfer of resistance plasmids,
duplication events of the target, and the most commonly known- mutations (point
mutations, insertions, deletions) within the target protein of the antibiotic (Peterson and
Kaur, 2018). Instead, here | will elaborate on the molecular mechanisms involving AMR,
which generally involve enzymes, transporters, and antibiotic sequestration (Munita and
Arias, 2016) (Fig. 11B). For self-resistance mechanisms, the gene encoding the
resistance protein is located either within the host genome, or on an extrachromosomal
plasmid (Fig. 11B). A common mechanism of host AMR is through sequestration of the
drug through drug-binding proteins, or through active efflux through a transmembrane
pump (Blair et al., 2015) (Fig. 11B). This process controls the concentration of the drug
within the cell, and limits the exposure of the target molecule from the drug. Some
resistance proteins encode for enzymes which bind to and either sanitize, modify, or
degrade the antibiotic which prevents it from interaction with the target (Blair et al., 2015)
(Fig. 11B). Additional mechanisms exist such as expression of a target protection protein
which binds to the antibiotic target and prevents the interaction with the compound
(Tomlinson et al., 2016; Wilson et al., 2020). Importantly, many of these AMR
mechanisms are not sufficient on their own to provide full cellular resistance to an

antibiotic, and as such many of these pathways operate simultaneously or redundantly.
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Finally, AMR remains a burgeoning field where both the delicate intricacies of the system
continue to be dissected, and more undiscovered mechanisms remain unexplored. These
final sections are dedicated to exploring AMR mechanisms specific to BER and DNA

glycosylases.
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Figure 11. Molecular targets of antibiotics and molecular mechanisms of antibiotic
resistance in bacteria (A) Cartoon diagram of common molecular targets for
antimicrobial agents and representative antibiotics in each category. (B) Cartoon
schematic of the major antibiotic resistance pathways in bacteria. Beginning with
antibiotic A (purple), antibiotic-degrading enzymes or antibiotic-binding proteins can
destroy/sequester the drug to protect the target of the antibiotic. Antibiotic B (light
yellow) depicts antibiotic sanitization or deactivation through an enzyme which alters
the antibiotic. Antibiotic C (blue-green) is exported through an antibiotic efflux pump to
prevent it from interaction with cellular targets. Many of these mechanisms can
cooperate to provide full resistance. These figures were produced in BioRender.

Antibiotic mechanisms specific to base excision repair (BER)

Until relatively recently, the association of a specific DNA repair enzyme or
pathway with a particular natural product or BGC had been understudied and
underappreciated. However, within the past decade, several BGCs that produce potent
DNA alkylating agents have been demonstrated to contain novel DNA repair enzymes

that are specific for their natural product DNA damage (Xu et al., 2012; Wang et al., 2016;
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Ng etal., 2019; Chen et al., 2020). In at least two of these BGCs, the producing organisms
encode for specialized DNA glycosylases that trigger the BER system to remove the
natural product alkylation damage from the genome to provide self-resistance to the
genotoxin (Xu et al., 2012; Wang et al., 2016). The structure and mechanistic properties
of these enzymes, and their diverse substrate repertoire has led to significant
advancements for the BER field. In these last two sub-sections, | will describe the
genetics, biochemistry, and structural properties of DNA glycosylase-mediated BER,
which provides self-resistance to yatakemycin (YTM) and the interstrand crosslinking

agent azinomycin B (AZB).

Resistance to yatakemycin (YTM) by AlkD/YtkR2

Yatakemycin (YTM), as described in an earlier section, is a member of the
SCPCHD family of antitumor/antibiotics and is an exceptionally potent DNA alkylating
agent (Parrish et al., 2003). YTM is produced by Streptomyces sp. TP-A0356 from the 36
kb YTM BGC (Fig. 12A), and has been shown to require several resistance mechanisms
to allow for full biosynthesis of YTM (Xu et al., 2012; Yuan et al., 2017). YTM functions
by first threading the tryptophan-derived subunits into the minor groove of DNA with
extensive C-H-p interactions which effectively staple the strands together (Mullins et al.,
2017). DNA binding by SCPCHD family members has been shown through NMR studies
to twist the subunits for optimal positioning of the cyclopropane warhead to undergo a
reductive alkylation at N3 of adenine in specific AT-rich sequences (Bassarello et al.,
2003). The lone pairs on N3-adenine attack the cyclopropane ring, and these ring

electrons are delocalized into the cyclohexadieneone system where reduction occurs
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(Fig. 12B). This generates the YTM-Ade-DNA (YTMA-DNA) adduct which is remarkably
stable and toxic (Igarashi et al., 2003; Mullins et al., 2017). A gene within the cluster
(ytkR2) was shown to have homology to a related family of newly discovered DNA
glycosylases, the AIKC/AIKD superfamily of HEAT-like repeat enzymes (Alseth et al.,
2006; Xu et al., 2012). YtkR2 was shown to be essential for YTM biosynthesis and for
survival of cells exposed to YTM (Xu et al., 2012). Subsequent experiments demonstrated
that YtkR2 functions as a DNA glycosylase that excises YTMA-DNA adducts from the
genome to generate an AP site and the deglycosylated YTM-adenine nucleobase (Xu et
al., 2012) (Fig. 12B). The structural basis for how this DNA glycosylase can recognize
and excise a bulky, helix-stapling adduct that is almost certainly refractory to base-flipping
was thus a highly important avenue of research. The well-characterized homolog of
YtkR2, the AlkD glycosylase from Bacillus cereus, was demonstrated to possess excision
activity for bulky adducts and for YTMA-DNA adducts, and subsequent structural studies
demonstrated that AIKD does not require base-flipping to perform base excision but rather
pre-scaffolds the catalytic residues for base excision within an intact duplex (Rubinson et
al., 2008; Rubinson et al., 2010; Mullins et al., 2015). AlkD was co-crystallized with YTMA-
DNA and the structure revealed a very tight association between the C-shaped HEAT-
like repeats and the damaged DNA (Mullins et al., 2017) (Fig. 12C). Expansion of the
active site of AIkD in complex with YTMA-DNA revealed the enzyme also uses extensive
C-H-p interactions from aromatic residues which allow prying open of the minor groove
and hydrolysis of the adduct which is catalyzed by Asp112 (Parsons et al., 2016; Mullins
et al., 2017) (Fig. 12C). This pre-formed active site and prying of the minor groove forms

the structural basis for excision of a bulky lesion without the need for base-flipping. The
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evolutionary diversity of YtkR2 homologs in SCPCHD-producing BGCs is not constrained
to the YTM cluster, but has been found to play an important role in self-resistance and
excision of the CC-1065 and duocarmycin analogs (Mullins et al., 2021) (Fig. 11D). The
mechanistic and structural insights provided by the AIkD/YtkR2 glycosylases and
involvement in bulky YTMA-DNA repair have been valuable for understanding how these

and other glycosylases function at the molecular and cellular level.
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Figure 12. Self-resistance to yatakemycin (YTM) through base excision repair (A)
Gene cluster diagram for yatakemycin (YTM) biosynthesis. Genes are colored
according to their published or predicted functions. Dark red-core biosynthetic genes,
light red-accessory biosynthetic genes, green-regulatory genes, blue-transport genes,
purple-predicted endonucleases, yellow-YtkR2 resistance DNA glycosylase, gray-
unknown. (B) Chemical reaction between YTM and N3 of adenine in AT-rich
sequences. Lone pair of N3 on adenine attacks the cyclopropane ring which leads to
alkylation. The YTMA-DNA adduct is recognized and excised by the host YtkR2
glycosylase, as well as the YtkR2 homolog AlkD, which liberates the YTM-Ade adduct
and generates an AP site. (C) Crystal structure of AIkD in complex with YTMA-DNA
ternary product (PDB: 5UUG). AlkD is composed of HEAT repeats (red) which scaffold
around the YTMA-DNA. A zoom-in of the active site (inset) shows the catalytic Asp112
in proximity to the hydrolyzed YTM-Ade adduct, without base flipping into the AIKD
active site. (D) Chemical structures of related spirocyclopropylcyclohexadienones
which contain a YtkR2 homolog that contributes to base excision repair-mediated self-
resistance.

An essential DNA glycosylase in azinomycin B (AZB) biosynthesis

The discovery of the YtkR2 and related AlkD DNA glycosylases involved in self-
resistance to YTM toxicity through BER opened the possibilities of other BGCs producing
genotoxins that contain unigue DNA glycosylases specific to their natural products.
Indeed, this was demonstrated to be the case for the azinomycin B (AZB) cluster where
an essential DNA glycosylase was discovered (Wang et al., 2016). AZB is produced by
Streptomyces sahachiroi and griseofuscus from the 64 kb AZB cluster (Nagaoka et al.,
1986; Zhao et al., 2008) (Fig. 13A). As described in a previous section, AZB is a non-
ribosomal peptide/polyketide natural product that contains two electrophilic aziridine and
epoxide warheads, which alkylate both strands of DNA to create a 1,3 N7-purine/N7-
purine ICL (one base pair separates the ICL) (Armstrong, 1992; Fujiwara et al., 1999;
LePlaetal., 2005) (Fig. 13B). These AZB-ICLs are exceptionally toxic to both prokaryotes
and eukaryotes and induce a strong transcriptional response involving DNA repair

pathways, making AZB a candidate for antitumor use (Ishizeki et al., 1987; Kelly et al.,
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2006). While studying the biosynthesis of AZB, it was noted a gene within the cluster
(azi36/orfl-eventually renamed AlkZ) contained predicted winged-helix DNA binding
domains and was proposed to play a role in transcriptional regulation of the cluster (Wang
et al., 2016). Surprisingly, the alkZ gene in S. sahachiroi proved to be essential for the
organism, as all attempts to knock it out were unsuccessful (Wang et al., 2016) (Fig. 13C,
top). AlkZ could only be deleted from the cluster through a double homologous
recombination crossover, which introduced a second copy into the genome, and created
an AZB-resistance strain with alkZ deleted in the cluster (Wang et al., 2016) (Fig. 13C,
middle). AlkZ could only be fully deleted from the genome by first deleting the essential
AZB biosynthesis gene (azi29/aziU3) and then deletion of alkZ, which created an AZB-
sensitive strain (Wang et al., 2016) (Fig. 13C, bottom). Subsequent experiments
demonstrated that AlkZ functioned as a DNA glycosylase that can unhook AZB-ICLs from
either strand of the DNA, which generates 1,3 double AP sites, although the precise
mechanism for how this is performed was unknown (Wang et al., 2016) (Fig. 13B). This
was the first example of a prokaryotic DNA glycosylase that can unhook DNA-ICLs and
the first example of an endogenously essential DNA glycosylase in nature (Wang et al.,
2016). The mechanism, structure, and evolutionary breadth of AlkZ proteins were entirely
uncharacterized, but it was observed that AlkZ homologs are prevalent in diverse
bacterial phyla and are conserved (Wang et al., 2016). AlkZ and the enormously diverse
homologs of this protein made it an extremely interesting protein to characterize for its

novel properties as a DNA glycosylase.
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Figure 13. AlkZ is an essential DNA glycosylase which unhooks azinomycin B (AZB)
ICLs (A) Gene cluster diagram for azinomycin B biosynthesis. Genes are colored
according to the key to the right. (B) Chemical reaction of epoxide and aziridine rings
(red) in AZB with N7 of guanines to create a 1,3 AZB-ICL. The essential gene encoding
for AlkZ/Azi36/0rfl catalyzes the unhooking of the AZB-ICL to create opposing abasic
sites (1,3 AP sites). (C) Genetic diagram of the essential nature of AlkZ. Gene deletions
are denoted with a gray box. From top: qpa | kpa z i) Khdtkout cells in Streptomyces
sahachiroi are lethal due to the production of AZB. If a second copy of AlkZ is inserted
into the genome at a different chromosomal location, then AlkZ can be deleted within
the AZB cluster to generate an AZB-resistant strain. If the biosynthesis of AZB is
abrogated by first deleting aziU3 (azi29), then alkZ (azi36) can be deleted to generate
an AZB-sensitive strain. Figure C was produced with BioRender.

! This work is published in part in: Mullins, E.A., Rodriguez, A.A., Bradley, N.P., and Eichman,
B.F. (2019). Emerging Roles of DNA Glycosylases and the Base Excision Repair Pathway.
Trends Biochem Sci 44, 765-781. Figures 4, 7, and 8 in this thesis were modeled off Figure 1 in
the manuscript. | generated models and data for Figure 4 and helped write the section on AlkZ-
mediated repair of AZB-ICLs. | also contributed to the editing of the manuscript as a whole.
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These findings of the AlkZ DNA glycosylase involved in self-resistance to AZB-
ICLs form the foundations for my thesis work in characterizing the structural, biochemical,
cellular, and genetic basis of AlkZ-mediated BER of ICL agents and other genotoxic
natural products. The remainder of this dissertation will focus on (mainly) published work
involving AlkZ and related DNA glycosylases involved in diverse and novel roles for BER.
Chapter 2 will focus on the structural and biochemical characterization of S. sahachiroi
AlkZ and models of AZB-ICL excision. In Chapter 3, | identify a homolog of AlkZ in E. coli
named YcaQ that is distantly-related to AlkZ and unhooks diverse ICL substrates to
provide cellular resistance through a new ICL repair pathway. Chapter 4 expands on the
phylogenetic and evolutionary differences between YQL and AZL proteins in
Streptomyces and includes genome mining analyses to identify clusters associated with
these proteins. Chapter 5 is a collaborative effort whereby we further apply our genome
mining data from Chapter 4 to characterize four DNA glycosylases within the BGCs of
trioxacarcin A (TXNA) and LLD genotoxic alkylators which perform exquisitely precise
base excision of their cognate lesions and are involved in the biosynthesis and self-
resistance of these natural products. Finally, | conclude with Chapter 6 where | present
preliminary data involving structural modeling, crystallization efforts, genomics, and
biochemistry of YcaQ and AlkZ family members. | finish Chapter 6 by expanding on the
future directions and implications of this project as it continues to progress forward. All
references are listed at the end of the dissertation, and publication references in which |
am a coffirst-author are marked at the end of each chapter with details on which

experiments | conducted.
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Chapter 2

Structure of a DNA Glycosylase that Unhooks Interstrand Cross-links?

Introduction

The chemical integrity of DNA is constantly challenged by cellular and
environmental genotoxic agents that produce a diverse array of covalent nucleobase
adducts. If left unrepaired these DNA lesions impair important cellular processes including
replication, transcription, and cell cycle regulation, leading to mutations, chromosomal
rearrangements, and genomic instability that threaten the livelihood of the organism and
lead to human diseases (Jackson and Bartek, 2009). Small adducts are typically removed
by base excision repair (BER), in which a lesion-specific DNA glycosylase catalyzes
hydrolysis of the N-glycosidic bond of the aberrant nucleobase, liberating it from the

phosphoribose backbone (Krokan and Bjoras, 2013). The resulting abasic site is nicked

at the SN sipde imy c/ apyrimidinic (APHhydrexyldonucl

group necessary for synthesis of new DNA. In contrast, bulky and helix distorting lesions
are removed by nucleotide excision repair (NER), which involves removal of an
oligonucleotide segment containing the lesion through the action of dual nuclease
incisions flanking the lesion followed by helicase removal of the damaged segment.
Interstrand crosslinks (ICLs) from a number of endogenous and environmental
sources covalently tether the opposite strands of DNA and pose a major obstacle to
normal DNA metabolism (Schérer, 2005; Noll et al., 2006). The cytotoxicity of crosslinking

agents makes them particularly effective as antitumor drugs (Rajski and Williams, 1998).
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Because ICLs damage both strands of DNA, repair of ICLs is more elaborate than repair
of monoadducts and involves multiple pathways (Noll et al., 2006; Clauson et al., 2013).
In ICL repair, nuclease-dependent dual incisions on one strand flanking the lesion
produce a gapped intermediate that must be filled by translesion synthesis (TLS) or
homologous recombination (HR) prior to NER-associated repair of the remaining
unhooked monoadduct.

Azinomycin B (AZB, Fig. 14A) is a cytotoxic, nonribosomal peptide-polyketide
secondary metabolite of Streptomyces sahachiroi and Streptomyces griseofuscus (Hata
et al., 1954; Nagaoka et al., 1986). This bifunctional alkylating agent forms ICLs in vitro
and in vivo (Terawaki and Greenberg, 1966) and displays potent antibiotic and antitumor
activities comparable to the chemotherapeutic mitomycin C (Shimada et al., 1955;
Nagaoka et al., 1986; Ishizeki et al., 1987). AZB ICLs are formed between the electrophilic
aziridine and epoxide functional groups of AZB and the N7 nitrogens of guanosine and
adenosine within d(GNC) and d(GNT) sequences (Fig. 14B) (Armstrong, 1992; Fujiwara
etal., 1999). Computational modeling of the AZB ICL structure is consistent with the entire
AZB molecule residing in the major groove of the DNA without nucleobase intercalation

by the naphthoate moiety (Alcaro and Coleman, 2000; Coleman, 2002).
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Figure 14. Unhooking of azinomycin B interstrand crosslinks by AlkZ (A) Chemical
structure of azinomycin B (AZB). b. AZB crosslinks opposing purines at their N7
nitrogens via reactive aziridine and epoxide groups. c. AlkZ glycosylase catalyzes
hydrolysis of the N-glycosidic bond of either crosslinked dG to produce two possible
dG-AZB-Gua monoadducts.

Contrary to NER-associated repair of other ICLs, AZB ICLs were recently identified
as the target of repair by a DNA glycosylase (Wang et al., 2016). The azi36 (orfl) gene
sits adjacent to the AZB synthesis cluster in S. sahachiroi (Zhao et al., 2008) and provides
self-resistance to cells from AZB toxicity. The Orfl gene product unhooks AZB ICLs by
cleaving the N-glycosidic bond on at least one side of the lesion to produce an abasic site
that is recognized by the bacterial AP endonuclease, EndolV (Fig. 14C) (Wang et al.,
2016). Orfl belongs to the HTH_42 (Pfam 06224) superfamily of uncharacterized winged-
helix containing proteins that exist in a number of pathogenic and antimicrobial producing
bacteria. However, there are no structures of any HTH_42 protein and thus the molecular
rationale for glycosylase repair of AZB ICLs is unknown.

The significance of this alternative, glycosylase-mediated ICL repair pathway is
underscored by the recent discovery that the unrelated eukaryotic NEIL3 glycosylase
unhooks psoralen and abasic site-adenine ICLs during DNA replication (Semlow et al.,
2016) and that human NEIL1 can excise unhooked psoralen monoadducts and ICLs
(Couvé-Privat et al., 2007; Couvé et al., 2009). Thus, glycosylase mediated ICL repair
activity has been identified in both prokaryotes and eukaryotes by two distinct proteins.
However, the molecular details for how either of these enzymes can excise adducts
covalently tethered to both DNA strands is unknown. To better understand the

mechanisms for DNA glycosylase-mediated ICL repair, we determined the crystal
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structure of the S. sahachiroi azi36 gene product and identified the active site by
mutational analysis. The structure is the defining member of the HTH_42 superfamily and
an eighth structural class of DNA glycosylase. Our analysis shows how the HTH_42
architecture can support unhooking of either side of an AZB ICL or excision of an AZB-
dG monoadduct. To better reflect the activity of the enzyme for base excision of alkylated

DNA, we propose to rename the Azi36/Orfl protein to AlKZ.

Results

AlkZ excises N7-methylguanine from DNA

The AIkZ protein was shown recently to act on AZB ICLs and monoadducts
through hydrolysis of one or more of the N-glycosidic bonds (Wang et al., 2016), but it
was unclear whether the enzyme would act on adducts other than AZB. DNA
glycosylases that excise alkylated DNA lesions often exhibit activity for a number of N3-
and N7-methylated purines in addition to their preferred substrates (O'Brien and
Ellenberger, 2004; Rubinson et al., 2010). For example, Bacillus cereus AIKD displays
robust activity for bulky minor groove N3-yatakemycinyldeoxyadenosine lesions, but also
cleaves N3-methyldeoxyadenosine and N7-methyldeoxyguanosine (d7mG) (Mullins et
al., 2013; Mullins et al., 2015). | therefore tested the ability of AlkZ to catalyze excision of
N7-methylguanine (7mGua) from an oligonucleotide containing d7mG (Fig. 15A). Using
a standard in vitro assay that measures glycosylase activity by alkaline hydrolysis of the
resulting abasic site product, | found that AlkZ hydrolyzed d7mG with an observed rate

(Kobs) of (8.5+0.4)x10° s* (Fig. 15B-C). This d7mG activity is modest compared to that of
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other alkylpurine DNA glycosylases under similar conditions (O'Brien and Ellenberger,
2004, 2004; Parsons et al., 2016), but demonstrates that an AZB adduct is not necessary
for AlkZ activity and corroborates the previous data showing activity toward monoadducts
(Wang et al., 2016). Additionally, | found that alkaline conditions or treatment with EndolV
was required to nick the abasic DNA produced by AlkZ, indicating that AIKZ is a

monofunctional DNA glycosylase that does not possess lyase activity (Fig. 15D).
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Figure 15. Excision of N7-methylguanine by AlkZ (A) Base excision of d7mG by AlkZ.
(B) Denaturing PAGE of d7mG-DNA substrate (S) and nicked abasic-DNA product (P)
after treatment without (17) or with (+
hydrolysis. (C) Quantification of the gel shown in panel A, averaged across three
independent experiments. (D) Denaturing PAGE of d7mG-DNA substrate (S) and
nicked abasic-DNA product (P) after treat mentrs
followed by treatment with either water, NaOH, or EndolV.

AlkZ adopts a novel DNA-binding fold

HTH_42 superfamily proteins are predicted to contain two winged helix (WH)
motifs, which are common helix-turn-helix (HTH) related DNA-binding elements found in
transcription factors and DNA processing enzymes (Brennan, 1993). The canonical WH

fold contains a three-helix bundle at the N-terminus and a three-s t r a n-dheeat (wing)
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at the C-terminus, and is related to the helix-turn-helix sequence-specific DNA-binding
motif in that U3 serves as a fArecogniti
(Gajiwala and Burley, 2000). However, there is no known structure of an HTH_42 protein,
and thus it is not known how or if the putative WH motifs bind DNA. Moreover, there are
no WH motifs in any of the six known DNA glycosylase protein folds (Brooks et al., 2013),
so the molecular details for how AlkZ acts as a DNA repair enzyme are not clear.

To understand the structural basis for DNA glycosylase-mediated ICL repair by
AlkZ, we determined the crystal structure of the S. sahachiroi enzyme. Experimental X-
ray phases were determined from single-wavelength anomalous dispersion using
selenomethionyl-substituted protein (Table 3). The resulting crystallographic model,
which contains all 371 residues of the protein, was refined against X-ray diffraction data
extending to 2.3 A, resulting in an R-factor of 15.7% and an Riee of 20.1% (Table 3). The
protein adopts a cluster of three tandem WH motifs (WH1, WH2, WH3) that pack against
a C-t er mi-baadl sulfidomain to form a C-shaped molecule (Fig. 16A-B). WH1 is
centrally located and bridges WH2 and WH3 motifs. WH1 packs against WH2 with two-
fold rotational swyngsnaetheringerfasel, dndh againsteAIHB in & 90°
offset head-to-tail arrangement. This cluster of WH motifs appears to be a novel protein
architecture, as a search for structural homologs using the DALI server (Holm and
Sander, 1993) returned no results aside from those of each individual WH (S| Fig. S2 A-
C in (Mullins et al., 2017)). Consistent with the established structural diversity among WH

motifs, the three motifs in AlkZ show slight variations from one another (Fig. 16A-B),

including a highly kinked U3 fdfrecognition
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Figure 16. Crystal structure of Streptomyces sahachiroi AlkZ (A) Orthogonal views of
the enzyme colored by subdomain. Winged helix (WH) motifs are red, green, and blue;
the C-terminal domain is yellow; the putatve DNA-bi ndi ng b11/ 12 |
connecting helices are gray. (B) Topology diagram colored as in panel A.

The most notable feature of the C-shaped structure is the concave channel that
spans the width of the protein. The channel is defined by all three WH maotifs and a short
b-hairpin (bl1l1/12) t htartinapdonoain.rTohedwface éf thies chanheh e C
is lined with positively charged, highly conserved residues and is appropriately sized to
accommodate duplex DNA (Fig. 17A-B). DNA bound along this channel would be
clamped between the bl1l/ 12 hairpidtheoputatwene si d
Airecogni ti om ohtbdother sideanflicativiglthat WH2 may play a role in DNA
recognition similar to that of other WH motifs. In contrast, the corresponding helices from
WH1 (UD) and WH3 (UM) reside outside the cent
DNA. Indeed, docking DNA from other WH-DNA and HTH-DNA complexes onto WH1 or

WH3 positioned the DNA well outside of the putative DNA-binding channel.
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Figure 17. Surface electrostatic potential and amino acid conservation of AlkZ (A)
Solventtaccessi ble surface of Al kZ c ol oksTeed).
(B) Solvent-accessible surface of AIkZ colored by sequence conservation. B-DNA
modeled against the crystal structure is shown as a transparent gold backbone trace.

Active site residues reside within the putative DNA-binding channel
To gain insight into how AlkZ properly orients an AZB lesion for catalysis, we
docked a B-DNA model containing a computationally derived AZB ICL (Alcaro and
Coleman, 2000) as a rigid body into the putative DNA-binding channel (Fig. 18A-B). Two
nearly equivalent DNA orientations, related by the symmetric nature of the AZB ICL
relative to the DNA dyad axis, optimized van der Waals and electrostatic interactions
without altering the structure of the protein or the DNA. Both orientations placed the
bl11/ 12 hairpin into the minor groove dnstrectly

the adduct in the major groove.
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Figure 18. Docking of AZB-ICL-DNA into AlkZ concave surface to probe for active site
residues (A-B) Orthogonal views of the AlkZ active site with AZB-ICL-DNA docked in
the putative DNA-binding channel. The protein is colored as in Fig. 3, and AlkZ
residues tested for their roles in base excision activity are labeled. The AZB-ICL-DNA
model is shown as a slate/charcoal backbone trace with adducted guanosines
(slate/charcoal) and AZB (purple) depicted in ball-and-stick representation.

We used these models to identify candidate catalytic residues among the highly
conserved polar, cationic, aromatic, and hydrophobic side chains lining the concave
surface (Fig. 18A-B), and thus likely in the vicinity of a bound DNA lesion. Monofunctional
glycosylases generally initiate nucleophilic attack from the minor groove using
carboxylate (Asp, Glu) or carboxamide (Asn, GIn) side chains (Scharer and Jiricny, 2001;
Maiti et al., 2012). In AlkZ, side chains from conserved glutamines Q37 and Q39 (Fig.
18A-B) point into the minor groove at either point of ICL attachment in both orientations
of our docking model (Fig. 18A-B). Whereas Q37 is recessed at the rear of the channel,

Q39 protrudes far enough into the minor groove to orient a water nucleophile for catalysis.
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Figure 19. Identification of the AlkZ active site residues (A-B) Orthogonal views of AlkZ
bound to AZB-ICL-DNA in a hypothetical alternate binding orientation. (C) Base
excision activity of wild-type (WT) and mutant AIkZ proteins as measured by the
formation of nicked abasic-DNA product (P) after incubation of protein or buffer (mock)
with d7mG-DNA substrate (S) for 24 hrs.

ltested invol vement of the helix penetrat:.i
enzyme activity by substitution with alanine or glycine and measuring d7mG excision
activity from purified proteins (Fig. 19C). We verified by circular dichroism that all mutant
proteins were folded under the conditions of our assay (S| Fig. S3C in (Mullins et al.,
2017)). Both Q37A and Q39A mutants completely abrogated d7mG excision, even after
24 hours. In contrast, alanine substitution of the nearest glutamate side chains, E45 and
E221, which reside just outside the putative active site on helices UC ( WH1
(WH3), respectively, had no effect on base excision activity. In addition to catalysis by
polar residues, DNA glycosylases often stabilize a particular DNA conformation in the
enzyme-substrate complex by inserting a steric wedged either bulky side chains or a
loopd into the DNA helix. In AlkZ thisroleis| i kel y played by the b1l1/
protrudes into the minor groove in our docking model (Fig. 19A-B). Consistent with this
hypothesis, replacing residues 307-313 that form t he Db11/ 12 | oop with

residues (bl1l/12) abr og é&igeldC).dheseGesultxidentifyi on ac
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this central region of the protein as the active site, with important roles for Q37, Q39, and

the b11/ 12 hairpin in base excision.

Discussion

This work defines the architecture of the HTH_42 family of DNA-binding proteins
(Finn et al., 2016) and an eighth class of DNA glycosylase (Brooks et al., 2013; Miyazono
etal., 2014). A unique cluster of three tandem WH motifs scaffold a putative DNA-binding
channel, with only one WH (WH2) positioned to participate in the canonical helix-major
groove recognition used by other WH and HTH motifs (Gajiwala and Burley, 2000). The
active site contain s a Qx Q mo-hairpin essamtchl fom bafe excision activity and
conserved among AlkZ homologs and the HTH_42 superfamily (SI Fig. S4 in (Mullins et
al.,, 2017)).Our docking models predict the b1l1l/ 12 ha
groove at the lesion site. This motif is likely involved in stabilizing a particular DNA
conformation in the enzyme-substrate complex, similarto t h a't Obslmarpnegd for
and loops in other glycosylases (Brooks et al., 2013). The N-terminal glutamine (Q37) in
the QxQ motif is receded in the active site cleft and thus predicted to bind the DNA
backbone, consistent with histidine occupying this position in some AlkZ homologs. The
C-terminal glutamine (Q39), on the other hand, likely plays a catalytic role. Our docking
models predict that Q39 protrudes into the minor groove so that its carboxamide side
chain is positioned to orient a water nucleophile in the manner observed for N140 in
human thymine DNA glycosylase (Maiti et al., 2012) and for aspartate or glutamate side

chains in other glycosylases (Scharer and Jiricny, 2001). Consistent with such a catalytic
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role, half of all HTH_42 proteins have an aspartate at this position, suggesting that at
least some other members of this previously uncharacterized superfamily also possess
DNA glycosylase activity.

AlkZ is one of two DNA glycosylases that definitively unhook an ICL (Semlow et
al., 2016; Wang et al., 2016). The mechanism by which a DNA glycosylase unhooks an
ICL is not immediately obvious since these enzymes typically capture the modified
nucleoside inside the active site by extruding it from the DNA helix, and such a base
flipping mechanism would be inhibited by an ICL. However, we recently discovered a non-
base-flipping mechanism that enables glycosylase excision of bulky minor groove
adducts and that conceivably could enable ICL excision. The bacterial AIKD glycosylase
is able to recognize and cleave adenine adducts of the bulky natural product yatakemycin
(YTM) without rotating the lesion from the duplex (Mullins et al., 2015). Like AlkZ, AlkD
adopts a C-shaped fold that engages DNA along the concave surface (Rubinson et al.,
2010). The AIKD active site positions a catalytic aspartate and two catalytic tryptophan
side chains (Parsons et al., 2016) against the deoxyribose of the alkylated adenosine,
which is displaced only slightly into the minor groove of the DNA. Similarly, our AlkZ
docking models show the QxQ motif to be positioned far enough into the minor groove to
access the N-glycosidic bonds of the ICL without rotating the crosslinked nucleosides
(Fig. 19A-B). The eukaryotic DNA glycosylase with ICL unhooking activity, NEIL3, also
has an active site (Liu et al., 2013) that conceivably could access a non-flipped lesion.

Previous work established that AlkZ can unhook an AZB ICL, but it was less clear
if the enzyme cleaves both sides (Wang et al., 2016). While full ICL excision by a DNA

glycosylase would create opposing abasic sites susceptible to a deleterious double-
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strand break, it would also simplify repair by eliminating the need for NER or TLS/HR
pathways to remove the remaining monoadduct. Pol | and Il bypass of abasic sites and
major groove monoadducts (Shibutani et al., 1997; Yamanaka et al., 2011) suggests that
BER could in principle fully process opposing abasic sites in bacteria. Several lines of
evidence suggest that AlkZ can excise the entire crosslink by one of two mechanisms,
either by sequentially unhooking the ICL and excising the remaining monoadduct, or by
simultaneously cleaving the glycosidic bonds of both modified dG residues. First, AlkZ
possesses both unhooking activity for ICLs and excision activity for monoadducts (Fig. 2
and ref. Wang et al., 2016) . Second, our DNA docking models illustrate that AlkZ can
bind to either side of the AZB ICL (Fig. 20A-B). Both binding orientations position the
putative active site against the minor groove on either side of the ICL without obstruction

from AZB.

Figure 20. Monomeric AlkZ AZB-ICL unhooking model (A-B) Two binding orientations
of AlkZ against each side of an AZB ICL. The catalytic Q39 side chain is shown in
green or yellow and the AZB ICL is shown in purple.

Third, our docking models show that the two binding orientations can co-exist at

the same ICL. Modelling two AlkZ molecules on opposite sides of the DNA with their
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respective active sites against the two crosslinked dG residues reveals a remarkable
complementarity between protein surfaces (Fig. 21A-C). While there is no evidence for
dimerization of AlkZ in the presence of d7mG-DNA, dimerization may be dependent on
the AZB ICL. The recent discovery of a dimeric DNA glycosylase acting as part of a
restriction-modification system in thermophilic bacteria (Miyazono et al., 2014) raises the
possibility that AlkZ could utilize a similar strategy to simultaneously excise the entire
crosslink. However, at the lower temperatures at which AlkZ functions, spontaneous
formation of a double-strand break from opposing abasic sites would be less likely.
Additionally, the bound AlkZ dimer may transiently shelter both abasic sites from

hydrolysis until further repair by enzymes in the BER pathway occurs.

~

Figure 21. Dimeric AlkZ AZB-ICL unhooking model (A-B) Dimeric model of two AlkZ
subunits bound to one AZB ICL. The proteins are shown as green and yellow cartoons
(A) or solvent-accessible surfaces (B). (C) Top view of the hypothetical AlkZ dimer
interface, showing simultaneous engagement of both crosslinked dG residues by the
catalytic Q39 side chain.

Pathogenic and antibiotic-producing microbes have resistance mechanisms
against their own toxins that are often genetically clustered with the antibiotic synthesis
operon (Hubbard and Walsh, 2003; D'Costa et al., 2006; Cundliffe and Demain, 2010).

AlkZ is the second DNA glycosylase discovered to act as a toxin resistance mechanism
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(Wang et al., 2016). The AlkD homolog YtkR2 is produced in Streptomyces sp. TP-A0356
as a means to protect against its natural product YTM, a bulky genotoxin of the
spirocyclopropylcyclohexadienone family (Igarashi et al., 2003; Xu et al., 2012). Similar
to the AlkZ gene (azi36/orfl), ytkR2 and putative BER genes are embedded within the
YTM synthesis gene cluster. Although AlkZ and YtkR2 likely originated in AZB- and YTM-
producing organisms, homologous proteins are evident in diverse bacteria, including
human pathogens (Alseth et al., 2006; Wang et al., 2016). Thus, the two bacterial DNA
glycosylases known to repair bulky and crosslinked DNA damage arising from potent
bacterial toxins have transferred among bacterial populations. This implicates DNA repair,
and alternative mechanisms thereof, in possible treatments against antibiotic resistance,
and opens the possibility that other DNA repair mechanisms and genotoxic metabolites

await discovery in pathogenic and antibiotic producing bacteria.

2 This work is published in: Mullins, E.A., Warren, G.M., Bradley, N.P., and Eichman, B.F. (2017).
Structure of a DNA glycosylase that unhooks interstrand cross-links. Proceedings of the National
Academy of Sciences of the United States of America 114, 4400-4405. | prepared AlkZ WT and
mutant enzymes, designed and performed biochemical experiments, interpreted data, generated
figures, and contributed to the editing and revision of the manuscript.
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Chapter 3

Escherichia coli YcaQ is a DNA Glycosylase that Unhooks DNA Interstrand Crosslinks?

Introduction

DNA damage arising from a variety of endogenous and environmental agents pose
a significant risk to cell viability. Interstrand DNA crosslinks (ICLs) are highly toxic DNA
lesions that covalently tether the opposing strands of DNA, thereby inhibiting essential
cellular processes such as DNA replication and transcription that rely on duplex
unwinding (Raschle et al., 2008). ICLs are produced by highly abundant endogenous
metabolites and DNA repair intermediates and by a number of environmental toxins
including microbial and plant natural products (e.g., mitomycin C and psoralens) that have
therapeutic properties (Scharer, 2005; Noll et al.,, 2006; Price et al.,, 2014; Burgos-
Barragan et al., 2017; Hodskinson et al., 2020). Because of their cytotoxicity, crosslinking
agents are often potent antimicrobials and many, including nitrogen mustards, are among
the most widely used drugs in cancer chemotherapy (Nagaoka et al., 1986; Deans and
West, 2011).

ICL repair involves unhooking the two strands by one of two known pathways,
followed by repair of the resulting monoadduct (Dronkert and Kanaar, 2001; Noll et al.,
2006). The primary mechanism of ICL unhooking involves incisions to one strand by
Fanconi anemia (FA) or nucleotide excision repair (NER) associated endonucleases
(Wood, 2010; Clauson et al., 2013; Hashimoto et al., 2016). The resulting gap and strand

break must be further processed by translesion DNA synthesis and homologous
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recombination prior to repair of the monoadduct by a second round of NER. An alternative
ICL repair pathway was recently discovered in both eukaryotes and prokaryotes, whereby
the ICL is unhooked by DNA glycosylase cleavage of one of the N-glycosidic bonds linking
the modified nucleotide to the DNA backbone, generating an abasic (AP) site on one
strand but leaving the backbone intact (Semlow et al., 2016; Wang et al., 2016; Mullins
et al.,, 2019). DNA glycosylases typically initiate base excision repair (BER) of small
monoadducts. Because their mode of lesion recognition and excision involves extruding
(or flipping) a single nucleotide out of the helix, the mechanism by which they unhook
ICLs tethered across strands is not understood.

Glycosylase-mediated ICL repair in bacteria was discovered in the biosynthetic
gene cluster of azinomycin B (AZB), a genotoxic non-ribosomal peptide/polyketide
secondary metabolite produced by the soil-dwelling microbes Streptomyces sahachiroi
and S. griseofuscus (Terawaki and Greenberg, 1966). Azinomycins are bifunctional DNA
alkylating agents that form ICLs between N7 o f pur iPUN®B3 i nsexquences
(Armstrong, 1992). AZB displays potent antibacterial activity against a variety of bacterial
species (Nagaoka et al., 1986), antitumor activity at lower doses than mitomycin C
(Ishizeki et al., 1987), and initiates transcription of DNA damage response genes after
treatment (Kelly et al., 2006). The AZB synthesis cluster contains a novel DNA
glycosylase, AlkZ, which cleaves AZB-ICLs and N7-methylguanine monoadducts in vitro
to produce an AP site that can be processed by the bacterial AP endonuclease EndolV
(Wang et al., 2016; Mullins et al., 2017). AlkZ expression is induced during production of
AZB, and cells that express alkZ are resistant to the cytotoxic effects of AZB, even across

different bacterial species (Wang et al., 2016). Thus, the AlkZ glycosylase provides self-

52



resistance to the toxicity of these compounds in the producing organism (Wang et al.,
2016; Mullins et al., 2019).

AlkZ belongs to the functionally uncharacterized HTH_42 superfamily of bacterial
proteins known only for their arrangement of tandem winged helix-turn-helix (WHTH)
motifs commonly found in transcription factors and other DNA binding proteins (Harami
et al., 2013). The crystal structure of AlkZ revealed a novel fold in which three wHTH
motifs scaffold a C-shaped protein with a positively charged, concave surface that
contains several residues important for DNA glycosylase activity (Mullins et al., 2017).
HTH_42 family proteins are widespread among antibiotic producers and human
pathogens, including Escherichia coli, Clostridium difficile, and Staphylococcus aureus,
among others (Wang et al., 2016). Whether these proteins are bona fide AlkZ homologs
that contain ICL unhooking activity is not known.

To better understand the mechanism of glycosylase-mediated ICL repair and to
determine whether glycosylase ICL repair in bacteria is limited to AZB production and
resistance, we compared ICL unhooking activity of Streptomyces AlkZ and the
uncharacterized E. coli homolog YcaQ for different types of ICLs. Our results indicate that
YcaQ is a cationic alkylpurine DNA glycosylase with robust activity for a broad range of
substrates, including nitrogen mustard ICLs, whereas Streptomyces AlkZ is specific for
AZB-ICLs. Deletion of ycaQ from E. coli increased cellular sensitivity to the crosslinking
agent mechlorethamine, and this phenotype was complemented by recombinant YcaQ.
Furthermore, overexpression of ycaQ showed a strong sensitivity to both ICL and

methylating agents that was dependent on generation of toxic intermediates in the BER
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pathway. Taken together, this work identifies E. coli YcaQ as an ICL repair glycosylase

and implicates YcaQ-mediated BER as an alternative ICL repair pathway in E. coli.

Results

E. coli YcaQ is an alkylpurine DNA glycosylase

| first set out to determine whether other members of the HTH_42 family were bona
fide AlkZ orthologs with DNA glycosylase activity. A search of the Pfam database (Finn
et al., 2016) revealed approximately 4,650 AlkZ orthologs, with 37% from pathogenic
organisms and 21% annotated in antibiotic producing bacteria, consistent with a previous
analysis (Wang et al., 2016). The sequences fell into one of two clades that differ in the

catalytic motif. | previously showed that the glycosylase activity of S. sahachiroi AlkZ is

dependent on two glutamine residues within a QU Q mot i f , i n whi

residue. However, about 55% of the putative orthologs have an aspartate in the third
position (Fig. 22A, Sl Fig. 1A in (Bradley et al., 2020)). | focused on one of
sequenceso the uncharacterized ycaQ gene found in E. coli, which shares 54%

sequence similarity and 31% identity to Streptomyces AlkZ.
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Figure 22. Amino acid alignment of AlkZ to homologs in human pathogens (A) Multiple
sequence alignment of AlkZ/YcaQ homologs from Streptomyces sahachiroi and
representative pathogens. Catalytic residues in AlkZ are labeled with asterisks.
Secondary structures derived from the AlkZ crystal structure (PDB: 5UUJ) are shown
above the alignment.

| first tested whether YcaQ has DNA glycosylase activity for a simple alkyl-DNA
monoadduct using the same N7-deoxymethylguanosine (d7mG) substrate tested
previously against AlkZ (Fig. 23A) (Mullins et al., 2017). Purified YcaQ was incubated with
d7mG-DNA containing a 5SNFAM label, followed by treatment with either hydroxide or the
bacterial AP endonuclease, EndolV, to nick any resulting AP sites. Compared to a no-
enzyme control, YcaQ exhibited robust monofunctional base excision activity, as over
90% of the YcaQ treated substrate showed alkaline or AP endonuclease dependent
cleavage (Fig. 23B). lconf i r med t he i mportance of the puta
showing that alanine substitution of either GIn45 or Asp47 abrogated 7mG excision (Fig.
23C). Mutation of Asp47 to asparagine did not affect base excision activity (Fig. 23C),
consistentwithafuncti onal carboxamide in this positiol
AlkZ, YcaQ displayed much faster 7mG excision kinetics, taking the reaction to

completion in under one minute (Fig. 23D).
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Figure 23. E. coli YcaQ is a monofunctional DNA glycosylase specific for cationic N-
alkylpurines (A) Schematic of d7mG base excision reaction. (B-D) Denaturing PAGE
o f -FAMJ]abeled d7mG-DNA substrate (S) and nicked AP-DNA product (P) after
treatment with enzyme or buffer (mock). AP-DNA resulting from glycosylase activity
was nicked by treatment with either 0.1 M NaOH (B-C) or EndolV (B) t o p r-
a n d -dimination products, which are quantified below each gel. (B) d7mG-DNA was
incubated with (+) or without (-) YcaQ for 1 hr followed by treatment with either water,
NaOH, or EndolV. (C) Comparison of WT and mutant YcaQ activity after 1 hr. (D)
Time-dependence of d7mG excision bv AlkZ and YcaO.

| also tested wither YcaQ requires a cationic d7mG lesion for activity by converting
the d7mG in our substrate to a ring-opened, neutral methylformamidopyrimidine (mFaPy)
derivative (Fig. 24A). Compared to a FaPy DNA glycosylase (Fpg) control, YcaQ had no
excision activity for the mFaPy adduct, even after one hour (Fig. 24A). Together these
results show that YcaQ is a monofunctional DNA glycosylase from E. coli that can excise

cationic d7mG monoadducts with rapid kinetics.
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Figure 24. YcaQ does not excise N5-methyl-FaPy adducts (A) Structure and excision
of mFaPy-dG DNA, treated with E. coli Fpg, YcaQ, or buffer for the specified time,
followed by alkaline hydrolysis.

AlkZ and YcaQ unhook either side of an AZB-ICL

To examine ICL unhooking by the AlkZ/YcaQ family of glycosylases, | first
compared their activities for AZB-ICLs. The azinomycins contain electrophilic epoxide and
aziridine moieties that react with d(GCC)/d(GGC) sequences in a specific orientation to
form an asymmetric ICL (Fig. 25A) (Salvati, 1992; Coleman, 2002; LePla et al., 2005).
AZB preferentially orients itself such that the epoxide moiety reacts with the GCC
sequence and the aziridine reacts with GGC (Fig. 25B). The previous study showing AZB-
ICL cleavage by AlkZ did not address if the enzyme has a preference for unhooking one
side versus the other (Wang et al., 2016). To better understand the mechanism of ICL
unhooking, | devised a DNA substrate that would allow us to track individual strands. Pure
AZB-ICL substrates for glycosylase assays were generated by incubating Streptomyces
sahachiroi cell extracts with a 26-mer oligodeoxynucleotide duplex containing a single
AZB reactive sequence, followed by denaturing PAGE purification to isolate the resulting
crosslinked DNA. GCC and GGC strands were distinguished with FAM and Cy5
fluorescent label s at -ehds,eespectiveliNjso that unhooking produces either FAM-
AP + Cy5-monoadduct (MA) strands or FAM-MA + Cy5-AP strands (Fig. 25C). In addition,
the reactive sequence is offset toward one end of the duplex so that alkaline cleavage of
the resulting AP sites will generate specific FAM-or Cy5-1 a b e F &rdd bblimiaation

products that will migrate differently on a denaturing gel (Fig. 25C).
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Figure 25. ICL reaction of AZB with DNA and schematic of glycosylase unhooking
assay (A) Reaction of azinomycin B (AZB) with guanines on opposing strands to form
an ICL. N-glycosidic bonds hydrolysed by AlkzZ/YcaQ are highlighted with green and
red arrows, corresponding to FAM and Cy5-labeled strands, respectively. (B)
Schematic of the 26-mer oligonucleotide AZB-ICL substrate used in this study. The
epoxide predominantly reacts with the FAM-labeled GCC strand and aziridine with the
Cyb5-labeled GGC strand. Green and red spheres represent FAM and Cy5 labels,
respectively. (C) Schematic of the base excision assay used to monitor ICL unhooking
activity. Glycosylase unhooking of ICL-DNA potentially forms monoadducts and AP
sites on either strand. AP-sites are nicked with hydroxide to form shorter
oligonucleotides through b,U-elimination. ICL-, monoadduct (MA)-, and b,U-elimination
products can be separated -phgsphordn-drisaiuratech
al deh yedlei nfibnat i on -pphr cosdpuhca-tlieningtiehy pragiudy).

Heat treatment of the purified AZB-ICL substrate at 95°C for 5 min resulted in
cleavage of both sides of the crosslink, as evidenced by both FAM- and Cy5-labeled AP
and MA strands that could be resolved on the gel (Fig. 26 A, lane 3). Treatment of the
heat denatured ICLs with hydroxide converted the faster migrating AP strands into nicked
b /-alimination products and left the MA strands intact (Fig. 26A, lane 4). Alkali treatment
also converted the ICL into a slower-migrating species, consistent with conversion of the
double-cationic species to a neutral FaPy-ICL. Thus, AZB-ICLs display the same heat-

labile depurination as other N7-guanine lesions (Gates et al., 2004). At 25°C, the AZB-
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ICL substrate is stable, showing no degradation after one hour (Fig. 26A, lanes 5-6).
Incubation with AlkZ under the same condition resulted in complete (97%) ICL unhooking
into elimination products from both strands, indicating that AlkZ unhooks the AZB-ICL
from either side. The persistence of a modest amount of FAM-labeled alkali-resistant MA
strand suggested an enzymatic preference for unhooking the GGC side of the crosslink
(Fig. 26A, lane 7). Because the bases tethered by an ICL are constrained across the
duplex, unhooking likely does not involve base-flipping as observed in other glycosylases.
However, | found that the non-base flipping glycosylase AIkD (Mullins et al., 2015; Mullins
et al., 2017) had no activity for the AZB-ICL substrate, indicating that ICL unhooking is
not simply a product of a non-base-flipping mechanism and that recognition of AZB

requires a specific type of enzyme.
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Figure 26. AZB-ICL unhooking by AlkZ (A) Denaturing PAGE of AZB-ICL, AZB-MA,

and nickekd AP-DNA products after treatment wit
foll owed by al kal i ne hy-dimioation prodsict is quangfiedp
below the gel. Each image is an overlay of false-colored FAM (green) and Cy5 (red)

fluorescence scans of the gels, in which yellow depicts coincident red and green

intensity. Individual FAM and Cy5 imaged gels for AZB-ICLs are shown in Sl Fig. S2

A-C in (Bradley et al., 2020).
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YcaQ also unhooked the AZB-ICL substrate to generate AP sites on both strands
(Fig. 27A, lane 5), albeit in a slightly different manner than AlkZ. Interestingly, whereas
the FAM-MA strand persisted in the AIkZ reaction, YcaQ generated more Cy5-MA strand
(Fig. 27A, lanes 5-8), suggesting a difference in strand preference of the two enzymes.
Second,alani ne substitution of either residue in =
di fferent effects on unhooking. Mutation of QI
while substitutions within (Mg ard, laQesB-4,6-a)d a gr
suggesting that the two enzymes rely on these motifs for catalysis to a different extent.
Incidentally, the YcaQ D47N mutation had no effect on ICL unhooking activity, similar to
its behavior against the d7mG monoadduct.

A AlkZ YcaQ

< < < <
s 38558

15 96 48 42 75 23 18 67
1 2 3 4 5 6 7 8

Figure 27. AZB-ICL unhooking by AlkZ and YcaQ mutant proteins (A) 30-min reactions
between AlkZ, YcaQ, and catalytic mutants for AZB-ICL-DNA, followed by alkaline
hydr ol ysi s. T hetminaten pcoductis quartified heldw the gel.

To further probe the apparent strand preference between AlkZ and YcaQ, we
monitored the kinetics of AP and MA strand product formation over two hours under
single-turnover conditions (Fig. 28A). AlkZ showed robust AZB-ICL unhooking activity

(kecat = 2 x 102 sect)d three orders of magnitude faster than that observed previously for
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a d7mG monoadduct (kcat = 8.5 x 10'° sec?). YcaQ displayed 4-fold slower AZB-ICL
unhooking kinetics under the same conditions (kcat = 4 x 10 sec?) (Fig. 28A, lanes 14-
19). Quantification of products from both FAM and Cy5 strands shows that AlkZ has a
distinct preference for unhooking the GGC (Cy5) strand, as shown by the greater burst in
cleaved Cy5-AP and uncleaved FAM-MA strands (Fig. 28A-B, lanes 8-13). In contrast,
YcaQ had a modest preference for unhooking the GCC (FAM) strand (Fig. 28A-B, lanes
14-19), but the differences in FAM and Cy5 strand kinetics in the YcaQ reaction were not
as dramatic as in AlkZ. These data show that the orthologous YcaQ and AlkZ enzymes

unhook AZB-ICLs from either side, and with unique strand specificities.
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Figure 28. Kinetics of AZB-ICL unhooking by AlkZ and YcaQ (A) Denaturing PAGE

showing time-dependence of AlkZ and YcaQ unhooking of AZB-ICLs. The fraction of

ICL-DNA unhooked from three independent experiments is quantified to the right

(mean = SEM). (B) Quanti fication of the fr ac-t
elimination (nicked product) from the mock (left), AlkZ (middle), and YcaQ (right)

reactions from the gel in panel A.
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YcaQ unhooks ICLs derived from nitrogen mustards

AlkZ presumably evolved to provide self-resistance to AZB produced in soil-
dwelling S. sahachiroi, whereas YcaQ in E. coli residing in the human gut would not
encounter such a lesion. We therefore examined the ability of these enzymes to recognize
an ICL derived from the nitrogen mustard (NM) mechlorethamine, a structurally simpler
bifunctional alkylating agent than AZB (Scharer, 2005). Like AZB, mechlorethamine
reacts with N7 of both guanines within d(GNC) sequences to form ICLs that lead to the
toxicity of these compounds (Bauer, 1997) (Fig. 29A). Using a site-specific NM-ICL
oligonucleotide substrate (Castano et al., 2017) containing individually labeled strands
(Fig. 29A), we found that YcaQ unhooked either side (Fig. 29B). We verified that this
activity is specific to YcaQ, as b /-alimination productswerewa s not obser
(Q45A, D47A) catalytic mutants (Fig. 29B) or from other alkylpurine DNA glycosylases,
including human AAG, E. coli AIkA, and Schizosaccharomyces pombe Magl (Fig. 29C).
Furthermore, YcaQ showed no unhooking activity toward FaPy-ICLs (Sl Fig. S3 D-E in
(Bradley et al., 2020)), consistent with the results with mFaPy monoadducts indicating

that the cationic, ring-closed guanine is required for the reaction.
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Figure 29. Nitrogen Mustards (NMs)-ICL unhooking by YcaQ (A) 5-atom nitrogen
mustard (NMs) ICL formed between mechlorethamine and guanines located on
opposite DNA strands. (B-C) Denaturing PAGE of NMs-ICL substrate, monoadduct,
and nicked AP-DNA products after treatment with WT or mutant YcaQ (B), or with
YcaQ, human E.AA Gl @& S. pombe Magl (C) , followed by treatment
with EndolV. The percent of unhooked ICL is quantified below the gel. Images are false
colored overlays of individual FAM and Cy5 scans of the gel, which are shown in Sl
Fig. S3 A-B, F in (Bradley et al., 2020).

Most strikingly, comparison of the kinetics of NM-ICL unhooking showed that YcaQ
was remarkably efficient (the reaction was complete in less than 5 minutes), whereas
AlkZ showed no activity (Fig. 30A, lanes 14-19). Unlike the asymmetric unhooking
observed with the AZB-ICL, we did not detect a strand preference as expected from the
symmetric NM-ICL (Fig. 30A). Comparison of the activities of both enzymes for AZB- and
NM-ICLs shows that AlkZ is specific for AZB, whereas YcaQ can unhook chemically

diverse ICLs, with robust activity toward the ICL with less chemical functionality.
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Figure 30. Kinetics of NMs-ICL unhooking by AlkZ and YcaQ (A) Denaturing PAGE
showing time-dependence of AlkZ and YcaQ unhooking of NMs-ICLs with a hydroxide
workup. The plot quantifies the decrease in the fraction of NMs-ICL (mean + SEM,
n=3).(B) Quantification of the fr &lennatiendnicked
AP-DNA product) from the mock (left), AlkZ (right), and YcaQ (middle) reactions from
the gel in panel A.

The mechanism of lesion recognition by a repair enzyme is a key question in ICL
repair. Crosslinks may be located either by explicit interaction with the crosslinking
molecule or by a structural perturbation of the DNA imposed by the crosslink. AZB, which
has a 10-atom tether between guanines, is not expected to distort the DNA (Coleman,
2002). In contrast, the 5-atom tether in the NM-ICL has been shown to kink the double
helix (Rink, 1995). To determine whether the differences in ICL specificity of AlkZ and
YcaQ are the result of DNA distortion, | synthesized a NM derivative that would produce
an 8-atom ICL (NMs-ICL) when incorporated into our oligodeoxynucleotide substrate (Fig.
31A), similar to that used previously (Raschle et al., 2008). The increased tether length
of the NMs-ICL should be able to crosslink the opposing guanines in B-form DNA without
distorting the helix. Consistent with N7-alkylation at both sites, the purified NMs-ICL was
heat-labile and fully depurinated from both strands after 5 min at 95°C (Fig. 31B, lanes 2-
3) but was stable at 25°C for at least 2 hours (Fig. 31B, lanes 4-10). Compared to a no-
enzyme control, AlkZ exhibited a low level of unhooking activity for the NMs-ICL substrate
(Fig. 31B-C, lanes 11-16), suggesting that the steric strain present in the NM-ICL at least
partially inhibits Al kZ activity.slGlwasetller , Al
much less than that of the AZB-ICL, and thus we conclude that explicit contact with the

AZB moiety is an important aspect of ICL recognition by AlkZ. YcaQ showed strong
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activity toward the NMs-ICL as it did with the NMs-ICL (Fig. 31B-C, lanes 17-22), indicating

that a kinked duplex is not required for ICL unhooking by the E. coli enzyme.
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Figure 31. Kinetics of NMs-ICL unhooking by AlkZ and YcaQ (A) Structure and ICL
formed from 8-atom nitrogen mustard (NMs) derivative. (B) Denaturing PAGE of the
NMs-ICL-DNA substrate and nicked abasic-DNA products after treatment with buffer
(mock), AlkZ, or YcaQ for the specified time followed by alkaline hydrolysis. Heat-
mediated depurination (lanes 2-3) serve as a positive control for excision products. (C)
Quantification of the fraction of ICL from three separate experiments (mean £ SEM).
Images are false colored overlays of individual FAM and Cy5 scans of the gel, which
are shown in Sl Fig. S4 A-B in (Bradley et al., 2020).

YcaQ and AIkZ create opposing AP sites in vitro

Because AlkZ and YcaQ are able to act on either side of the crosslink, | asked
whether they could act on both sides of the same crosslink. Such activity would generate
two closely-spaced AP sites on opposite strands that in cells would potentially lead to a
double-strand break (DSB). Indeed, the initial characterization of AlkZ activity toward
AZB-DNA provided evidence that the enzyme produces opposing AP sites that can be
subsequently cleaved by EndolV (Wang et al., 2016). To further test this, | analyzed the
products EndolV-treated AlkZ/AZB-ICL and YcaQ/NM-ICL reactions by native PAGE to
guantify single- and double-nicked products. Both reactions showed at least 50% double-
nicked product and a modest (10-20%) amount of monoadduct intermediate after one

hour (Fig. 32A), indicating that AlkZ and YcaQ cleave both sides of the crosslinks to
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generate AP sites on opposing strands. HPLC-MS analysis of the excision products of
the YcaQ NM-ICL reaction confirmed the presence of an unmodified bis-guanine NM-ICL,
with an observed m/z of 386.1799 Da, which is a 0.78 ppm difference from the calculated
m/z of 386.1796 Da for Gua-NMs-Gua. The difference in rates of unhooking the two sides
of the crosslink shown in (Fig. 32A-B) argues that the strands are cleaved sequentially,
which would proceed via an intermediate containing an AP site on one strand across from
a monoadduct on the other. In support of this, we found that YcaQ is able to excise 7mG

in a duplex containing an AP site on the opposite strand in the position it would reside in

the unhooked NM- or AZB-ICL intermediate (Fig. 32C).
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Figure 32. AlkZ and YcaQ create opposing abasic (AP) sites during ICL unhooking (A)
Native PAGE analysis of DNA products formed from YcaQ incubation with NMs-ICL
and AlkZ incubation with AZB-ICL DNA substrates. AP sites formed from glycosylase
activity were nicked by incubation with EndolV prior to loading the DNA. Double-
stranded standards for the double-nicked excision products are shown in lanes 1-2.
The gel is a false-colored composite of the individual FAM- and Cy5-imaged gel, which
are shown in Sl Fig. S5A in (Bradley et al.,, 2020). (B) Quantification of the total
fluorescent signal for the fraction of ICL, single- and double-nicked EndolV cleavage
products from the gel in panel A. (C) Denaturing PAGE of d7mG/AP- and d7mG/dU-
DNA substrates (S) and nicked AP-DNA products (P) after treatment with (+) or without
(-) YcaQ followed by alkaline hydrolysis. Only the FAM-d7mG strand is visualized on
t he gel . Th e-elimeatian praductsasfquamtified below.
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Deletion or overexpression of YcaQ sensitizes E. coli to crosslinking agents

Repair of mechlorethamine derived NM-ICLs in E. coli is known to be initiated by
the UvrABC nucleotide excision system (De Alencar et al., 2005). Given the robust
unhooking of NM-ICLs by YcaQ invitro,Icompared YcaQés rEodole i n p
against mechlorethamine to that of UvrA using genetic knockouts. Relative to the wild-
type strain, qpy ¢ a&lls showed a modest growth defect in the presence of low levels of
mechlorethamine (Sl Fig. S6A in (Bradley et al., 2020)). As expected from the importance
of UvrA in ICL repair, qpu v rcéls showed a more severe growth deficiency. This
sensitivity was exacerbated in a qpy ¢ a Q pdoubleA&nockout (SI Fig. S6A in (Bradley
et al., 2020)), suggesting that YcaQ plays a minor role in ICL repair in E. coli. To examine
this more quantitatively, we determined ECso values for the deletion strains exposed to
increasing doses of mechlorethamine using a colony dilution assay (Fig. A33-B).
Consistent with the growth sensitivity, oy ¢ ac€lls showed a modest but significant
reduction in ECso compared to wild-type, and sensitivity of the qpy ¢ a Q g mwtantAvas
greater than for gou v aldxe (Fig. 33A-B). Exogenous expression of ycaQ in the deletion
strain rescued the mechlorethamine sensitivity compared to an empty vector control (Fig.
33C-D). Thus, YcaQ provides a bona fide mechanism for cellular protection against ICL

toxicity, albeit to a lesser extent than the UvrABC system.
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Figure 33. Deletion of YcaQ sensitizes E. coli to mechlorethamine (HN2) (A) Colony
dilution assay for E. coli deletion strains exposed to increasing concentrations of
mechlorethamine (HN2). Values are mean + SEM (n=3). Percent (%) survival is
relative to untreated cells. (B) ECso values derived from data in panel A. Significance
values were calculated using a one-way ANOVA (*, p=0.0140; **, p=0.0085; ***
p<0.0001; n.s, not significant). (C) Colony dilution assay for E. coli strains
complimented with YcaQ or empty vector. Values are mean + SEM (n=3). (D)
Quantification of the data shown in panel D. One-way ANOVA values: ***, p=0.0004,
n.s., not significant.

| also found that overexpression of ycaQ exhibited a dramatic increase in
mechlorethamine sensitivity, with an ECso value approaching that of qpu v cels (Fig. 34A-
B). This increased sensitivity was dependent on the catalytic activity of YcaQ, as
overexpression of the inactive D47A mutant had no effect. Sensitivity to DNA damaging
agents from DNA glycosylase overexpression is known to result from overwhelming the

cells with AP sites and other toxic BER intermediates (Glassner et al., 1998; Rinne et al.,

68




2004; Rinne et al., 2005). Consistent with this interpretation, overexpression of both ycaQ
and the AP endonuclease endolV (nfo), which would help clear AP sites via BER, rescued
the sensitivity (Fig. 34A-B). These results further implicate BER as a mechanism of ICL

repair in bacteria.
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Figure 34. Overexpression of YcaQ sensitizes E. coli to mechlorethamine (A) Colony
dilution assay showing the effect of mechlorethamine (HN2) on wild-type E. coli
overexpressing YcaQ variants and/or EndolV. (B) Quantification of the data shown in
panel A. One-way ANOVA significance values: ***, p<0.0001; n.s, not significant.

Because YcaQ also displays activity toward alkyl monoadducts, | tested the effect
of ycaQ deletion and overexpression on cells challenged with the methylating agent
methylmethanesulfonate (MMS). E. coli contains only two other alkyl DNA glycosylases,
the constitutively active Tag and inducible AIKA (Thomas et al., 1982; Fernandez de
Henestrosa and Barbé, 1991). | found that the qpy ¢ ast€ain was no more sensitive to
MMS than wild-type cells, in stark contrast to the effect of knocking out both Tag and AlkA
(Fig. 35A-B, SI Fig. S6C in (Bradley et al., 2020)) (Boiteux et al., 1984; Nowosielska et
al., 2006). Overexpression of ycaQ increased cellular sensitivity towards MMS, although

not to the same extent as observed for mechlorethamine treatment (Fig. 35A-B, SI Fig.
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S6E in (Bradley et al., 2020)). This sensitivity was partially rescued by overexpression of
both ycaQ and endolV, again consistent with ycaQ overexpression leading to generation

of toxic BER intermediates.
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Figure 35. Overexpression but not deletion of YcaQ sensitizes E. coli to MMS (A)
Colony dilution sensitivity of E. coli deletion strains (A) or wild-type E. coli
overexpressing ycaQ or both ycaQ + endolV (B) exposed to increasing concentrations
of MMS. Values are mean = SEM (n=3). (B) MMS ECso values (mM) for various E. coli
del et i on -¢xprgssiom (OE)ostraens. One-way ANOVA significance values: *,
p=0.0088; **, p=0.0013; ***, p<0.0001; n.s, not significant.

YcaQ is constitutively expressed in cells

Prokaryotes have several inducible DNA damage responses to crosslinking and
alkylating agents (Walker, 1984; Mielecki et al., 2015). To test for the transcriptional
induction of ycaQ by ICL agents, quantitative RT-PCR was performed on E. coli cells
exposed to mechlorethamine (Fig. 36A). As part of the SOS response to crosslinking
agents, the NER uvr genes are under the control of the IexA repressor. Both lexA and
uvrA showed a robust increase in gene expression upon mechlorethamine treatment,
whereas ycaQ expression remained unchanged after treatment (Fig. 36A). | also tested
whether ycaQ is induced by the methylating agent MMS. The adaptive response genes,
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ada and alkA, were used as positive controls and the constitutively expressed glycosylase
tag served as a negative control. Whereas both ada and alkA showed elevated mRNA
levels, | found that ycaQ expression is not induced by MMS (Fig. 36A). Together, these
results indicate that ycaQ gene expression is not induced by either of the ICL or alkylating

agents tested.
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Figure 36. YcaQ expression is not induced by HN2 or MMS in E. coli K-12 cells (A)

gRT-PCR results of DNA repair genes after treatment of E. coli with 5 mM MMS or 200

UM mechlorethamine (HN2) for 2 hours. Average + SEM for three biological replicates.

The fold expression change was calculated using the formula: (fold expression

change) =2®®¢t where Ct is the cycle threshol
=Ct(gene of interest)i Ct ( housekeeping gene), and

&eCt (untreated sampl e).

Discussion

YcaQ is the third alkylpurine DNA glycosylase to be identified in E. coli (Brooks et
al., 2013). Unlike Tag and AlkA, which excise only monoadducts during BER (O'Brien and
Ellenberger, 2004; Metz et al., 2007), YcaQ acts on crosslinked nucleobases to provide

an alternative to NER-coupled ICL repair. The apparent specificity of YcaQ for cationic
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alkylpurines would limit the types of ICLs to be repaired to those formed by alkylation at
purine N3- or N7 positions, such as nitrogen mustards. YcaQ showed a much greater
activity toward unhooking NM-ICLs than other known alkylpurine DNA glycosylases. This
is somewhat contrary to a previous report that AIKA and AAG act on mustard-treated
DNA, although that did not distinguish between ICL and monoadducts (Mattes et al.,
1996). Cells lacking ycaQ displayed a slight sensitivity towards mechlorethamine, but not
MMS, consistent with the redundancy in repair mechanisms against methyl-DNA lesions
(Morita et al., 2010). Repair of NM-ICLs in E. coli is known to depend on NER and HR
pathways, as uvrA and recA mutants show extreme sensitivity towards crosslinking
agents (Berardini, 1997, 1999). The greater sensitivity of qou v vefsus (py ¢ anQtants
to mechlorethamine shown here is consistent with NER/HR as the major ICL repair
pathway for this type of lesion in E. coli.

A glycosylase-mediated ICL unhooking pathway could provide an error-free ICL
repair mechanism by potentially bypassing the requirement for error-prone TLS across
from the monoadduct (Mullins et al., 2019). However, our in vitro data indicates that both
AlkZ and YcaQ unhook crosslinks from either side to generate opposing AP sitesina 1,3
orientation that can be incised by EndolV. In the cell, opposing AP sites in such close
proximity could potentially lead to a deleterious DSB. Generation of opposing AP sites by
AlkZ/YcaQ is in stark contrast to the 5mC glycosylase DEMETER in plants that removes
5mC in hemi-methylated d(5mCG/CG) islands and is inhibited by closely spaced 5mC
residues on opposite strands in fully methylated d(5mCG)2 sequences (Gehring et al.,
2006). Our data suggest a sequential mechanism of unhooking both sides of the ICL. We

do not know if the enzyme dissociates and rebinds after the first unhooking event or
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whether an enzyme-DNA complex persists to make the second cut, although structural
modeling of the AIkZ/DNA complex shows a potential for crosstalk between two enzymes
bound on either side of the crosslink (Mullins et al., 2017; Mullins et al., 2019). It remains
to be determined in a cellular context if YcaQ forms opposing AP sites or DSBs, or if the
enzyme is instead regulated to avoid a detrimental outcome. It also remains to be
determined what the downstream resolution of glycosylase-mediated repair is, although
previous studies suggest that polB (DNA pol 1) may be involved in a recombination-
independent mechanism for repair of NM-ICLs in E. coli (Berardini, 1997, 1999).

In eukaryotes, the NEIL3 glycosylase was identified as an alternate ICL pathway
to FA/NER and capable of unhooking ICLs derived from abasic sites and psoralen
(Semlow et al., 2016; Wu et al., 2019; Li et al., 2020). NEIL3 and YcaQ are structurally
unrelated and likely do not share the same mode of ICL recognition (Liu et al., 2013;
Mullins et al., 2017). ICL repair by the NEIL3 glycosylase is S-phase dependent and
involves convergent replication forks (Zhang et al., 2015; Semlow et al., 2016), and its
glycosylase domain has an intrinsic specificity for DNA damage at one particular
orientation of forked structures (Imani Nejad et al., 2020). In contrast, the data presented
here suggest that the bacterial AlkZ/YcaQ ICL glycosylase recognizes ICLs without
regard to a specific DNA structure, consistent with ICL repair in bacteria occurring in the
context of duplex DNA (Noll et al., 2006; Huang and Li, 2013). Mor eover, Al
preference for an AZB-ICL is likely the result of direct contact between the protein and
AZB. Our AIKZ crystal structure modeled against AZB-DNA suggests that hel

second wHTH motif is in proximity to make direct contact with the AZB moiety (Fig. 37A)
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(Mullins et al., 2017). This region differs in sequence between the Streptomyces and E.
coli enzymes, consistent with its putative role in substrate specificity (Fig. 37B).

Our results indicate that ycaQ expression is likely constitutive as it was not induced
by either of the ICL or alkylating agents tested. Consistent with constitutive expression,
YcaQ resides within a putative four-gene operon containing essential genes msbA and
lpxK b e hi n &-dependént promoter (Fig. 37C) (Keseler et al., 2017). Large scale
proteomic studies in E. coli suggest that YcaQ protein levels are among the lower 25%
for abundance, indicating it may be kept at low protein concentrations in the cell (Arike et
al., 2012). Interestingly, theycaQo per on al s o h3depeaden (heatsttocky e
promotor, indicating a potential role for ycaQ and this operon in a global stress response
(Zhao et al., 2005). Additionally, high-throughput transcriptomic studies of E. coli under
different stresses shows ycaQ expression is upregulated during heat and cold shock
(Jozefczuk et al., 2010). These data argue that YcaQ does not have a specific substrate,
but instead is a mechanism to unhook diverse ICLs arising from various bifunctional
alkylating agents (Fig. 37D). Nevertheless, we cannot rule out the possibility that YcaQ
plays a specific role in certain strains of E. coli or other related bacteria that produce
genotoxic secondary metabolites during a stress response. For example, pks* E. coli
producing colibactin, an ICL agent associated with formation of colon cancer
(Nougayr de et al., 2006; Dalmasso et al., 2014; Vizcaino and Crawford, 2015; Bossuet-
Greif et al., 2018; Wilson et al., 2019; Xue et al., 2019; Pleguezuelos-Manzano et al.,
2020), likely have some form of self-resistance against the toxin. YcaQ may play that role

in a manner similar to that of Streptomyces AlkZ for azinomycin or of the AlkD/YtkR2

glycosylases for the non-covalent ICL agent yatakemycin (Mullins et al., 2015; Wang et
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al., 2016; Mullins et al., 2017). Although more work is needed to understand the rationale
for YcaQ involvement in ICL repair in E. coli and other bacteria, this work expands the

role of DNA glycosylases and the BER pathway in repair of ICLs.
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Figure 37. Structural differences between AlkZ and YcaQ and model for ICL repair by
BER in E. coli (A) Hypothetical model of AlkZ bound to AZB-ICL-DNA (al in green
below AZB-ICL). (B) AlphaFold model (Jumper et al., 2021) of E. coli YcaQ with al
loop and bl11-12 loop labeled. (C) Predicted operon structure for YcaQ from the
EcoCyc database (Keseler et al., 2017). P u t adéependent pitomoters are labeled
in front of the operon and are predicted based on consensus sequence similarities to
known promoters. (D) Cartoon schematic for model of ICL excision repair by YcaQ in
E. coli.

3 This work is published in: Bradley, N.P., Washburn, L.A., Christov, P.P., Watanabe, C.M.H., and
Eichman, B.F. (2020). Escherichia coli YcaQ is a DNA glycosylase that unhooks DNA interstrand
crosslinks. Nucleic Acids Res 48, 7005-7017. | designed and conducted all experiments, prepared
the figures, and wrote manuscript.
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Chapter 4
Resistance-Guided Mining of Bacterial Genotoxins Defines a Family of DNA

Glycosylases*

Introduction

Bacteria are exceptionally rich sources of secondary metabolites, which are
important for their survival and often have therapeutic value. Streptomyces produce 35%
of all known microbial natural products and nearly 70% of all commercially useful
antibiotics, with several being FDA-approved antitumor agents used as first-line cancer
treatments (Demain and Sanchez, 2009; Procopio et al., 2012; Jacob and Weissman,
2017; Law et al., 2020). Secondary metabolites are often toxins used in ecological
interactions with other organisms and can target any number of critical cellular functions
(Tyc et al., 2017). Natural products that damage DNA (genotoxins) form covalent or non-
covalent DNA adducts that can inhibit replication and transcription, thus undermining
genomic integrity through mutagenesis or cell death (Gates, 2009; Chumduri et al., 2016).
Consequently, genotoxins are particularly useful antineoplastic agents, as exemplified by
several clinically relevant drugs including doxorubicin, bleomycin, mitomycin C, and
duocarmycin analogs (Huang et al., 2021).

Streptomyces produce a wide variety of DNA alkylating and oxidizing agents that
have antimicrobial and antitumor properties. Spirocyclopropylcyclohexadienones
(duocarmycin A and SA, yatakemycin, CC-1065) (Boger and Garbaccio, 1997; Parrish et

al., 2003), pluramycins (pluramycin A, hedamycin, altromycin) (Nagai et al., 1967; Hansen
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and Hurley, 1995; Hansen et al., 1995), anthracycline glycosides (trioxacarcin A, LL-
D4 9 19 4Tamaoki et al., 1981; Tomita et al., 1981; Maiese et al., 1990), and the
leinamycin family (Nooner et al., 2004) contain a single reactive group that covalently
modifies purine nucleobases to form a broad spectrum of bulky alkyl-DNA monoadducts.
Streptomyces also produce bifunctional alkylating agents that react with nucleobases on
both DNA strands to create interstrand crosslinks (ICLs). Mitomycin C (MMC) from S.
lavendulae crosslinks guanines at their N2 positions, and azinomycin A and B (AZA, AZB)
from S. sahachiroi and S. griseofuscus crosslink purines at their N7 nitrogens (Terawaki
and Greenberg, 1966). In addition to alkylating agents, several families of natural
products, including bleomycins and enediynes, exert their toxicity by oxidative cleavage
of DNA and RNA (Galm et al., 2005).

The production of secondary metabolites in Streptomyces is genetically organized
into biosynthetic gene clusters (BGCs), which contain the genes necessary for their
biosynthesis, export, regulation, and resistance. Resistance mechanisms protect
antibiotic producers from toxicity of their own natural products, and include toxin
sequestration, efflux, modification, destruction, and target repair/protection (Cundliffe and
Demain, 2010; Tenconi and Rigali, 2018). In the case of genotoxins, several DNA repair
enzymes have been identified as target repair resistance mechanisms, including direct
reversal of streptozotocin alkylation by AIkB and AGT (alkylguanine alkyltransferase)
homologs (Ng et al., 2019), base excision of yatakemycin-adenine adducts by the DNA
glycosylase YtkR2 (Xu et al., 2012; Mullins et al., 2021), nucleotide excision of DNA
adducts of several intercalating agents including daunorubicin (Lomovskaya et al., 1996),

and putative replication-coupled repair of distamycin-DNA adducts (Ma et al., 2020).
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The AZB BGC in Streptomyces sahachiroi encodes a DNA glycosylase, AlkZ, that
unhooks AZB-ICLs and that provides cellular resistance against AZB toxicity (Zhao et al.,
2008; Wang et al., 2016). ICL unhooking by AIkZ involves hydrolysis of the N-glycosidic
bonds of the crosslinked deoxyguanosine residues, producing abasic (AP) sites that can
be repaired by the base excision repair pathway (Mullins et al., 2019). AlkZ belongs to
the relatively uncharacterized HTH_42 superfamily of proteins found in antibiotic-
producing and pathogenic bacteria (Wang et al., 2016). The crystal structure of AlkZ
revealed a unique C-shaped architecture formed by three tandem winged helix-turn-helix
moti f s, with two catalytically essenti al gl ut
aliphatic residue) located at the center of the concave surface (Mullins et al., 2017). We
recently characterized a second HTH_42 protein from Escherichia coli, YcaQ, as a DNA
glycosylase that excises several types of N7-alkylguanine ICLs and monoadducts using
a catalytic QuD mot i fecendady pdthwayto nfickeatide teicisiams as a
repair for bacterial resistance to the nitrogen mustard, mechlorethamine (Bradley et al.,
2020).

The targeted discovery of natural products has been employed to search for novel
scaffolds in plants, fungi, and bacteria, and can be useful for identifying specific classes
of compounds (Kersten and Weng, 2018; Kjaerbolling et al., 2019; Belknap et al., 2020).
Genome mining can be used to search for unidentified BGCs through analysis of
core/accessory  biosynthetic  genes (PKS, NRPS, tailoring enzymes),
comparative/phylogeny-based mining, regulatory genes, and more recently, resistance
genes (Ziemert et al., 2016). Some of these resistance-based mining approaches focus

on the experimental screening of antibiotic resistance, while others rely on bioinformatic
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tools to identify resistance genes within clusters based on homology to known resistance
genes (Thaker et al., 2013; Skinnider et al., 2015; Blin et al., 2019; Mungan et al., 2020).
However, many of these resistance-based methods have not been applied in bacteria for
targeted discovery.

Here, we characterized the genomic differences of the HTH_42 proteins found in
435 species of Streptomyces to develop additional insight into this new family of DNA
repair proteins, and applied this information in resistance-guided genome mining to
characterize unknown BGCs or identify new genotoxins. We found that these proteins fall
into two distinct subfamilies that are delineated by amino acid sequence, genomic
context, and copy number. Proteins similar to S. sahachiroi AlkZ (AlkZ-like, AZL) are
highly variable in sequence and enriched in BGCs, many producing known genotoxic
alkylating agents. | show that the AZL protein within the BGC of the known DNA alkylating
agent, hedamycin (HED), is a resistance DNA glycosylase specific for HED-guanine
lesions, consistent with AZL-mediated DNA repair activity as a general self-resistance
mechanism to genotoxins in antibiotic producers. Moreover, we found AZL proteins in
BCGs that are either uncharacterized or that produce natural products not previously
known to be genotoxic, validating resistance genome mining as an approach to discover
new genotoxins. In contrast, E. coli YcaQ like (YQL) proteins are highly conserved in
sequence and genetic neighborhood and are not associated with BGCs. We show that
like E. coli YcaQ, two YQL enzymes from Actinobacteria have weaker substrate specificity
than AZL proteins, suggesting a broader role of this subfamily of HTH_42 proteins outside

of antibiotic self-resistance in bacteria.
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Results

YQL and AZL proteins in Streptomyces are evolutionarily distinct

E. coli YcaQ and S. sahachiroi AlkZ are the only characterized members of the
HTH_42 superfamily and are unique in their ability to unhook ICLs and to provide cellular
resistance to crosslinking agents. Both enzymes fully unhook ICLs derived from AZB (Fig.
38A). While AlkZ is specific for AZB-ICLs and is essential to the AZB-producing organism,
YcaQ unhooks a broader range of ICLs, including those derived from the simple
bifunctional alkylating agent mechlorethamine (Fig. 38B), and displays robust excision
activity for N7-methylguanine (7mG) monoadducts (Wang et al., 2016; Mullins et al.,
2017; Bradley et al., 2020). YcaQ and AlkZ belong to one of five classes of HTH_42
proteins characterized by domain organization, which accounts for >95% of all HTH_42
proteins (Sl Fig. S1A in (Bradley et al., 2022)). Approximately two-thirds of the known
HTH_42 proteins in prokaryotes are found in Actinobacteria, with ~25% of those
sequences from Streptomycetales (SI Fig. S1B-C in (Bradley et al., 2022)). The
remainder are found in several different orders of Bacteria, and a very small number (12)

in Archaea.
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Figure 38. Bifunctional ICL substrates of AZL and YQL enzymes and unhooking
reaction by AlkZ (A) Azinomycin B reacts with opposite strands of DNA to form an ICL,
which is unhooked by AlkZ-catalyzed hydrolysis. (B) Structure of a nitrogen mustard
ICL derived from mechlorethamine and unhooked by E. coli YcaQ.

To better understand the evolutionary and phylogenetic breadth of this superfamily
in Streptomyces, we collected and analyzed all HTH_42 protein sequences from available
genomes using a combination of BLAST searches against Streptomyces genomes in
GenBank and HHMR protein domain searches of the BLAST hits against the Pfam
database (S| Table S1in (Bradley et al., 2022)). Alignment of the 897 sequences showed
that YQL and AZL proteins fall into distinct clades that represent 49% and 43% of the total
number of sequences, respectively (Fig. 39A). The clades are defined in part by unique
catalytic motifs QuD (YQL) and (Q/ H)(MW®ins( AZL) ,
etal., 2017; Bradley et al., 2020). YQL proteins show a high degree (>75%) of amino acid
sequence conservation, whereas the AZL subfamily is more diverse, with only ~40%
amino acid similarity on average. The differences in conservation are consistent with
mutation rates as approximated by tip-to-root branch lengths (0.23 for YQL and 0.59 for
AZL). In addition, we found that 8% of sequences do not fall into either YQL or AZL clades
and contain a unique catalytic c30A-B)Becauss s e quUe
these sequences exhibit greater sequence similarity overall to AZL than YQL, we refer to
this third homolog AZL2. Interestingly, AZL2 is more similar to YQL in its copy nhumber
and genomic location (see below), and thus is somewhat of a hybrid between AZL and
YQL. I verified that proteins within the AZL2 clade contain bona fide DNA glycosylase
activity, as the S. caeruleatus AZL2 protein excised 7mG from DNA in a similar manner

to S. sahachiroi AlkZ (SI Fig. S1E in (Bradley et al., 2022)).
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Figure 39. Phylogenetic Organization of YQL/AZL Proteins in Streptomyces (A)
Phylogenetic tree of YcaQ-like (YQL, blue) and AlkZ-like (AZL, red/orange; AZL2, grey)
Streptomycespr ot eins (n=897). The red and or
QU Q cat al yE.icd Yaa@Q &and §.ssahachiroi AlkZ proteins are labeled. (B)
Sequence logos for the catalytic motifs in YQL, AZL, and AZL2 proteins. Catalytic
residues are marked with asterisks. Colors correspond to side chain chemistry.

Another striking difference between the YQL and AZL families is that AZL genes
are often found in multiple copies and in different combinations in many species of
Streptomyces. The copy number differences between the different clades are significant,
with the majority (90-95%) of YQL and AZL2 homologs found as a single copy and AZL
mainly found in multiple (2-5) copies (Fig. 40A). The coincidence of YQL and AZL also
varies. Although the most common combination is the presence of a copy of each YQL
and AZL, many other combinations are observed (Fig. 40B). The number of species that
contain both genes decreases as the copy number increases. For species containing
either YQL or AZL (not both), the majority contain a single YQL copy, with just a few

species having only AZL present. These results show that both YQL and AZL proteins
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are broadly distributed across Streptomyces and are distinct with respect to sequence,

diversity, and copy number.
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Figure 40. Copy number and coincidence analysis of AZL/YQL proteins in
Streptomyces (A) AZL/YQL copy number frequency per Streptomyces genome, as a
percentage of the total species analyzed (n=436 species, 897 sequences). One-way
ANOVA significance (P) values of copy number variance are 0.0078 (YQL-AZL),
0.0033 (AZL-AZL2), and 0.3305 (YQL-AZL2), the latter of which is not significant. (B)
YQL/AZL coincidence frequency. Blue shaded section represents species containing
both YQL and AZL genes; tan shaded section represents species containing either
YQL or AZL.

AZL proteins are prevalent in biosynthetic gene clusters
Given the distinct phylogeny of YQL and AZL proteins, we next examined their
proximity to BGCs and characterized the identities of clusters containing a putative
homolog. To perform this analysis, we identified all BGCs in the genomes of known
Streptomyces species containing an HTH_42 protein, determined the most similar known
cluster via BLAST, and extracted the distance in base pairs between the YQL/AZL gene
and the nearest 3qg o0r4lA &l Tabla 82 ingdBradleyeetah, 2BZp)C ( Fi g .
Strikingly, none of the 442 YQL genes localize to within 20 kb of the most proximal gene

cluster in that organism (Fig. 41B). In contrast, AZL genes are primarily found inside or in
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close genomic proximity to clusters, with an average distance of roughly 2.3 kb from the
nearest BGC (compared to 25 kb for YQL). Despite their sequence similarity to AZLs, the
AZL 2 proteins are more like YQL in that they are also not observed within 20 kb of a BGC

(Sl Table S2 in (Bradley et al., 2022)).
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Figure 41. Genome mining analysis and enrichment of AZL proteins in Streptomyces
BGCs (A) Schematic depicting the work flow for identification of YQL/AZL homologs in
uncharacterized Streptomyces BGCs. Homologs were identified through the presence
of the catalytic motif (red text in sequence alignment). The amino acid numbering is in
relation to S. sahachiroi AlkZ. The corresponding Streptomyces genomes were input
into antiSMASH, from which genomic distances between YQL/AZL genes and the
nearest BGC, as well as homologous clusters were extracted. (B) Violin plot showing
the distribution of distances of YQL (nh=167) and AZL (n=154) homologs to the nearest
BGC (in kbps; £100 kb). The dotted lineatOkb r epr es ent s -)telmei ob
the nearest BGC. Thick and thin dashed lines within the plot represent the median and
upper/lower quartiles, respectively. The Chi-square significance (P) value between
YQL and AZL data is less than 0.0001.

We found that AZL proteins are particularly enriched in uncharacterized
Streptomyces BGCs, with 68 homologs localizing within a variety of different types of
clusters (Fig. 42A-B; SI Table S3 in (Bradley et al., 2022)). Almost half (n=32; 47%)
localize to clusters resembling those producing known DNA damaging agents, including
AZB (n=5),LL-D4919U1 (LLD, n=6), HED (n=4), ficel
1027/leinamycin (n=2) (Terawaki and Greenberg, 1966; Reusser, 1977; Maiese et al.,
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1990; Sugimoto et al., 1990; Hansen et al., 1995; Nooner et al., 2004). In addition, several
other clusters are related to potential DNA damaging agents on the basis of a reactive
epoxide functional group in the natural product, including angucycline-like molecules
(n=4) herboxidiene and asukamycin. The remaining 10 uncharacterized BGCs are related
to clusters that produce macrolides/terpenes, tambromycin-like compounds, and various
RiPPs/depsipeptides (Fig. 42A-B).
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Figure 42. Analysis of uncharacterized clusters which AZL proteins are present within
(A) Frequency of various types of BGCs in which AZL homologs were found (n=68
clusters identified). The y-axis denotes the natural product/scaffold type to which that
cluster is most homologous. Black bars represent known DNA alkylators or DNA
interacting metabolites, and hashed bars represent potential DNA damaging
metabolites. Lowercase letters to the right of the bars correspond to structures shown
in panel B. (B) Representative compounds corresponding to BGC types in panel A.
Potential reactive sites are coloredred. LL-D4 919 U1 and EsRi@ shewninu
Fig. 44.

Bacterial genes of similar function or in a particular pathway are frequently
clustered into neighborhoods or operons within the genome, and thus we investigated the
nearest neighbors of Streptomyces YQL and AZL genes. We collected gene ontology
(GO) terms describing the biological functions of the five nearest neighbors on either side
of 40 YQL genes, 40 AZL genes inside BGCs, and 40 AZL genes outside BGCs, which

collectively represent ~15% of the total of all homologs. Biological processes were
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grouped into three categoriesd metabolism, signaling/cell function, and genetic
information processing. Several key differences were found between the neighborhoods
of AZL genes inside versus outside clusters (Fig. 43A; SI Fig. S2 in (Bradley et al., 2022)).
AZL genes within BGCs were more often found near terpenoid/polyketide/non-ribosomal
protein synthesis and resistance/defense genes. The defense genes fell into several
types: ABC tr ans p o-foldbydreldsgs ¢VO@resissreaspyoteids), DinB
DNA-damage inducible hydrolases, and other AZL proteins. For those AZL genes found
outside of BGCs, there is an abundance of neighbors involved in cell wall biosynthesis,
cell cycle control, and signal transduction. In contrast, there were no significant
differences between AZL neighbors involved in processing genetic information inside
versus outside clusters (Fig. 43A). In contrast to the variation in the function of AZL gene
neighbors, the functions of YQL neighbors (outside clusters) are nearly invariant, and are
composed of a variety of different gene types with no apparent functional connection
between them (Fig. 43B). The functions of many of these neighbors have not been
elucidated in Streptomyces, but some are homologous to N-acetyltransferase, a two-
component transcription factor/histidine kinase, and a DNA helicase (ComF) involved in
transformation competence. Thus, both the sequences and the genomic neighborhoods
of YQL proteins are relatively conserved and always found outside of BGCs, in contrast
to the more variable copy number, sequence, and neighborhood of AZL genes prevalent

within BGCs.
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Figure 43. Nearest neighbor gene ontology (GO) analysis of AZL and YQL proteins (A)
Nearest genes to AZL proteins found inside and outside clusters, shown as the ratio
of GO terms inside and outside, and grouped by function (blue, metabolic; green, cell
signaling and function; orange, genome maintenance). (B) Representative example
from Streptomyces griseoviridis of nearest neighbor analysis for YQL homologs.
Genes are colored according to function as in panel A (grey, unknown/hypothetical
gene). These genes are invariant for all YQL homologs, with the exception of the
outermost genes, in which only one instance of variance was observed.

Characterized BGCs containing AZL proteins

With the discovery that a significant proportion of AZL proteins reside within BGCs,

we took a closer look at the nine characterized BGCs identified to contain an AlkZ

homolog in the MIBIG database (S| Table S3 in (Bradley et al., 2022)). Four of these

produce known DNA-alkylating agents (Fig. 44A), which contain reactive epoxide

moieties like AZB that are scaffolded on diverse natural product backbones (Fig. 44A).

Whereas AZB is a bifunctional alkylating agent, HED, trioxacarcin A (TXNA), and LL-

D491940U01

(LLD) are monofunctional al kyl ating

specific nucleotide sequences via their epoxide rings, and also intercalate the DNA helix

via their planar ring systems (Hansen et al., 1995; Pfoh et al., 2008). TXNA and LLD

clusters each contain two AlkZ paralogs (TxnU2/U4 and LIdU1/U5), whereas the HED

cluster contains one (HedH4) that resides between the two polyketide synthase genes.

87



A

- NRPS PKS1 . .
S. sahachiroi @ Biosynthetic,
Azinomycin e~ w o wee ~e o SroeteerNRI R R AANSHOBASSRZSST § § core
wYe EEY @ Biosynthetic,
) PKS1 (PKS) PKS2 additional
f.‘e%';‘c;ﬁcgﬁer @ Transcription
y Hed > - oo go-l%ggozs-l;g L ¥xS TTO QL WA oaS gy Regulation
. Oligosaccharide Betalactone PKS2 @ Transport/Efflux
S. vinaceusdrappus @ Resistance
LL-D49194u1

Rgt
B1
B2
M1
B84

Rri

P R VIR R S Bl £30) v‘omﬁhwﬁ-mmmmhgnggvmmvh Mg"n ™ &M @ ol
SW@DMOIJICOIZICO00OS0P ¢ @@ T O LOOIFIFE/T T T0T phppw<<< 7 OAlkZHomolog

PKS2  Betalactone Oligosaccharide (O otherUnknown

S. bottropensis
Trioxacarcin A I e
T FEEBE IRVIPRLIGYL DIFESIBITO LRSI R | POOTIOZWIZINI 5 2FI 0
o o 5 kilobases
g w (not to scale)
- "
Azinomycin B Trioxacarcin A o 7 LL-D49194c:1 ~ o OH

HO., -
° | o oH
OH | ~N
_0 o N N \
O o M w8
oiss.
S

Figure 44. AZL homologs found in alkylating genotoxin characterized BGCs (A) Gene
diagrams for AZL-containing BGCs producing DNA alkylating agents. Gene names are
labeled below the cluster diagrams. The biosynthetic scaffold produced by specific
genes in the cluster are labeled above the respective genes. NRPS, non-ribosomal
peptide synthetase; PKS1/PKS2, type 1/2 polyketide synthase; (PKS), PKS-like.
Chemical structures of the metabolites produced by each cluster are shown at the
bottom of each panel. Reactive portions of the molecules are highlighted in red.
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The remaining five AZL-containing clusters in MIBIG produce compounds that are
not known to alkylate DNA, but that share some structural characteristics with the
alkylating agents described above (Fig. 45A). Aclacinomycin contains an anthracycline
core surrounded by sugars that allow it to intercalate into DNA and act as a topoisomerase
| poison, potentially generating downstream DNA damage (Nitiss et al., 1997).
Asukamycin contains a modified PKS scaffold and an electrophilic epoxide ring and has
been shown to act as both a farsenyltransferase inhibitor and a molecular glue between
the UBR7 E3 ubiquitin ligase and the TP53 tumor suppressor, leading to cell death (Hara
et al., 1993; Isobe et al., 2020). Armeniaspirol contains a unique chlorinated pyrrole and

inhibits the AAA+ proteases ClpXP and ClpYQ leading to cell division arrest in Gram
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positive bacteria (Labana et al., 2021). The other two BGCs produce compounds of
known structure but unknown functiond tambromycin and JBIR-34/35 are similar NRPS
compounds containing densely substituted chlorinated indole and methyloxazoline
moieties (Muliandi et al., 2014). The presence of AZL proteins in these clusters suggests
that these compounds may be genotoxins or otherwise react with DNA, and/or that these

particular AZL homologs may have a function outside of DNA repair.
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Figure 45. AZL homologs found in non-alkylating characterized BGCs (A) Gene
diagrams for AZL-containing BGCs producing compounds not known to alkylate DNA.
Gene names are labeled below the cluster diagrams. The biosynthetic scaffold
produced by specific genes in the cluster are labeled above the respective genes.
NRPS, non-ribosomal peptide synthetase; PKS1/PKS2, type 1/2 polyketide synthase;
(PKS), PKS-like. Chemical structures of the metabolites produced by each cluster are
shown at the bottom of each panel.

The AZL protein within the HED BGC is a DNA glycosylase specific for HED-DNA lesions

and provides cellular resistance to HED toxicity
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The alkZ gene embedded within the AZB BGC provides exquisite resistance to the
potent cytotoxicity of this natural product (Zhao et al., 2008; Wang et al., 2016). To
determine if AlkZ homologs other than in the AZB BGC provide self-resistance to their
cognate natural products, | characterized the DNA glycosylase and cellular resistance
activities of HedH4 for HED-DNA adducts. HED is a potent antibiotic/antitumor agent that
induces a strong DNA damage response (Tu et al., 2004). The bisepoxide side chain
al kyl ates the N7 posCNTG sagueneds (Fmy.udéA),itheenighlyi n 5 q
oxidized aromatic polyketide intercalates the DNA helix, and two C-glycosidic linked
aminosugars interact with the minor groove (Hansen et al.,, 1995). | generated site-
specifically labeled HED-guanosine adducts in DNA by reacting purified compound with
an oligonucleotide containing a HED target sequence, d(TGTA). The HED-DNA adduct
was stable relative to other N7-alkylguanine lesions as judged by thermal depurination
(SI Fig. S3B in (Bradley et al., 2022)) (Hemminki et al., 1989; Bradley et al., 2020). | first
assessed the ability of purified HedH4 to hydrolyze HED-DNA using a gel-based
glycosylase assay that monitors alkaline cleavage of the AP site product (Mullins et al.,
2017; Bradley et al., 2020). Reaction of HedH4 with HED-DNA followed by hydroxide
work-u p r e s udatnedeliminationfproducts consistent with production of an AP site
from DNA glycosylase-mediated excision of the N-glycosidic bond of the HED-guanosine
nucleotide (Fig. 46A-B). | verified the identity of the excision product as HED-guanine by
HPLC/MS (Fig. 46C). To verify that the HED-guanine product was not generated by a
contaminating enzyme and to examine theé& cons:
purified alanine mutants of the two glutamine residues and tested their activity under

single-turnover conditions (Fig. 46D, S| Fig. S3A,C in (Bradley et al., 2022)). The
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calculated rate constant (kcat) for wild-type HedH4 was at least 7.8 + 0.5 min! (the reaction
was complete at the earliest time point). Relative to wild-type, the Q41A mutant was at
least 225-fold slower (kcat= 0.04 + 0.01 min't) and the Q43A mutant at least 10-fold slower
(Kcat=0.8 £ 0.2 min?t) indicating that both Gl n residues

HED-guanine excision.
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Figure 46. HedH4 rapidly excises HED-guanine adducts from DNA (A) HED
modification of deoxyguanosine in DNA forms a HED-DNA adduct that is hydrolyzed
by HedH4 to generate an abasic (AP) site in the DNA and free Hed-guanine. The
reactions within the dashed line are not catalyzed by HedH4. The AP nucleotide is
susceptible to base-catalyzed nicking to form shorter DNA products containing either
a -phdgpho-U,-bnsaturated aleé¢hyidaal{PHApPs Pha
el imination) . The ast er iesdlofthe DNA. @BeDematurang
PAGE €&Cf5-labaled HED-DNA s ub st r-an d-elimination products after
treatment with enzyme or buffer (mock) for 1 hr, followed by NaOH to nick the AP site.
The HED-DNA reaction only goes to ~50% completion under our reaction conditions,
as shown by the two bands of equal intensity in the mock reaction. (C) HPLC-MS
analysis of HED (blue) and the HED -guanine excision product from reaction of HedH4
and HED-DNA (red). Axis represents elution time (x-axis) versus relative abundance
from total ion count (y-axis). Insets show mass spectra of each elution peak. (D) Wild-
type and mutant HedH4 glycosylase activity for HED-DNA. Data are mean + SD (n=3).
Curves were fit to a single exponential. Representative data are shown in Sl Fig. S3C
in (Bradley et al., 2022).
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| probed specificity of HedH4 for HED-DNA adducts, first by asking whether the
HED-guanosine lesion was a substrate for other bacterial alkylpurine DNA glycosylases
with varying specificities. E. coli AIKA and YcaQ and Bacillus cereus AlkC and AIKD excise
a relatively broad range of alkyl-DNA adducts (O'Brien and Ellenberger, 2004; Alseth et
al., 2006; Brooks et al., 2013; Parsons et al., 2016; Mullins et al., 2017; Shi et al., 2018;
Bradley et al., 2020). S. sahachiroi AlkZ, S. bottropensis TxnU2 and TxnU4, and S.
vinaceusdrappus LIdU1 and LIdU5, like HedH4, are found in BGCs that produce bulky
N7-alkyl- and intercalating DNA adducts (Fig. 44A), and each is specific for their cognate
toxin (Bradley et al., 2020; Chen et al., 2022). Compared to HedH4, which excises 100%
of the HED-guanine from DNA, none of the ten alkylpurine DNA glycosylases tested
showed any appreciable activity for HED-DNA after 1 hour (Fig. 47A). Thus, the HED-
DNA adduct is hydrolyzed only by the glycosylase found in the HED BGC. We next
examined the ability of HedH4 to excise N7-alkylpurine lesions that act as substrates for
other YQL and AZL enzymes. Interestingly, HedH4 showed no significant activity for the
simple methyl adduct 7mG, which is removed by most alkylpurine DNA glycosylases
including E. coli YcaQ and S. sahachiroi AlkZ (Fig. 47B, left). HedH4 was also unable to
hydrolyze TXNA-guanosine, a substrate for TxnU4 from the TXNA BGC (Fig. 47B, right)
(Chen et al., 2022). | also tested the ability of HedH4 to unhook ICLs derived from AZB
(Fig. 38A) and an 8-atom nitrogen mustard, NMs (Fig. 47C), which are substrates for S.
sahachiroi AlkZ and E. coli YcaQ, respectively. Compared to AlkZ and YcaQ, HedH4
showed little to no activity for either ICL (Fig. 47D). Thus, HedH4 is highly specific for

DNA adducts derived from its cognate natural product.
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Figure 47. HedH4 and HED-DNA specificity analysis (A) Denaturing PAGE of HED-
DNA adducts after 1 hr incubation with either buffer (mock) or bacterial alkylpurine-
DNA glycosylases. (B) Denaturing PAGE of 1 hr reaction products of E. coli YcaQ and
HedH4 with 7mG-DNA (left), and S. bottropensis TxnU4 and HedH4 with TXNA-DNA
(right). (C) Structure of NMs-ICL. (D) Denaturing PAGE of AZB-ICL unhooking by S.
sahachiroi AlkZ and HedH4 (left), and NMs-ICL unhooking by E. coli YcaQ and HedH4
(right). Reactions were treated with buffer (mock) or enzyme for 1 hr, followed by
alkaline hydrolysis. MA, monoadduct.

| next tested if the hedH4 gene provides heterologous resistance to HED
cytotoxicity in cells. E. coli transformed with either vector containing hedH4 constitutively
expressed at low levels or vector alone were grown in the presence of increasing amounts
of HED (SI Fig. S3D-G in (Bradley et al., 2022)). HedH4 provided a modest protection
against HED, as cells expressing HedH4 grew to a higher density at all HED
concentrations (Fig. 48A, Sl Fig. S3F-G in (Bradley et al., 2022)) and had a higher ICso
than cells treated with vector alone (HedH4,
sensitivity differences between HedH4 and vector control were more pronounced from a
colony dilution assay performed under log-phase growth conditions (Fig. 48B). Cells

expressing empty vector displayed anICsov al ue of 11.1 e¢M N 1.5, whji
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HedH4 displayeda4-f ol d reduction i n sensitivity
indicate that HedH4 is a DNA glycosylase specific for HED-DNA adducts and provides

resistance to cells exposed to the antibiotic.
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Figure 48. HedH4 provides heterologous resistance against hedamycin toxicity (A)
HED inhibition of E. coli K-12 transformed with hedH4/pSF-OXB1 (constitutively
expressed) or empty vector pSF-OXB1. The lag time is defined as the time elapsed
before cells start to grow exponentially. Data are mean + SD (n=3). Growth curves are
shown in SI Fig. S3F-G in (Bradley et al., 2022). Significance values were determined
by unpaired t test of the mean | ag tim
0.0001). (J) Colony dilution assay for E. coli strains tHedH4 exposed to increasing
concentrations of HED for 1 hr. Surviving fraction (%) is relative to untreated cells.
Values are mean = SD (n = 3). Significance values were determined by unpaired t test
of the mean sensitivity values (*: 0. 035

YQL proteins from Actinobacteria hydrolyze simple N7-alkylguanosine lesions and
interstrand crosslinks

We previously characterized E. coli YcaQ to have robust activity toward 7mG and
NM-ICLs (Figs. 38B and 47C), a substrate preference distinct from AZB- and HED-
specific S. sahachiroi AlkZ and HedH4 (Fig. 47A-B,D) (Bradley et al., 2020). | therefore
was interested in determining if other proteins of the YQL subfamily were functional YcaQ
orthologs. | purified YQL proteins from the Actinobacteria Thermomonospora curvata

(Tcu) and Thermobifida fusca (Tfu) and tested their ability to hydrolyze 7mG and unhook

94

t

(0]

HEIL



NMs-ICLs (Fig. 49A-B). Both proteins showed significant activity for both substrates,
providing evidence that the YQL subfamily in general has comparable specificity for

simple N7-alkylguanine lesions, distinguishing it biochemically from the AZL subfamily.
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Figure 49. YQL proteins from Actinobacteria hydrolyze simple N7-alkylguanosine lesions and
interstrand crosslinks (A,B) Denaturing PAGE of reaction products of YQL orthologs from E.
coli (Eco), Thermomonospora curvata (Tcu), and Thermobifida fusca (Tfu) with 7mG-DNA (A)
and NMg-ICL (B) after 5 min and 1 hr. Lane 1 of each gel is a ho-enzyme control.

Discussion

Phylogenetic characterization of the HTH_42 superfamily proteins within
Streptomyces reveals two distinct subfamilies, YQL and AZL (the latter of which contains
the AZB2 clade). Most strikingly, AZL genes, which are most prevalent in environmental
microbes such as those from the phylum Actinobacteria (S| Fig. S1B in (Bradley et al.,
2022)), are highly enriched in BGCs. We found AZL proteins in BGCs that produce a
variety of verified and putative genotoxins, with approximately one-fifth of all AZL proteins
located in BGCs predicted to produce a DNA alkylating agent. | show that the AZL protein,
HedH4, within the HED cluster specifically excises HED-DNA adducts and improves

viability of cells grown in the presence of the compound. In a separate study, we recently
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found that the two paralogs present in TXN and LLD clusters (TxnU2, TxnU4, LIdU1,
LIdU5) are self-resistance glycosylases for these compounds (Chen et al., 2022). Thus,
together with the previous example from the AZB BGC (Wang et al., 2016; Bradley et al.,
2020), there is now mounting evidence that AZL family genes have evolved largely as
DNA repair self-resistance proteins against a variety of natural products. Consistent with
their role in resistance, the AZL genes found inside BGCs frequently localize around a
variety of other resistance genes. Moreover, the relatively high copy number and low
sequence conservation of AZL proteins are consistent with increased expression or
possible horizontal gene transfer events that enable these enzymes to evolve specificity
for particular natural product (Hastings et al., 2009). We also found AZL proteins in BGCs
that by homology were not expected to produce DNA alkylators or other genotoxins. The
AZL proteins in these clusters could have regulatory or protective roles outside of DNA
repair. Alternatively, these clusters could have additional uncharacterized enzymes such
as cytochrome P450s, sulfate adenyltransferases, or epoxidases that could convert the
natural products into DNA alkylators (Thibodeaux et al., 2012).

The fate of the AP sites generated by AZL enzymes is a key unanswered question
regarding glycosylase-mediated self-resistance in antibiotic bacteria. While the DNA
adducts of AZB and HED natural products would likely pose significant blocks to
replication and transcription, their excision by AZL glycosylases also generate AP sites,
which are toxic BER intermediates (Tomicic and Franekic, 1996; Posnick and Samson,
1999). Although the modest protection we observed from HedH4 overexpression in HED-
challenged E. coli could be a result of the weak-expression promoter used, it also

suggests that either the AP sites generated are poor substrates for the AP endonucleases
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present in E. coli or that HED-DNA adducts are substrates for an alternative repair
pathway. The intercalated HED-DNA adduct likely poses a unique challenge relative to
other glycosylase substrates. It is likely that the HedH4-generated HED-guanine moiety
remains intercalated at the AP site and requires a specialized AP endonuclease for repair.
Indeed, we recently found that the excised guanine adduct of the related, intercalating
natural product TXNA is a poor substrate for E. coli EndolV (Chen et al., 2022). More
pertinent to HED biosynthesis, the producing organism S. griseoruber contains two copies
each of Exolll- and EndolV-like AP endonucleases that may have evolved to incise HED
AP-sites, although none are located in the hed BGC. In addition, the bulky HED-DNA
addicts lesions are likely substrates for nucleotide excision repair pathway, which is
initiated by UvrA in bacteria and has been shown to play an important role in natural
product self-resistance (Lomovskaya et al., 1996; Jin et al., 2001; Kiakos et al., 2007,
Mullins et al., 2017; Burby and Simmons, 2019). Indeed, within the HED BGC there is a
predicted UvrA-like drug resistance protein (HedH11) that contains a partial UvrA DNA-
binding domain and a conserved ABC transporter domain that could initiate NER of HED-
guanosine adducts or even HED-guanine/AP-site products generated by HedH4. There
are also two additional putative UvrA homologs outside of the hed cluster. Additionally,
there are three putative transporters within the clusterdo HedH7 (ABC2 type), HedH6
(DrrA-like) and HedH1 (EmrB/QacA antiporter)d which could serve to physically bind to
HED and direct it out of the cell through a transmembrane transport system.

In contrast to the genotoxin-specific AZL genes, YQL and AZL2 are always found
outside clusters and thus are likely to provide a more general role in protecting the

genome against environmental genotoxins, similar to that shown for E. coli YcaQ (Bradley
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et al., 2020). YQL proteins and their gene neighborhoods are very highly conserved,
suggesting they play a critical role as part of a unified pathway (Rogozin et al., 2002).
Although that pathway is unknown, the presence of a two-component transcription
factor/kinase and ComF DNA helicase within the YQL neighborhood in Streptomyces also
hints at a signaling network for DNA uptake (Londono-Vallejo and Dubnau, 1993; Turgay
et al., 1998; Veening and Blokesch, 2017). Similarly, E. coli YcaQ is localized in a four-
gene operon involved in cell wall biosynthesis and transformation competence (Bradley
et al., 2020). Continued exploration of the gene neighborhoods of YQL and AZL beyond
Streptomyces will reveal a deeper understanding of the cellular roles played by these
enzymes. This will be especially important for YQL, which are prevalent in human
pathogens or commensal microbes (Wang et al., 2016).

A small subset of HTH_42 proteins contain additional domains often associated
with nucleic acid transactions (Sl Fig. S1A in (Bradley et al., 2022)) (Wang et al., 2016).
These multimodular HTH_42 proteins have been relatively understudied, although they
do not appear to be associated with BGCs. Most contain an associated DEAD box
helicase domain, including Lhr, a member of the helicase superfamily Il (Reuven et al.,
1995). Mycobacterium smegmatis and E. coli Lhr have been characterized as ATP-
dependent 3NjY5Nj ssDNA transl ocas édA hyhridsh
(Ordonez and Shuman, 2013; Warren et al.,, 2021). Studies in Mycobacterium
tuberculosis have demonstrated a strong transcriptional activation of Ihr in cells exposed
to MMC (Boshoff et al., 2003), suggesting that Lhr may function as an RNA-DNA helicase

in response to MMC-DNA crosslinks. While the structure of the C-terminal HTH_42

domain of M. smegmatisL hr i s similar to Al kzZ, it | acks
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a tetrameric structure that occludes the putative DNA binding surface (Warren et al.,
2021). Thus, the function of the Lhr HTH_42 domain and its interplay with the helicase
core remains to be determined.

Resistance genome mining has emerged as a critical bioinformatically driven
pipeline to discover novel natural products and gene clusters in several organisms
(Panter et al., 2018; Yan et al., 2018). A key benefit of resistance genome mining is the
dramatically decreased candidate pool as a result of targeted identification of gene
clusters containing a resistance gene. Generally, these methods require a basic
understanding of the resistance mechanisms involved. We sought to use this approach
for the first time to hunt for BGCs that produce alkylating genotoxins, using prior
knowledge of the DNA repair functions of S. sahachiroi AlkZ within the AZB cluster (Wang
et al., 2016; Mullins et al., 2017; Bradley et al., 2020). In this study, we examined 435
Streptomyces species for BGCs within which an AlkZ-related gene was located and found
62 uncharacterized clusters that are candidates for targeted elucidation of their products.
Characterization of these orphan clusters could provide new analogs or types of DNA
alkylating/damaging secondary metabolites, an important step in developing new
antitumor or antibiotic treatments. This classification of YQL/AZL proteins in
Streptomyces is an important first step in understanding their evolutionary connection to
each other and to BGCs of different types, and demonstrates that targeted resistance
genome mining is a viable approach to discover novel genotoxins and resistance

mechanisms from uncharacterized BGCs.

4 This work is published in: Bradley, N.P.5, Wahl, K.L.8, Steenwyk, J.L., Rokas, A., and Eichman,
B.F. (2022). Resistance-guided mining of bacterial genotoxins defines a family of DNA
glycosylases. mBio (In Press). | designed/conducted experiments, wrote, and edited the
manuscript. Sauthors contributed equally.
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Chapter 5
Base Excision Repair System Targeting DNA Adducts of Trioxacarcin/LL-D49194

Antibiotics for Self-Resistance®

Introduction

Genome stability and integrity are continually challenged by both intrinsic and
extrinsic genotoxic agents that generate a diversity of DNA damage through oxidation,
alkylation, or hydrolytic deamination (Gates, 2009). Among the most common forms of
damage are those derived from alkylating agents, which can potentially modify any of the
heteroatoms in duplex DNA. Different sites are alkylated depending on the nature of the
DNA-alkylating agents. The resulting DNA damaged including single or double strand
breaks, inter- or intra-strand crosslinks, base detachment and base modificationd
interferes with normal cellular processes, causing DNA mutations, chromosomal
rearrangements and instability, which can contribute to heritable diseases and even cell
death (Jackson and Bartek, 2009; Terabayashi T and Hanada, 2018). Due to their
cytotoxicity, DNA damaging agents often possess certain antimicrobial or antitumor
activities, and some of them are used extensively as drugs in cancer treatment (Verweij
and Pinedo, 1990; de Wit et al., 1997; Deans and West, 2011; Brulikova et al., 2012;
Singh et al., 2018).

In the cell, DNA damage is repaired by several highly conserved pathways
(Jackson and Bartek, 2009). Alkylated DNA is eliminated from the genome predominantly

by direct reversal, base excision repair (BER), or nucleotide excision repair (NER)
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pathways (Fromme and Verdine, 2004; Truglio et al., 2006; Hitomi et al., 2007; Nouspikel,
2009; Yi and He, 2013). Direct reversal enzymes (e.g., alkylguanine DNA
alkyltransferases and AlkB-family dioxygenases) extract alkyl substituents from the
nucleobase to leave the nucleotide and DNA backbone intact, and can remove not only
small base modifications, but also inter-strand DNA crosslinks and bulky exocyclic DNA
adducts (Pegg and Byers, 1992; Wang et al., 1997, Fang et al., 2008). BER also removes
mainly small but also some bulky and crosslinked adducts (Krokan and Bjoras, 2013;
Schermerhorn and Delaney, 2014; Mullins et al., 2019), and is initiated by DNA
glycosylases that liberate a single modified nucleobase from the DNA backbone through
hydrolysis of the N-glycosidic bond (Stivers and Jiang, 2003; Brooks et al., 2013; Drohat
and Maiti, 2014; Drohat and Coey, 2016; Mullins et al., 2019). This reaction forms an
apurinic/apyrimidinic (AP, or abasic) site that is then incised by an AP endonuclease (e.qg.,
Exonuclease Il (Xth) or Endonuclease IV (EndolV, Nfo) in bacteria), generating a gap in
the DNA backbone. In contrast, the NER pathway removes bulky or duplex-distorting
lesions by endonuclease-catalyzed incisions that isolate a lesion-containing DNA
oligonucleotide (Truglio et al., 2006; Wood, 2010). DNA gaps generated in BER and NER
are processed, filled, and sealed by the action of a DNA polymerase and DNA ligase.
Recent studies of self-resistance mechanisms against genotoxic natural products
revealed that several unrelated glycosylases participate in removing bulky adducts (Xu et
al., 2012; Wang et al., 2016). Among them, the DNA glycosylase AlkZ, derived from
Streptomyces sahachiroi and which resides within the biosynthetic gene cluster (BGC) of
the natural product azinomycin B (AZB), repairs interstrand crosslink (ICL) damage

generated by AZB (Wang et al., 2016; Mullins et al., 2017; Bradley et al., 2020). AZB is a
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bifunctional alkylating agent that forms ICLs in the major groove by linking the N7
nitrogens of puri nes i n-d(PulNRy)-3Mirmstreng, IPN.AIkE e g u e n ¢
unhooks AZB-ICLs by cleaving the N-glycosidic bonds of both modified nucleotides,

resulting in AP sites that can be processed by the BER pathway (Wang et al., 2016;

Mullins et al., 2019). The crystal structure revealed that AlkZ adopts a C-shaped structure

in which the concave channel contains a QUQ m
b-hairpin predicted to contact the lesion in the minor groove (Mullins et al., 2017). AlkZ

belongs to the uncharacterized HTH_42 superfamily of proteins widespread in antibiotic

producers and pathogenic bacteria (Wang et al., 2016). To date, the only other bacterial

DNA glycosylase characterized as an ICL glycosylase is another HTH_42 protein,

Escherichia coli YcaQ, which has a relaxed specificity relative to S. sahachiroi AIkZ and

can cleave N7-linked nitrogen mustard (NM) ICLs and N7-methyl-2 -Ngoxyguanosine

(7mG) monoadducts (Bradley et al., 2020).

Trioxacarcins (TXNs) are densely oxygenated, polycyclic aromatic, and
structurally complex natural products with potent cytotoxicity (Fig. 50A) (Tamaoki et al.,
1981; Tomita et al., 1981; Maiese et al., 1990; Maskey et al., 2004). Trioxacarcin A
(TXNA) and LL-D49194 (LLD), two of the most representative compounds in the TXN
family, intercalate the base pairs of DNA and have reactive epoxide moieties that
covalently alkylate the N7 of guanine in d(GT) dinucleotides, forming stable DNA lesions
that impair normal cellular processes (Fitzner et al., 2008; Pfoh et al., 2008).
Consequently, TXNA and LLD exhibit remarkable antimalarial, antibacterial, and
antitumor activity (Tamaoki et al., 1981; Maiese et al., 1990; Maskey et al., 2004). The

TXNA analog gutingimycin (Fig. 50B), which contains a TXN skeleton and a guanine
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(Gua) group, has been isolated from the fermentation broth of a marine Streptomycete
(Maskey et al., 2004). Given that TXNA and LLD are alkylating agents that selectively
modify deoxyguanosine (G) to form DNA adducts, we speculated that the biosynthetic
pathways of the two natural products should contain DNA glycosylases responsible for
cleaving TXNA/LLD-DNA, in which gutingimycin and LLD-Gua are the resulting products
(Fig. 50C). Therefore, we became interested in the DNA damage repair mechanism
targeting TXNs family of DNA alkylating agents.

A OCOCH; C

OH

OH

?  LL-D49194 (LLD)
| o, R= COCH3

Trioxacarcin A
(TXNA)

HNTNT "N Gutingimycin LLD-Gua ?

Figure 50. Structures of TXNs family compounds and related metabolites (A-C)
Structures of trioxacarcin A (TXNA) (A), gutingimycin (B), LL-D49194 (LLD) and LLD-
guanine (LLD-Gua) (C). Reactive epoxide moieties are highlighted in red. Guanine
nucleobases are highlighted in blue.

Herein, we report four DNA glycosylases identified from the TXNs BGC, in which
TxnU2/U4 (GenBank accession numbers AKT74276 and AKT74302) are derived from
the TXN BGC (txn, GenBank accession number KP410250) and LIdU1/U5 (GenBank
accession numbers QDQ37873 and QDQ37896) originate from the LLD BGC (lld,

GenBank accession number MK501817). TxnU2/4 and LIdU1/5 belong to the HTH_42
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superfamily and are monofunctional DNA glycosylases that excise TXNA- and LLD-DNA
adducts, in which TxnU4 and LIdU1 play the major roles in toxin resistance. Interestingly,
TxnU4 and LIdU1 cannot excise N7-methyl or crosslinked G adducts like their homologs
AlkZ and YcaQ (Mullins et al., 2017; Bradley et al., 2020), nor can TXNA-DNA lesions be
excised by any other alkylpurine DNA glycosylase. Moreover, relative to AlkZ, TxnU4 and
LIdU1 have a unique catalytic motif that process TXNA- and LLD-DNA lesions differently
and that may explain the redundancy for two paralogs in each txn and Ild biosynthetic
gene cluster. | also show that AP sites derived from TXNA-DNA excision are processed
less efficiently than those generated from 7mG depurination, suggesting that the product

of TXNA-DNA excision requires a specialized mechanism for repair.

Results

Self-resistance determinants TxnU2/U4 and LIdU1/U5 are closely related to TXNs
production

Previously, we identified the BGCs of TXNA (txn) and LLD (lld) and characterized
their partial biosynthetic pathways including starter unit and tailoring steps (Yang et al.,
2015; Zhang et al., 2015; Hou et al., 2018; Dong et al., 2019; Shen et al., 2019; Yin et al.,
2020), but the function of many of the proteins encoded in their BGCs are unknown. To
study the repair mechanism of DNA damage arising from TXNs family of alkylating
agents, we first investigated all proteins encoded within and adjacent to the TXNA and
LLD BGCs (Zhang et al.,, 2015; Dong et al.,, 2019). BLASTP analysis showed that

TxnU2/U4 derived from TXNA and LIdU1/U5 derived from lld belong to the HTH_42
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superfamily and exhibit homology to the DNA glycosylase AlkZ with low sequence identity
(26-33%) and similarity (39-46%) (Fig. 51A, C). AlkZ is found within the AZB BGC and
has been reported to be an essential resistance protein in AZB biosynthesis by unhooking
AZB-ICLs, which would trigger the BER pathway (Fig. 51B) (Wang et al., 2016). We
therefore speculated that TxnU2/U4 and LIdU1/U5 could confer resistance to TXNA and

LLD for self-protection in the producer.
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Figure 51. Genomic analysis of self-resistance determinants TxnU2/U4 and LIdU1/U5
(A) Biosynthetic gene clusters (BGC) containing genes encoding HTH_42 superfamily
proteins TxnU2/U4 and LIdU1/U5. The cluster txn is a BGC of TXNSs, Ild is responsible
for the BGC of LLD. The two genes connected with dashed lines encode homologous
proteins; TxnU2 shares 83% amino acid sequence identity and 90% similarity with
LIdU5, and TxnU4 shares 71% amino acid sequence identity and 82% similarity with
LIdU1. (B) Base excision of AZB-ICL-DNA by AlkZ. (C) Sequence similarity network
(SSN) analysis of homologous proteins TxnU2/U4 and LIdU1/U5. The SSN was
constructed by the online Enzyme Function Initiative-Enzyme Similarity Tool with an
alignment score threshold of 110. The proteins TxnU2/U4, LIdU1/U5 and AlkZ were
located in three different clades.

To understand the function of these four proteins, the genes txnU2/U4 from the
TXNA producer S. bottropensis NRRL 12051 and lldU1/U4 from the LLD producer S.
vinaceusdrappus NRRL 15735 were deleted (S| Fig. S1A-D in (Chen et al., 2022)), and
the yield of compounds in these resulting mutants and wild-type (WT) strains were
determined by LC-MS. Compared to the WT strain, the production of TXNA in gene
del et i on mu txaU2 &a n dtknigkhwas espestively remarkably reduced 72%
and 82%, and t hellduiia e didseas alsoLobviously deeeeased 85%
and 80%, respectively, suggesting the genes txnU2/txnU4 and lldU1/lldU5 are involved
in compound biosynthesis and are closely related to the efficiency of TXNA and LLD

production, respectively (Fig. 52A-B).

106



A LLDR2 B TXNA
20004 LLDa1 30001
=) 2 1 L. .
Z 10001 LLD-Gua ) < 15001 Gutingimycin tenWT
0 N
0d
2000- _ 3000]
?( %: 15004 AtxnU2
S 10001 AlldU1 0 A o, I\ Jk__-} L __A
0 P v A M A
20001 3000
2 o
< 10007 AlldU5 < 15004 AtxnU4
0 . - - T : . \ 0 ; =t : ; L’_
10 12 14 16 18 20 22 24 13 15 17 19 21
Time (min) Time (min)

mut ant

Figure 52. LIdU1/5 and TxnU2/4 are associated with TXNA and LLD biosynthesis (A)
HPLC analysis of extracts from S. bottropensis NRRL 12051 wild-type (txnWT) and
sttnzaa m astxnad gaat 400 nm absorbance. (B) HPLC profiles of
extracts from S. vinaceusdrappus NRRL 15735 wild-type (IIldWT) and mutant strains,
aldUl a n dlldus, at 400 nm absorbance.

To follow up this finding and further identify the in vivo function of the four proteins,

the effect of txnU2/txnU4, [IdU1/IldU5 deletion and overexpression on cells challenged

with TXNs was
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was no more sensitive to either TXNA or LLD than the WT strain (Fig. 53A-B).
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