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Preface

Cellular DNA is constantly threatened by various endogenous and environmental agents
that can damage DNA through various chemical reactions and physical interactions. Reac-
tive oxygen species (ROS) generated endogenously from cellular respiration or chronic
inflammatory conditions also cause variety of modified or damaged DNA bases and/or
DNA strand breaks in the genome. Cells have developed multiple DNA repair pathways to
repair such DNA lesions, and failure in these repair processes can lead to a variety of human
diseases including neurodegeneration, cancer, and premature aging.

The base excision repair (BER) pathway is the primary mechanism for repairing small,
non-bulky DNA lesions, including oxidized, alkylated, and deaminated bases in the
genome. Over the past several decades, scientists around the world have been examining
repair of DNA lesions in vitro with purified proteins and /or cell extracts. However, there is
no systematic and more elaborated easy-to-follow protocols/assays to examine excision and
repair of damaged bases in DNA through BER mechanism in vitro and in cells. This book is
dedicated to BER assays that describe multiple assay systems to monitor and examine BER
of damaged DNA base in naked DNA or DNA wrapped in a nucleosome with recombinant
purified BER proteins in vitro and in cells. Detailed protocols for examining each step of the
BER pathway and complete in vitro reconstitution of a damaged base with purified proteins
have been described. Further, we present methods for detection and quantification of
endogenously generated oxidized DNA bases, DNA double-strand breaks (DSBs), and
protein-DNA crosslinks, and for the identification of repair proteins interactome and their
genome-wide binding in response to DNA damage. The leading experts in the field of BER
were recruited for this book to contribute useful laboratory protocols that represent a
comprehensive collection of great utility in the field of BER and genome maintenance. We
anticipate that this Methods in Molecular Biology book on BER will be widely read and
applied in almost every biological setting of experimentation to examine the crucial roles of
endogenous damage repair pathways to maintain genomic integrity.

This book begins with six chapters describing multiple molecular and cellular techni-
ques to examine the excision of damaged bases from double-stranded DNA or DNA
wrapped in a nucleosome in vitro as well as in live cells. Historically, most of the BER
mechanisms were studied in vitro using purified proteins and /or cell lysates, but those may
not truly reflect DNA repair conditions in cells. Dr. Roy describes a new method to study
BER of a single lesion in live cells using a plaque-based host cell reactivation assay
(PL-HCR). This assay system not only measures repair of a damaged base in a plasmid
DNA in cells but also provides the information on a BER subpathway that is utilized to
repair this type of damage (Chap. 1). This is followed by a contribution from Dr. Tell’s lab
that describes an experimental procedure to examine excision of a ribose monophosphate
abasic site from DNA and provides a pipeline of protocols to quantify endodeoxyribonu-
clease activity of one of the key BER enzyme, APEIL, on these substrates by using recombi-
nant protein and whole cell extracts. The repair capacity of APE1 was measured using
fluorescent oligonucleotide substrates, which are then separated by polyacrylamide gel
electrophoresis and detected by a laser scanning imaging system (Chap. 2). Non-ligatable
DNA ends, such as 3’-phosphates, are generated either by DNA glycosylase-mediated
removal of damaged bases or at the site of ROS-mediated single-strand breaks (SSBs) in
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the genome. These “dirty” DNA ends, if not rapidly processed, will impede transcription
and replication leading to various cellular pathologies. Dr. Hazra’s group describes two
novel assay systems of repair of 3’-phosphate by polynucleotide kinase 3’-phosphatase
(PNKP) in vitro or cell free nuclear extracts from mammalian cells/tissues. These assays
could be useful for comparison of PNKP-mediated SSBR activity in diseased mammalian
cells /tissues versus normal healthy controls (Chap. 3). Genomic DNA in the nucleus is
wrapped around nucleosomes, a repeating unit of chromatin, which can pose a barrier for
DNA repair enzymes to locate, access, and process DNA damage in the cell.
Dr. Freudenthal’s group describes a protocol for generating nucleosome containing site-
specific DNA damage in vitro. This protocol describes several key steps for expression and
purification of recombinant histones and the reconstitution of nucleosomes with DNA oligo
containing site-specific damaged DNA base. These methods will enable researchers to
generate nucleosomes containing site-specific DNA damage for extensive biochemical and
structural studies of DNA repair in the context of nucleosome (Chap. 4). Apart from BER,
there are several major repair pathways including nucleotide incision repair (NIR) involved
in excising mutagenic or replication blocking modified bases or a modifying group from
DNA. Dr. Hang has developed and optimized a DNA cleavage assay that can be used to
explore whether a lesion is processed by NIR or nucleotide excision repair (NER) activity, as
well as to study its miscoding properties in translesion DNA synthesis (Chap. 5). Finally,
Jaiswal et al. provide a detailed assay procedure to reconstitute in vitro complete BER assay
using recombinant purified BER proteins (UDG, APE]1, Pol B, and Ligase I1I), providing an
opportunity to monitor the sequential enzymatic steps involved in BER pathway. This aids
our understanding of the biological activities of these proteins and their coordinated inter-
actions during the repair process (Chap. 6).

Experimental procedures to detect and quantify the damaged bases, protein DNA
crosslinks, and DSBs are presented in five modules in Part II of the book. 8-oxoguanine
(8-0x0@) base damage has been considered one of the oxidative stress markers in genomic
DNA. Lang et al. describe a new and sensitive method that can identity 8-xoG in specific
genomic regions with high accuracy in a laboratory setting by fragment length analysis with
repair enzyme (FLARE)-coupled to quantitative (q)-PCR or FLARE-qPCR. This assay can
be performed using nanogram quantities of DNA samples compared to conventional gas
chromatography-mass spectrometry assays or tandem liquid chromatography-mass spec-
trometry, which require microgram quantities of DNA for analysis and highly trained
personnel (Chap. 7). DNA-protein crosslinks (DPCs) are irreversible covalent crosslinks
of proteins to the DNA and are steric blockades to virtually all DNA metabolic processes,
namely repair, replication, and transcription. Direct visualization or detection of specific
protein-DNA crosslinks has been challenging, and it limits determining DPC in a stoichi-
ometry and quantitative manner. Dr. Ghosal’s lab describes a modified protocol for direct
detection of specific enzymatic DPCs by the rapid approach to DNA adduct recovery
(RADAR) assay (Chap. 8). R loops (DNA-RNA hybrid), 3-stranded nucleic acid structures
that are comprised of template DNA strand hybridized with the nascent RNA leaving the
displaced non-template strand, play an important role in inducing genomic instability. Drs.
Sarker and Cooper describe an improved slot-blot protocol to detect and estimate R loops
using $9.6 antibody. Since specific factors protecting cells from harmful R loops accumula-
tion are expanding, this protocol can be used to determine R loop accumulation in cells
under normal conditions and clinical settings (Chap. 9). Infection and chronic inflammation
can cause DNA damage, and the accumulation of mutations leads to cancer development.
Well-known examples of cancer-associated microbes are Helicobacter pylori in gastric cancer
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and Fusobacterium nucleatum in colorectal carcinoma. Dr. Das’s group utilized stem cell-
based murine or human colon organoid models to assess the impact of infection on the
expression of BER enzymes on the transcriptional and translational levels and develop other
functional assays (Chap. 10). Unrepaired SSBs can lead to DSBs during replication, and
DSBs are primarily repaired by homologous recombination (HR) and the non-homologous
end joining (NHE]) pathway. A third pathway, microhomology-mediated alternative
end-joining (MM /Alt-EJ), has emerged as a specialized back-up pathway for DSB repair
that also occurs in non-proliferating cells. Drs. Mitra’s and Hegde’s groups describe
reporter plasmid-based assays to estimate the relative contribution of various DSB repair
mechanisms and compare the advantages, limitations, and challenges of prevailing methods
(Chap. 11).

Efficient repair of small base damages in the genome in cells via BER not only require the
action of individual proteins but their coordinated recruitments and actions through
protein-protein interactions. Increasing evidence suggests that DNA damage-induced inter-
actions among repair proteins facilitate their recruitment to damage sites and repair effi-
ciency. Part III of this book describes multiple experimental procedures to identifty DNA
repair protein interactome by conventional tandem affinity purification followed by mass
spectroscopy analysis. Dr. Wood’s group describes an immunoprecipitation (IP) procedure
that is compatible with mass spectrometry proteomic analysis to examine protein-protein
interactions in response to DNA damage. The in-gel digestion protocol is optimized to
profile the interactome when there is a limited amount of input lysate, or the study’s focus is
on posttranslational modifications of target proteins (Chap. 12). Affinity pulldown is also a
powerful technique to discover novel interaction partners and verify a predicted physical
association between two or more proteins. Dr. Tsai describes a detailed method of pulldown
assays for two high-affinity peptide fusion tags, Flag tag and histidine tag, to study protein-
protein interactions of human DNA glycosylase NEIL1 and the checkpoint protein complex
RAD9-RADI1-HUSI (9-1-1) (Chap. 13). Repair of damaged bases in the nucleosome
context in cells requires the help of nucleosome remodeling complexes which facilities repair
in chromatin. The histone chaperone facilitates chromatin transcription (FACT) complex
interacts with many BER proteins to facilitate BER. Kaja et al. provide a tandem affinity
purification strategy that allows rapid isolation of endogenous FACT. This method of
purification of FACT will allow us to know how it works in vitro to facilitate the repair
process, and TAP-mediated isolation strategy can be combined with mass spectrometry to
identify the protein interaction partners of FACT (Chap. 14).

In addition to specific DNA repair proteins or the interactions with downstream
proteins, the influence of copy number variation (CNV) of DNA repair genes can affect
cellular response to stress and chemotherapy resistance and /or response. Dr. [zumi presents
an experimental protocol to examine the copy number variation of BER genes in tumor
tissues using the expression profile of BER protein XRCC1 with its neighbor genes LIG1,
PNKP, and POLDI as an example. Methods for CNV assay at the individual gene level on
formalin-fixed, paraffin-embedded (FFPE) tissues using the NanoString Counter technol-
ogy has been described (Chap. 15). Dr. Bhakat’s group describes genome-wide binding
analysis of the key BER protein APEI in both cancer cells and transformed primary cells by
chromatin-immunoprecipitation followed by next-generation sequencing (ChIP-seq)
methods. Further, simple biomimetics tools that are commonly being used to analyze the
data have also been briefly discussed (Chap. 16). Finally, Dr. Ray describes a tumor sphere
formation assay to examine the role of STAT3 in promoting tumor growth in vitro
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(Chap. 17). These final chapters emphasize the translational values of these assays to test the
role of different DNA BER proteins in promoting therapy resistance or tumorigenesis.

Altogether, the compiled 17 chapters in this book provide a comprehensive set of
experimental protocols/techniques and useful strategies to examine repair of damaged
bases via BER pathway in vitro and in cells. We sincerely believe that this unique collection
of chapters provides a valuable resource for novices and experts to examine the repair of
various types of DNA lesions in vitro and in cell by the distinct set of proteins in the BER
pathway.

We wish to thank all the authors for their outstanding contributions in this book. Their
sincere efforts are very much appreciated, and it was a great pleasure to work with them in
producing the book. We also acknowledge John Walker, the series editor, for his helpful
suggestion, advice, editing of the chapters, and guidance in making/organizing/preparing
this book. We also thank our postdoctoral mentor Dr. Sankar Mitra, who is one of the
pioneers in developing many BER assays. Throughout our scientific career, Dr. Mitra has
taught us the usefulness and mechanics of the scientific method, and the benefits of creative
thinking and of developing new assays to understand how cells have evolved multiple repair
pathways to maintain the genomic integrity.

Omaha, NE, USA Kishor K. Bhakat
Galveston, TX, USA Tapas K. Hazra
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Simultaneous Short- and Long-Patch Base Excision Repair
(BER) Assay in Live Mammalian Cells

Rabindra Roy

Abstract

The base excision repair (BER) pathway repairs small, non-bulky DNA lesions, including oxidized,
alkylated, and deaminated bases, and is responsible for the removal of at least 20,000 DNA lesions per
cell per day. BER is initiated by DNA damage-specific DNA glycosylases that excise the damaged base and
generates an abasic (AP) site or single-strand breaks, which are subsequently repaired in mammalian cells
either by single-nucleotide (SN) or multiple-nucleotide incorporation via the SN-BER or long-patch BER
(LP-BER) pathway, respectively. This chapter describes a plaque-based host cell reactivation (PL-HCR)
assay system for measuring BER mechanisms in live mammalian cells using a plasmid-based assay. After
transfection of a phagemid (M13mpl8) containing a single modified base (representative BER DNA
substrates) within a restriction site into human cells, restriction digestions detect the presence or absence
(complete repair) of the adduct by the transformation of the digestion products into E. co/i and counting
the transformants as plaques. To monitor the patch size, different plasmids are constructed containing C:-
A mismatches within different restriction sites (inhibiting digestion) at various distances on both sides (5’ or
3’) of the modified base-containing restriction sites. Using this assay, the percentage of repair events that
occur via 5" and 3’ patch formation can be quantified.

Key words Base excision repair sub-pathway, Short patch base excision repair, Long patch base
excision repair, Host cell reactivation assay, Plaque-based host cell reactivation assay, Plaque assay,
Alkylation damage, Oxidative damage

1 Introduction

Cellular DNA is constantly threatened by various endogenous and
environmental agents that can damage DNA through various
chemical reactions and physical interactions [1]. The endogenous
DNA-damaging agents may arise from erroncous DNA replication,
chronic inflammatory conditions, or simply cellular respiration
[2]. The environmental or exogenous DNA-damaging agents
often come from tobacco smoke, radiation, chemotherapy, or a
person’s diet [3]. Cells have developed multiple DNA repair path-
ways to repair damaged bases, and failure in these repair processes

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_1,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023
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can lead to hastening of the onset of a variety of human diseases,
including neurodegeneration, cancer, and premature aging [4, 5].

The base excision repair (BER) pathway repairs small,
non-bulky DNA lesions, including oxidized, alkylated, and deami-
nated bases, and is responsible for the removal of at least 20,000
DNA lesions per cell per day [4, 6]. BER is initiated by DNA
adduct-specific DNA glycosylases that excise the damaged base by
hydrolytic cleavage of the N-glycosidic bond between the base and
the sugar [7]. DNA glycosylase activity leads to the formation of an
abasic (AP) site, which is subsequently cleaved by apurinic/apyr-
imidinic endonuclease 1 (APE1) [8]. The remaining steps of BER
are described as either the single-nucleotide BER (SN-BER) or
long-patch BER (LP-BER) sub-pathways. In the SN-BER pathway,
DNA polymerase  (Pol B) exerts its dRP lyase activity to cleave the
5’-deoxyribose phosphate (5’-dRP) created after AP-site incision
by APEIL [9]. Pol p subsequently incorporates 1 nt, and the nick is
sealed by DNA ligase III (LIGIII). In the LP-BER pathway, the
replicative DNA polymerases 8 and e (Pol §, Pol €), in combination
with the other replication accessory factors, proliferating cell
nuclear antigen (PCNA), and replication factor C (REC), incorpo-
rate nucleotides at the single-nucleotide gap and continue to incor-
porate 2—10 nts by strand displacement on the 3’ side of the
original lesion site [10, 11]. Pol B is also shown to be involved in
LP-BER [12,13]. The flap created by strand displacement by these
polymerases is cleaved by flap endonuclease 1 (FEN1), and the
resulting nick is sealed by DNA ligase I (Lig I). A third BER
sub-pathway termed 5’ gap LP-BER is recently described
[14]. This BER pathway engages proteins of BER (namely, DNA
glycosylases and APEL), nucleotide excision repair (NER), and
double-strand break repair (DSBR). This new BER process involves
a 3’ to 5> DNA helicase, RECQ1 (but not other RecQ family
helicases, WRN, BLM, RECQ4, and RECQ5) described to medi-
ate the formation of a 9 nt gap at the 5’ end in cooperation with
PARP1, RPA, and XPEF/ERCCI1 (but not XPA) during the repair
response, and replicative polymerase(s) (but not Pol ) and FEN1
function to complete the process through incorporation of multiple
nucleotides on both 5’ and 3’ sides of the original lesion site, up to
20 nts total. The long patch includes 8 nucleotides on the 5’ side of
the lesion, the lesion itself; and 11 nucleotides on the 3’ side of the
lesion (Fig. 1) [14]. It is not clear yet how cells decide to proceed
via the SN- or LP-BER mechanisms; ATP concentration and the
chemistry of 5’-dRP after AP-site incision by APE1 may dictate the
selection of BER mechanisms in the cells [15].

Germline mutations or SNPs in many of these BER genes or
variations in the activities of several of these BER enzymes are
associated with a variety of diseases including cancer [16-21]. How-
ever, the lack of an assay that can reliably measure simultaneously
the SN- and LP-BER mechanisms in live cells caused limited



Simultaneous Short- and Long-Patch Base Excision Repair. . . 5

DNA lesion

DNA
(a)glycosylase

APE1

5 PARP1_ " gRP .
T EETE RN

XRCC1
POLB
Lig1/3

5 mrpErTEEElTEE T 35
L L L R,

SN-BER
(1 nt incorporation
at the initial damage)

B N - —

POL 5/e/p
RPA RPA [RECQ1
FEN1 %
PCNA

Lig1

LP-BER
(2-12 nts incorporation ERCC1
on 3’ side of initial damage)

9 nt
gap
DNA synthesis (POL&/¢)
Flap removal (FEN1)
PCNA
Ligation

5’ gap-mediated LP-BER

(20 nts incorporation
on 5’ and 3’ sides of initial damage)

'9atjo, n

e

Fig. 1 Base excision repair sub-pathways

epidemiological or clinical studies linking these BER mechanisms
to disease.

Historically, most of the BER mechanism studies were carried
out using in vitro assays using purified repair proteins and cell
lysates but those may not recapitulate physiological DNA repair
conditions [22]. To alleviate this problem, host cell reactivation
(HCR) assay was developed to study BER in live cells [23, 24 ]. The
HCR assay traditionally transfected damaged plasmid DNA into
cultured cells and measured the repair capacity of the cells or repair
mechanisms. The major drawback of this system is that the plasmids
are treated with DNA damaging agents, which generate a mixture
of multiple different types of lesions throughout the plasmid and
hinder precise repair mechanism studies for a specific DNA damage
type. Recently, a Flow-cytoMetric Host Cell Reactivation
(FM-HCR) assay is developed with site-specific single damage-
containing plasmids to overcome these challenges [25-28]. How-
ever, FM-HCR has a limitation of simultaneous analysis of SN- and
LP-BER mechanisms in live cells. Moreover, it requires specialized
equipment to perform this analysis. To alleviate these difficulties,
we have recently developed a single lesion- and BER sub-pathway-
specific PLaque-based HCR (PL-HCR) assay to study BER
mechanisms in live cells [14, 29, 30]. Notably, the PL-HCR assay
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does not require any specialized equipment and computer pro-
gram /software to perform the assay and analyze data, respectively.
Researchers should be able to carry out this assay in laboratories
equipped with basic molecular biology and basic cell culture
capabilities.

This chapter describes an assay system (PL-HCR) for measur-
ing base excision repair mechanisms in live mammalian cells using
plasmid-based representative BER DNA substrates. After transfec-
tion of a plasmid (M13mp18) containing a single 1, N°-ethenoa-
denine (eA) within a restriction site into human cells, restriction
digestions detect the presence or absence (complete repair) of the
adduct by the transformation of the digestion products into E. cols
and counting the transformants. Completely repaired DNA is lin-
earized by restriction digestion and does not form plaques, while
unrepaired DNA or products of incomplete BER are resistant to
digestion, remain circular, and form plaques. To monitor the patch
size, different plasmids are generated containing C:A mismatches
within different restriction sites (inhibiting digestion) at various
distances and on both sides (5’ or 3') of the eA-containing restric-
tion sites (representative oligonucleotide sequences used to gener-
ate various plasmids shown in Fig. 2b). Similar to eA, other
modified bases along with C:A mismatch can be tested for BER
mechanisms simply by incorporating them at appropriate restric-
tion sites [14]. Thus, combinations of appropriate restriction
enzymes are used for the assay. One enzyme was utilized to probe
for repair at the damage site, and another enzyme was utilized to
probe for patch formation. Using this assay, the percentage of repair
events that occur via 5’ and 3’ patch formation can be quantified. A
schematic of the procedure is shown (Fig. 2a).

eA/8-0x0G/5-OHU (Pstl/EcoRl site) — " -
Mismatch (Sall/Sacl site) Position of Position of | Orientation
5N A Description of the construct mismatch to adduct
5/-CTGC GGCCGAC. ..CCCGGGTACCGAGCCCG ATTC-3’ adduct
37 -GACGTCCAGCTG. . . GGGCCCATGGCTCGAGCTTAAG-5"
Pstl  sall Sacl EcoRI eA (+1 Pstl)
5-GCATGCCTGC(eA)GGTCGACTCTAG-3 Pstl N/A N/A
M eA/8-oxoG/5-OHU eA (+1 Pstl), M (+4 Sall) Pt Sal 3 (+4)
3 5-GCATGCCTGC(eA)GGCCGACTCTAG-3'
eA (+1 EcoRlI)
Transfect f—m—— 5-CCGAGCTCG(eA)ATTCGTAATC-3' EcoRI N/A N/A
—_— Ny
Mammalian Cells eA (+1 EcoRl), M (-4 Sacl) EcoRl Sacl 5 (4)
l 5-CCGAGCCCG(eA)ATTCGTAATC-3
'%"b M13mp18 Harvest
e Plaque plasmid &
assay Restriction
Enzyme
digestion

Fig. 2 (a) Experimental strategy of PL-HCR for BER sub-pathway analysis. (Modified from Fig. 1a of the article
by Woodrick et al. [14]) and (b) representative oligonucleotide sequences for construct preparation
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2 Materials

2.1 Construction of
DNA Carrying a Single
Lesion (Undamaged
Base/eA/8-0x0G/5-
OHU)

2.2 In-Cell Repair
and Patch Formation
Assay

® N o W

. ATP solutions: 100 mM ATP stock solution is prepared from

solid ATP or bought as a pre-made solution. Prepare 1 mM
ATP fresh each time from 100 mM ATP solution. Store
100 mM ATP stock solution at —20 °C in aliquots.

. MicroSpin G-25 columns (Millipore Sigma).
. 10x annealing buffer (10x AB): 100 mM Tris—HCI (pH 7.5),

500 mM NaCl, distilled water (sterile, Molecular Biology
Grade). There is no need to prepare it fresh each time. It can
be stored in aliquots at —20 °C.

. M13mp18 ssDNA: 500 ng/pL M13mp18 ssDNA is commer-

cially available (Bayou Biolabs, Metairie, LA).

. T7 DNA polymerase (NEB).

T4 DNA ligase (NEB).

. dANTPs (Thermo Fisher).
. Supercoil-It (Bayou Biolabs).

Dulbecco’s Modified Eagle Medium (DMEM) [+] 4.5 g/L
D-glucose [+] L-glutamine [—] sodium pyruvate (Gibco).
Fetal bovine serum (FBS; Gibco).

1X Dulbecco’s phosphate-buffered saline (DPBS) [—] CaCl,
[—] MgCl, (Gibco).

. 1x Opti-MEM (reduced serum medium) [+] L-glutamine [+]

HEPES [—] phenol red (Gibco).

Penicillin—streptomycin solution (100%; Corning).

6. 1x 0.25% trypsin, 2.21 mM EDTA [—] sodium bicarbonate

(Corning).

7. Lipofectamine 2000 (Thermo Fisher).

12.
13.

. QIAprep Spin Miniprep kit (Qiagen).

. EcoRI-HEF, SacI-HF, PstI-HF, and Sall-HF (NEB).
10.
11.

Enzyme Diluent A and C (NEB).

Electrocompetent XL.1 Blue-MRF’ and chemically competent
XL1 Blue-MRF’ cells (Thermo Fisher).

Cuvette 0.2 cm (BioRad).
Electroporator (MicroPulser, BioRad).
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14.

15.

16.

17.

18.

19.
20.
21.

22.

Super optimal broth with catabolite repression (SOC)
medium: First prepare super optimal broth (SOB) medium
by dissolving thoroughly 20 g tryptone, 5 g yeast extract, and
0.5 g NaClin 950 mL distilled water. Add 10 mL 250 mM KCl
to this solution. Adjust the pH of the medium to 7.0 with 5 N
NaOH (~0.2 mL) and autoclave. Cool the medium down to
60 °C or less. Add 5 mL sterile 2 M MgCl, and 20 mL sterile
1 M glucose.

5 mg/mL tetracycline solution: Add 250 mg tetracycline
(stored in —20 °C freezer) to 50 mL ethanol. Vortex as much
as possible—some of the solid will go into solution but most of
it will dissolve as it sits in the —20 °C (see Note 1).

LB—tetracycline plates: Mix 20 g LB broth and 20 g agar
thoroughly in 1 L distilled water in a 2-L flask and autoclave.
After autoclaving, let the solution cool at RT for about 20 min.
Meanwhile, get the plates ready for pouring. Add 10 mL of
tetracycline solution (5 mg/mL) to the 1 L of LB agar (final
concentration 50 pg/mL) and swirl. Bring the required vol-
ume of tetracycline solution to room temperature before add-
ing to the LB agar solution if it was stored in a —20 °C freezer.
Using a 50 mL conical tube, pour LB-Tet agar into the tube
and distribute it to 3—4 plates. Keep repeating this until the
contents of the flask are finished. One should be able to get
about 70-80 plates from 1 L of LB agar.

Top agar: Prepare top agar by mixing 5 g LB and 2 g agar
thoroughly in 250 mL distilled water in a 500 mL flask and
autoclave. After cooling either distribute 3 mL into multiple
15 mL conical tubes for the plaque assay or store the solution
at 4 °C. Place 3 mL aliquots in a 50 °C water bath =2-3 h
before plating (see Note 2).

Plating cells: Add 1 pL frozen stock of chemically competent
XL1 Blue-MRF’ cells in 5 mL LB—tetracycline liquid media
(50 pg/mL tetracycline). Culture in 15 mL round-bottom
culture tubes at 37 °C, shaking for 16-18 h. Afterward, the
cells can be stored at 4 °C for up to a week.

Cool water bath (MultiTemp III, Amersham Biosciences).

A 37 °C shaker incubator.

A 45 °C water bath near the microbiology workspace and a
37 °C standing incubator for the plates on the day of plating.

Tabletop centrifuge (Allegra™ 6R centrifuge, Beckman Coul-
ter, and Eppendorf Centrifuge 5415R).
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3 Methods

3.1 Construction of
Govalently Closed
Gircular DNA Carrying
a Single Lesion
(Undamaged Base/eA/
8-0x0G/5-0HU; See
Note 3)

3.1.1  Phosphorylation of
the Adduct-Containing
Oligonucleotides

3.1.2  Separation of
Phosphorylated
Oligonucleotides from Free
ATP Using MicroSpin G-25
Columns (See Notes 5-6)

3.1.3 Annealing
Phosphoarylated Oligo to
SSDNA Template

The undamaged base/eA/8-0x0G/5-OHU-M13mpl8 in vitro
construct  preparation  included  three  main  steps:
(A) phosphorylation of the adduct-containing primer oligonucleo-
tide, (B) annealing of the oligonucleotide to the ssDNA, and
(C) the primer extension reaction. Each of these steps is described
below in detail.

Day 1

1. Prepare phosphorylation reactions. For each phosphorylation
reaction, add 3 pL. 10X PNK buffer, three 3 pL 0.5 M DTT,
13 p. 1 mM ATP, 2 pL oligo (1 pg/pl; for most oligos
~150-160 pM), 1 pL. T4 PNK (10 U/pL), and 8 pL distilled
water (sterile, Molecular Biology Grade) in a 1.5 mL
microcentrifuge tube.

2. Incubate at 37 °C for 45 min. One reaction will yield =36 pL of
phosphorylated oligo after purification, and this can be used for
six reactions for dsDNA prep. One may expect a yield of a total
of =15 pg M13mp1l8 plasmid DNA at the end (see Note 4).

1. Vortex column and ensure homogenous mixing of the gel
matrix. Make sure the majority of the resin is in the tube.
Sometimes a relatively good amount of resin is stuck in the
inside of the cap at the top of the column.

2. Break off bottom cap and loosen top screw cap.

3. Place column in collection tube (provided) and centrifuge for
1 min at 735 x 4 (2800 rpm). Discard flow-through and
collection tube (see Note 7).

4. Place column in clean 1.5 mL tube. This will be the final tube,
so label accordingly.

5. Apply 30 pL phosphorylation reaction from step 2 to the
center of the resin. Be careful not to disturb the resin with
the pipette tip.

6. Centrifuge for 2 min at 735 x g4 (2800 rpm). Flow-through
contains the purified phosphorylated oligo. The volume will be
~36 pL; it might be 34 pL, and if it is, add 2 pL water to bring
the volume to 36 pL. Discard the column.

1. Prepare annealing reactions (se¢e Note 8). Assemble each
annealing reaction in a 1.5 mL microcentrifuge tube by adding
2 pL 10% annealing buffer (AB), 2 pL. 500 ng/pL. M13mpl8
ssDNA (856 fmol), 6 pL. = 10 pM phosphorylated oligo
(=60 pmol), and 10 pL distilled water (sterile, Molecular Biol-
ogy Grade).
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3.1.4 Extension (See
Note 10)

3.1.5 Ligation

3.1.6  Supercoil-It

3.1.7  Purification

2. Incubate at 80 °C for 5 min.
. Incubate at 25 °C for 1 h.

4. Incubate on ice for 30 min (see Note 9).

w

1. Prepare 5% extension buffer (5% EB) on ice (see Note 11). Add
50 pL 10x T7 DNA polymerase buffer, 10 pL. 0.5 M DTT,
7.5 pL 0.1 M ATP, 7.5 pL of each 0.1 M dNTPs, and 2.5 pL.
BSA (10 mg/mL) in a 1.5 mL microcentrifuge tube.

2. Prepare the extension reaction mix on ice (see Note 12). Add
6 pL 5% EB, 1 pLL. T7 DNA polymerase (10 U/pL), 1 pL T4
DNA ligase (400 U/pL), and 2 pL distilled water (sterile,
Molecular Biology Grade) in a 1.5 mL microcentrifuge tube.

3. Add 10 pL of the extension reaction mix to each annealing
reaction (20 pL) on ice, pipetting up and down to mix. Keep
the tube on the ice while mixing.

4. Incubate on ice for 5 min.
. Incubate at 25 °C for 5 min (see Note 13).
6. Incubate at 37 °C for 1 h.

o

1. Prepare DNA ligase/ATP mix. For 1 pL mix combine
0.5 pL. T4 DNA ligase (400 U/pL) with 0.5 pL of 0.1 M
ATP. Add 1 pL of mix to each tube. Mix well (flicking the
tubes) and spin down (see Note 14).

2. Incubate at 14 °C overnight (se¢ Note 15).

Day 2

1. Combine all overnight ligation reactions into one tube.

2. For every 30 pL reaction, add 1.6 pL of 20% Supercoil-It bufter
(Bayou Biolabs) to the combined tube and mix well. For exam-
ple, 12 reactions will result in =360 pL in the combined tube.
Add (12 x 1.6 pL), which is =19 pL of the 20x buffer to that
360 pL tube, bringing the volume to =380 pL and the con-
centration of the buffer to 1x.

3. For every 30 pL reaction, add 0.26 pL of Supercoil-It enzyme
(Bayou Biolabs) to the combined tube and mix well. Again, for
12 reactions, add (12 x 0.26 pL), which is =3 pL of the enzyme
to the combined tube.

4. Incubate at 37 °C for 3 h.

For purification of the plasmid, use the Qiagen PCR Purification
Kit. Process three reactions-worth of a mix per column to maximize
the column’s binding capacity and not lose too much DNA. Let us
take 12 reactions as an example.



3.2 In-Cell Repair
and Patch Formation
Assay

3.2.1 Transfection of
Mammalian Cells with the
Lesion-Containing
Plasmids
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1. Aliquot the =380 pL Supercoil-It reaction mix into four tubes
of =95 pL each.

2. Add 475 pL of buffer PB (from the kit) to each tube and

mix well.

3. Apply the total 570 pL volume to the supplied purification
column after doing the empty (dry) spin to remove the residual
ethanol from the wash step and proceed with Qiagen’s
instructions.

4. Elute the DNA with 50 pL of Molecular Biology Grade water.

5. Combine all four 50 pL elutions into one tube (total volume of
200 pL) and measure the concentration using the Nanodrop
spectrophotometer (see Note 16).

The measurement of in-cell repair capacity for SN- and LP-BER
mechanisms using the plasmid constructs carrying specific lesions
(described above) included three main steps: (A) transfection of
mammalian  cells with the lesion-containing plasmids,
(B) harvesting plasmid DNA from the mammalian cells and restric-
tion enzyme digestion, and (C) transformation of the digested
DNA into E. coli for plaque assay. Each of these steps is described
below in detail.

Day 1-2

1. Typically, 1-1.2 x 10° HCT 116, HeLa, or mouse embryonic
fibroblast cells in 1 mL complete media (see Note 17) are
seeded per well in a 6-well plate overnight at 37 °C.

2. The next day, cells are 70-80% confluent with the monolayer.
Wash cells two times with 1XDPBS

3. Add 500 pL Opti-MEM and incubate for 30 min at 37 °C in
the cell culture incubator.

4. Prepare transfection reagents. Add 137.5 pL Opti-MEM and
3 pL Lipofectamine 2000 in a 1.5 mL microcentrifuge tube for
preparation of Lipo-Mix (140.5 pL) for one well of a 6-well
plate. Add 137.5 pLL Opti-MEM and 4-20 pl. undamaged/

damaged plasmid DNA (1.0 ug) in a separate 1.5 mL micro-
centrifuge tube for preparation of DNA mix (141.5-157.5 pL)
for one well of a 6-well plate.

5. Incubate both tubes at room temperature for 5 min.

6. Combine Lipo-mix and DNA mix at a 1:1 ratio: Lipo-mix
140 pL. and DNA-mix 140 pL (280 pL total volume).

7. Incubate at room temperature for 20 min.

8. Add 250 pL combined transfection mix to cells in 500 pLL Opti-
MEM (750 pL total volume).

9. Incubate for 34 h at 37 °C in the CO, incubator.
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10.

Add 1.5 mL DMEM supplemented with 15% FBS (final FBS
concentration =10%) and 1% penicillin/streptomycin and
incubate for 21-22 h.

Day 3

3.2.2 Harvesting Plasmid 1.

DNA from Mammalian Cells

ARl

10.

3.2.3 Restriction Enzyme 1.

Digestions

Aspirate media off the wells and add 1 mL DMEM supplemen-
ted with 10% FBS and 1% penicillin /streptomycin and incubate
for another 3 h.

Aspirate media and wash cells with 1X DPBS.
Add 300 pL trypsin/EDTA to the 6-well plate.
Incubate at 37 °C for 3 min, or until the cells are detached.

Add 700 pL 10% FBS and 1% penicillin/streptomycin supple-
mented with DMEM. Pipette up and down to collect all the
cells into a microcentrifuge tube.

. Centrifuge the cells in a tabletop centrifuge (Allegra™ 6R

centrifuge, Beckman Coulter) at 1600 rpm for 5 min (or Ep-
pendorf Centrifuge 5415R for 3 min at 1200 rpm) at 4 °C.

Remove media; resuspend the pellet with 500 pl. 1x DPBS.
Centrifuge the cells as in step 6.
Remove DPBS (see Note 18).

Isolate the DNA from the pelleted cells, following the Qiagen
protocol for Miniprep of plasmid DNA from bacteria. We use
Qiagen’s QIAprep Spin Miniprep kit (see Note 19). In the final
step, elute the DNA from the spin column with 50 pL. Molec-
ular Biology Grade distilled water.

Prepare master mixes for the number of samples. For each
harvested sample there will be five reactions—undigested,
EcoRlI, Sacl, Pstl, and Sall digested. For each undigested
sample, mix 2 pL. 10x rCutSmart™ buffer and 10 pL distilled
water (sterile, Molecular Biology Grade). For each of EcoRI-
HE, Sacl-HF, PstI-HF, and Sall-HF digested samples, mix
2 pL 10x rCutSmart™ buffer, 1 pL enzyme (5 U/pL) and
9 pL distilled water (sterile, Molecular Biology Grade). Dilute
EcoRI-HF and PstI-HF with Diluent C and SacI-HF and Sall-
HEF with Diluent A to working concentrations just before use.
Transfer 12 pL of the appropriate mix from the master mix to
tubes containing 8 pL. miniprep DNA prepared in Subheading
3.2.2. Therefore, for each harvested sample, there are now five
tubes. For example, eA 24 h X (undigested), eA 24 h
E (EcoRI), eA 24 h S (Sacl), eA 24 h P (Pstl), and eA 24 h
Sal (Sall).



3.2.4 Transformation

Transformation Using
Electrocompetent Cells

Transformation Using
Chemically Competent
Cells (Alternative to
electroporation)
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. Incubate at 37 °C for 2 h. Cool to room temperature for

10 min (see Note 20).

. Dilute each undigested/digested DNA sample 8% (e.g., mix

5 pL undigested /digested DNA with 35 pL water)

. Place aliquots of XL1 Blue cells (~1 x 10° cfu/pg), electropo-

ration cuvettes (0.2 ¢cm), and diluted digested DNA on ice.
One 40 pL aliquot of XL.1 Blue cells is needed per digested
sample. The frozen XL1 Blue aliquots take approximately
10-12 min on ice to thaw. Also, label 15 mL round-bottom
culture tubes according to the appropriate sample names.

. Label the tops of the XL.1 Blue aliquots with the appropriate

names for each sample.

. Add 2 pL of diluted undigested or digested DNA to the 40 pL

aliquot of XL.1 blue cells (see Note 21).

. Transfer the mixture of DNA and XL.1 Blue cells to a 0.2-cm

cuvette (BioRad) and tap on the bench to bring the contents
down to the bottom of the cuvette. Tap harder if bubbles are
seen—this will usually get rid of them. Wipe the outside with a
Kimwipe to dry it.

. Place the cuvette in the electroporator chamber and slide the

chamber into electrodes.

. Switch the electroporator to setting Ec2 and the measurement

units to “ms” (milliseconds).

7. Press “Pulse.”

. After the number of ms appears, the pulsing is complete.

Immediately remove the cuvette and add 1 mL SOC (brought
down to room temperature if the SOC stock was stored at
4 °C), pipetting up and down 4-5 times to mix thoroughly
(see Note 22).

. Place aliquots of XL1 Blue cells (~1 x 10® cfu/pug) and diluted

digested DNA on ice. One 40 pL aliquot of XL.1 Blue cells per
digested sample. The frozen XL1 Blue aliquots take approxi-
mately 10-12 min on ice to thaw. Also, label 15 mL round-
bottom culture tubes according to the appropriate sample
names.

. Label the tops of the XL1 Blue aliquots with the appropriate

names for each sample.

. Add 2 pL of diluted undigested or digested DNA to the 40 pL

aliquot of XLL1 blue cells, and tap the tubes gently for a few
seconds (see Note 21).
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3.2.5 Plating (See
Notes 23-24)

3.2.6 Counting and
Calculations

N O\ ot

10.

. Keep the tubes on ice for 30 min.
. Heat shock at 42 °C for 90 s.
. Return the tubes on ice.

. Add 450 pL. SOC (brought down to room temperature if the

SOC stock was stored at 4 °C), and pipette up and down 4-5
times to mix thoroughly (see Note 22).

. Bring two 200 pL pipettes and 200 pL tips to the microbiology

workspace.

. Warm up the LB-tetracycline plates. Label LB—tetracycline

plates with sample names. Warm up and keep the plates at
37 °C to prevent premature solidification of top agar, which
will be added later in step 7.

. Bring the first set (X, E, S, P, and Sal) of plates in front.
. Mix the plating cells by gently shaking and pipette 200 pL

plating cells. Set the pipette down on the bench.

. Pipette 50 pL (or the desired amount; se¢ Note 25) of trans-

formed cell sample “X” and transfer to 3 mL of warmed top
agar (in the 50 °C water bath). Pipette up and down a couple of
times.

. Quickly add the 200 pL plating cells (kept at room tempera-

ture) to the mixture and pipette up and down a couple of times.

. Immediately pour the mixture on the appropriate plate and

swirl gently (but quickly) until agar is smooth. Leave the top
half on while completing the same steps 4—6 on the other four
plates for the sample set (E, S, P, and Sal).

. Move all five plates (with tops half off) over to the side. When

the next set is complete, put the tops back on fully and stack
gently to the side to make room for the next set to dry.

. Bring the next set (X, E, S, P, and Sal) of plates in front and

repeat steps 4-7.

After all the plates have been completed, wait about 10 min
before putting the plates upside down in the 37 °C standing
incubator.

After about 12-20 h, take the plates out of the standing incubator
and count the plaques.

Calculate the percent repair as follows:
% repair at EcoRlI site (total repair) = [(#X — #E)/ #X]*100;

% repair at Sacl site (5’ patch formation) = [(#X — #S)/ #X]*100;
% repair at Pstl site (total repair) = [(#X — #P)/ #X]*100;
% repair at Sall site (3’ patch formation) = [(#X — #Sal)/ #X]*100
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4 Notes

10.

11.

. Prepare a day before its use since it does not go into solution
casily.

. Top agar can be stored and reheated to liquid in the microwave.
Heat 1 min at a time, swirling in between. Only heat as much as
is necessary for the agar to be liquid.

. The protocol can be stopped after the following steps:

Step B: store phosphorylated oligo at —20 °C for at least a few
weeks.

Step C: store annealed oligo and template buried in ice at 4 °C
overnight.

. Usually, prepare two phosphorylation reactions for a given
oligo. Prepare a master mix containing the following compo-
nents, except the oligo. Distribute the master mix evenly
amongst the appropriate number of tubes and add the appro-
priate oligo to each tube.

. RPM values written in the protocol are specific to the Eppen-

dorf 5415R microcentrifuge. If one changes centrifuges, check
the conversion of “g” to “rpm” for that centrifuge.

. While performing the purification, adjust the heat block to

80 °C or turn on the dedicated 80 °C heat block if planning
to anneal on the same day to avoid a fire hazard.

. Use column immediately after preparing it. Do not let the

resin dry.

. Prepare reaction mix according to the number of reactions

desired for the preparation, and then distribute 20 pL
(or =#19.9 pL) into the appropriate number of tubes. Generally
speaking, yields of the covalently closed circular DNA carrying
a single lesion will be as follows: 3 reactions = 7.5 pg,
6 reactions = 15 pg.

. During this final 30-min incubation on ice, thaw dNTPs, BSA,

10x T7 DNA polymerase buffer to get ready for the extension
step. DTT and ATP will still be out and thawed (but on ice)
from the beginning of the step (Subheading 3.1.1).

The extension step is very sensitive because of the exonuclease
activity of T7 DNA polymerase. If not followed exactly, one
may lose the desired adduct during this step, so take extra
caution. Prepare absolutely everything on ice.

The given recipe will yield 100 pL of 5x EB, which is enough
for 16 extension reactions. If more than 16 annealing reactions
are prepared, double the volumes for each component of the
5x EB.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Prepare an extension reaction mix for each construct type. For
example, if one is making 12 reactions of ¢A and 6 reactions of
80ox0dG@G, then one would prepare an extension reaction mix for
¢A (enough for 12) and an extension reaction mix for 8oxodG
(enough for 6). Components of the mix will be the same, but
one needs to pipette up and down to mix thoroughly after
adding the extension reaction mix to each tube. Preparing
separate mixes allows one to keep the same pipette tip.

Use a cool water bath (MultiTemp III, Amersham Biosciences)
for this step. Do not just assume that the room is 25 °C.

Since the volume is low and the solution is viscous, prepare
about 25% more than the need. For example, prepare the
ligation mix for about 15 reactions, if the ligation mix needs
to be added to 12 extension reactions.

Use a cool water bath (MultiTemp 111, Amersham Biosciences)
for this step.

Ideally, it one has a good yield and has maximized the column’s
binding capacity, one should get approximately 150-200 ng/p
L. The A260,/A280 ratio should be between 1.8 and 2.1.

HCTI116, Hela, and MEF cells were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin.

At this point, one can either proceed with harvesting the DNA
or store the pellet at —20 °C and harvest plasmid DNA later.

It is shown that both non-replicated and replicated plasmid
DNA can be isolated from mammalian cells using the fast and
convenient QiAprep Spin Miniprep kit and the conventional
time-consuming and labor-intensive Hirt method with compa-
rable efficiency [31, 32].

During the 10-min cooldown, get out the desired number of
aliquots of electrocompetent or chemically competent XL.1
Blue cells on ice to thaw. Also, get the SOC media to come
to room temperature.

Follow this order—X, E, S, P, and Sal. After adding 2 pL of the
Sal digestion to a set, proceed with electroporating each
one, X, E; S, P, and Sal, in the order in which the DNA was
added. Therefore, each set is done at the same time.

After this step, proceed to the next step, plating. Or the tubes
can be kept at 4 °C for later use (up to a week.)

Approximately 15 min before plating, get one tube of plating
cells (after culturing can be stored at 4 °C for up to a week) and
the desired number of LB-Tet plates from the 4 °C. The
plating cells should come to room temperature. The LB-Tet
plates should be placed in the 37 °C standing incubator with
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the tops open and facing up. During 15 min, the water that
accumulated on the tops should evaporate.

If the transformed cells have been stored at 4 °C, bring those
out to come to room temperature as well.

For plating an experiment for the first time, one needs to do a
few of the undigested samples (‘X”) at various dilutions of the
transformed cells (1:100-50 pL, 1:10-50 pL, straight-50 pL,
straight-200 pL, etc.) first to figure out the general amount
one will need to plate for the rest of the samples, which is done
the next day after counting the plaque number from the dilu-
tion test. The dilution test helps to get well-separated plaques
for the ease of accurate counting.
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In Vitro Assay to Measure APE1 Enzymatic Activity
on Ribose Monophosphate Abasic Site

Matilde Clarissa Malfatti ®, Giulia Antoniali ®, and Gianluca Tell

Abstract

APE1 (apurinic/apyrimidinic endodeoxyribonuclease 1) is a central enzyme of the base excision repair
(BER) pathway playing a pivotal role in protecting mammalian cells against genotoxins and in safeguarding
genome stability. Recently, we demonstrated the APE] ability to process abasic ribonucleotides embedded
in DNA. Here, we provide a pipeline of protocols to quantify endodeoxyribonuclease activity by APE1 on
these substrates, by using recombinant protein and whole-cell extracts. The repair capacity is measured by
using fluorescent oligonucleotide substrates, which are then separated by polyacrylamide gel electrophore-
sis and detected by imaging scanning. The specificity of APE1 action is demonstrated using specific APE1
enzymatic inhibitors.

Key words Apurinic/apyrimidinic endodeoxyribonuclease 1, Base excision repair, Enzymatic activity,
Inhibitor III, Ribose monophosphate abasic site, RNA

1 Introduction

Base excision repair (BER) is a major repair pathway, which corrects
a broad range of non-distorting DNA lesions induced by reactive
oxygen species and alkylating agents, generated by endogenous and
physiological sources, or by environmental genotoxins like oxida-
tive reagents, ionizing radiations, and several chemotherapy agents.
Its correct functioning is crucial for genome stability and cell via-
bility and defects associated to BER pathway have been linked to
the development of hereditary diseases, age-related degenerative
diseases, and human cancers. Studying BER is therefore important
for our understanding of how cells may respond to DNA damage
and for the development of drugs disrupting the repair mechanism
in tumor cells to design novel anticancer strategies based on com-
bination therapy [1].

BER is a multistep process, consisting of two sub-pathways and
the orchestration of the different activities of several enzymes with
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partially redundant functions. Briefly, the BER pathway is initiated
by a specific DNA glycosylase, which recognizes and removes the
modified base cleaving the N-glycosidic bond and creating an
abasic site (AP). The resulting AP site is then processed by an AP
endonuclease that cleaves hydrolytically the phosphodiester bond
on the 3’ side of the AP site. The apurinic/apyrimidinic endodeox-
yribonuclease 1 (APE1) is the major mammalian enzyme able to
excise, at the 5’ position, the generated abasic deoxyribose phos-
phate leaving a single-strand break, which bears a free hydroxyl
(OH) group at the 3’ end and a deoxyribose phosphate (dRP) at
the 5’ end. This gap is then filled by different DNA polymerases and
the nick is sealed by DNA ligases [1, 2].

During the last years, APE]1 has gained great attention as a
potential target for chemotherapeutic agents for several types of
cancers, and as a consequence, several specific inhibitors (i.e.,
Inhibitor III [3, 4]) have been developed. Novel unpredicted per-
spectives in translational medicine are emerging for this protein,
which has been endowed with several non-canonical roles besides
DNA repair function, particularly in gene expression regulation and
RNA metabolism. Recently, we clarified some aspects concerning
APE] activity on RNA, by discovering that APE1 binds structured
RNA molecules, cleaves abasic single-stranded RNA (ssRNA) and
ribose monophosphate abasic sites embedded in DNA [5], and is
involved in RNA-decay having 3’-RNA phosphatase and 3’-exori-
bonuclease activities [ 6, 7]. Ribonucleotides embedded in DNA are
very frequent, counting of 1 rNMP every 700 dANMPs [8]. The
amount of RNA abasic sites in yeast and human cells has been
quantified and counted of 3 rAP sites per 1,000,000 ribonucleo-
tides [9]. Although ribose-seq and other techniques have allowed
to detect the position and quantify the number of ribonucleotides
embedded in genomic DNA [10], it is not still possible to estimate
the amount of ribose monophosphate abasic sites embedded in
DNA. Up to now, in vitro data obtained from our laboratory
have demonstrated that RNase H2 is not able to cleave and pro-
mote the repair of ribose monophosphate abasic site embedded in
DNA [5]. On the contrary, APE1 is active on this type of damage
promoting its repair by BER [5]. In this chapter, we described the
technique and basic methods used for (i) measuring the APEl
endodeoxyribonuclease activity on ribose monophosphate abasic
site-containing DNA molecules; (ii) preparation of recombinant
APEI protein; (iii) preparation of whole-cell extracts, for in vitro
APE1 endodeoxyribonuclease cleavage assay; and (iv) resolving
cleaved products by denaturing urea gel (Fig. 1). After incubation
with APE1-purified enzyme or cellular extracts, the products of the
reaction are separated onto a denaturing polyacrylamide gel, and
based on the migration of the cleaved product(s) and their densito-
metric quantification, APE] activity can be measured accurately
(Fig. 1). Furthermore, potential APE] small molecule inhibitors
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Fig. 1 Schematic representation of each step of endodeoxyribonuclease APE1 assay on abasic monopho-
sphate ribose site embedded in DNA. First, APE1 enzymatic activity is performed previa incubation of rAPE1 or
APE1 from whole-cell extracts with a 5’-end fluorescent-labelled double-stranded DNA oligonucleotide
containing a ribose monophosphate abasic site. Upon APE1 cleavage, the pool containing unprocessed
(S) and processed (P) oligonucleotides is resolved onto a urea-denaturing gel. Finally, after gel acquisition,
the percentage of APE1 cleavage activity is calculated, as indicated in the main text. To test APE1 cleavage
specificity, APE1 inhibitors can be used including myricetin, Inhibitor Ill, and methoxyamine whose chemical
structure and inhibiting function is indicated

can be simultaneously tested either with purified protein or with
cellular extracts. Among the most studied APE1 bioactive inhibi-
tors for their potential to enhance cytotoxicity and genotoxicity of
alkylating agents, we highlight Inhibitor III [3, 4], myricetin [12],
and methoxyamine [12], being the most specific ones (Fig. 1). In
this chapter, as an example, we used Inhibitor III. While for Inhibi-
tor III and myricetin, a direct inhibitory effect over the protein
catalytic activity was demonstrated, methoxyamine covalently binds
to AP sites, thus indirectly blocking the BER process.

Over time, several methods have been described to monitor
APE] enzymatic activity on deoxyribose abasic sites located in
synthetic DNA substrates. Moreover, previous protocols were car-
ried out using radioisotopes for the detection of cleavage products
[11]. Here, we adopted a specific protocol for the usage of a 5'-
-end-fluorescent-labelled duplex DNA 25-bp oligonucleotide con-
taining a single ribose monophosphate abasic site embedded in
DNA at position 13. Alternatively, the methods can be adapted to
study other APE1 substrates with modified ribose monophosphate
nucleotides within both DNA or RNA molecules.
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The technique can be easily applied to both any kind of cell

extracts and highly purified enzymes and the introduction of a
fluorescent-labelled substrate gets this assay even more sensitive
and reproducible than radioactive substrates.

2 Materials

2.1 Purification of
Recombinant APE1
Protein (rAPE1)

All solutions should be prepared using ultrapure water and molec-
ular biology-grade reagents.

1.

» N

N oo ook

®

E. coli BL21 (DE3) cells transformed with pGEX-3X/APE1
vector.

LB broth media supplemented with 50 pg/mL ampicillin.

1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) dis-
solved in water.

. Protease inhibitor cocktail for bacterial cell lysates.
. Factor X,.

GSTrap HP (GST affinity chromatography) column.

HiTrap Benzamidine FF (HS) (serine protease atfinity chroma-
tography) column.

HiTrap SP FF (cation exchange chromatography) column.

9. 1x PBS: 8 g NaCl, 0.2 g KCI, 1.44 g Na,HPOy, and 0.24 g

10.
11.
12.

13.

14.

15.

16.

17.
18.
19.
20.
21.

KH,POy. Bring volume to 1 L with sterilized and deionized
water and adjust the pH to 7.4.

GSTrap binding buffer: 1x PBS and 1 mM DTT (see Note 1).
GSTrap elution buffer: 1x PBS and 10 mM GSH (see Note 2).

HiTrap Benzamidine binding buffer: 20 mM Na,HPO,
pH 7.5, 150 mM NaCl.

HiTrap Benzamidine high-salt buffer: 20 mM Na,HPO,4
pH 7.5, 1 M NaCl

HiTrap Benzamidine low pH elution bufter: 0.05 M glycine
pH 3.0.

HiTrap binding buffer: 20 mM Na,HPO,4 pH 8.0, 100 mM
NaCl, 1 mM EDTA, 1 mM DTT, 10% v/v glycerol.

HiTrap elution buffer: 20 mM Na,HPO,4 pH 8.0, 1 M NaCl,
1 mM EDTA, 1 mM DTT, 10% v/v glycerol.

Sterile disposable.
Microbial incubator.
Sonicator.

Shaker incubator.

Spectrophotometer.



2.2 Whole-Cell
Extract (WCE)
Preparation

2.2.1 Cell Growth

2.2.2 WCE Protein
Extraction

2.3 SDS-PAGE
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Fast protein liquid chromatography (FPLC) (AKTA™ purifier
or equivalent).

Ultracentrifuge capable of achieving speeds of up to
20,000 x g.

. HeLa cells (sec Note 3).

2. Tissue-culture treated petri dish (100 mm diameter).

. Growth media: 1x DMEM high-glucose supplemented with

10% v/v fetal bovine serum, 2 mM /-glutamine and 100 pM
penicillin/streptomycin.

4. 1x PBS.

. 0.05% w/v trypsin supplemented with 0.02% w/v EDTA

pH 8.0.

. Sterile disposable.
. Centrifuge.

. WCE lysis buffer: 50 mM Tris—HCI pH 7.5, 150 mM NaCl,

1 mM EDTA pH 8.0, 1% v/v Triton X-100 supplemented with
protease inhibitors including protease inhibitor cocktail, 1 mM
sodium fluoride, 1 mM sodium orthovanadate, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), 1 mM DTT (see Note 4).

. Centrifuge capable of achieving speeds of up to 20,000 x 4.

. Gel casting apparatus inclusive of glass plates, spacers, and a

10-wells comb and the tank for the gel-running apparatus.

. For the 10% resolving section of the gel: 40% w /v acrylamide /

bis acrylamide 37.5:1, 1.5 M Tris-HCI pH 8.8, 10% w /v SDS,
10% w/v APS, and TEMED (see Note 5).

. For the 4% stacking section of the gel: 40% w /v acrylamide /bis

acrylamide 37.5:1, 0.5 M Tris—-HCI pH 6.8, 10% w/v SDS,
10% w/v APS, and TEMED.

. 10x SDS-PAGE running bufter for protein gel: 30.2 g Trizma,

144 g glycine, 5 g SDS, H,O to 1 L. Thoroughly mix.

. Blue Coomassie staining solution: 0.5 g Coomassie Brilliant

Blue, 50 mL acetic acid, 500 mL methanol, H,O to 1 L.
Thoroughly mix.

. Destaining solution: 250 mL methanol, 70 mL acetic acid,

H,O to 1 L. Thoroughly mix.

. 4x SDS protein loading buffer dye: 0.8 g SDS, 4.6 mL glycerol,

24 mL 05 M TrissHCl pH 6.8, 1.4 mL beta-
mercaptoethanol, 0.1% w/v bromophenol blue, H,O to
10 mL.

. ddH,0.
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2.4 Oligonucleotide
Substrate Preparation

2.5 APE1 Endodeox-
yribonuclease
Cleavage Reaction

2.6 Casting and
Running of Denaturing
Urea Gel for
Determining rAP
Cleavage

9.
10.
11.
12.
13.

Heat block.

100% v /v ethanol.
3 MM paper.
Isobutanol.

Gel tray.

. Custom-made labeled oligonucleotide stock resuspended at

100 pM in sterilized and DNase- and RNase-free H,O: 5’-
Dye -GGA TCC GGT AGT (rF)TT AGG CCT GAA C-3’
and 5’-GTT CAG GCC TAA CAC TAC CGG ATC C-3’
(where Dye indicates IRDye700 fluorescent dye and rF indi-
cates a ribose sugar [r] and [F] a tetrahydrofuran as abasic site
analog).

. Custom-made complementary oligonucleotide stock resus-

pended at 100 pM in sterilized and DNase- and RNase-free
H,0: 5’-GTT CAG GCC TAA CAC TAC CGG ATC C-3'.

. Annealing buffer: 10 mM Tris—HCl pH 7.4 and 10 mM MgCl,

in sterilized and DNase- and RNase-free water.

4. Water bath and tube rack.

N o Ul A W

. Sterilized and DNase- and RNase-free water.
. Plastic DNase- and RNase-free and filtered tips.

. 10x rAP buffer: 200 mM Tris-HCI pH 7.4, 500 mM KCl, 1%

w/v BSA, 0.1% v/v Tween-20, and 10 mM MgCl,.

. Inhibitor III (stock concentration of 10 mM dissolved

in DMSO).
DMSO.

. Ultrapure DNase- and RNase-free water.
. Plastic DNase- and RNase-free and filtered tips.
. Heat block.

. Stop solution containing formamide and 10x orange loading

dye (see Note 6).

. Gel casting apparatus inclusive of glass plates, spacers, and a

10-wells comb and the tank for the gel-running apparatus.

. 10x TBE: 108 g of Tris base, 55 g of boric acid, 40 mL of

0.5 M EDTA pH 8.0, H,O to 1 L.

. 7 M urea denaturing 20% polyacrylamide gel master mix: in a

large bottle with a cap, add and mix 42.04 g of urea, 5 mL 10x
TBE, 2.5 mL of 2% g/v bis acrylamide solution, 47.5 mL of
40% g/v acrylamide, H,O to 100 mL (see Note 7).
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For the gel: 6 mL of 7 M urea denaturing 20% polyacrylamide
gel master mix, 10% g/v APS, and TEMED.

100% v /v ethanol.
3 MM paper.

Fluorescent scanner (LI-COR Odyssey® DLxImaging Sys-
tem or equivalent).

3 Methods

3.1 Purification and
Absorbance
Measurement of rAPE1
Goncentration

3.1.1 Preparation of E.
Coli Lysate Overexpressing
APE1

APEI endodeoxyribonuclease activity on a ribose monophosphate
abasic site embedded in DNA can be tested both using purified
recombinant proteins or whole-cell extracts. Hereafter, methods
for APE1 purification and protein cell extracts are described, as
follows. The oligonucleotide is employed as a substrate for the
enzymatic reactions. As negative control, we suggest the use of
commercially available APE1 inhibitors, including Inhibitor III
and/or cell extracts depleted for APEl expression by using
sh-RNA.

1.

Transtorm BL21(DE3) according to the manufacturer’s
instructions with APE1 vector to express rAPE1-GST recom-
binant protein and plate on an LB-dish supplemented with the
corresponding antibiotics (e.g., ampicillin) overnight at 37 °C.

. Inoculate 50 mL liquid LB medium, supplemented with ampi-

cillin, with a single colony obtained from the selection plate and
incubate overnight at 37 °C under shaking at 230 rpm.

. Inoculate 500 mL of LB supplemented with ampicillin with

50 mL of the overnight culture. Grow BL21(DE3) bacteria at
37 °C at 230 rpm measuring the 600-nm absorbance with a
spectrophotometer.

. When ODgqp is around 0.6-0.8, induce the expression of the

recombinant APE] by adding IPTG and incubate for an addi-
tional 4 h at 37 °C at 230 rpm.

. Harvest cells by centrifugation at 6,000 X 4 for 20 min at 4 °C.
. Wash the pellet with 1x PBS and centrifuge as in 5.
. Resuspend the pellet in GSTrap binding buffer added with

bacteria protease inhibitor and sonicate for 45” for six times
and 45” cooling down on ice after each cycle of sonication.

. Clarify the lysate by centrifugation at 16,000 x g at 4 °C for

30 min.

. Transfer the supernatant to a fresh tube and filter it with a 0.22-

pm filter (see Note 8).
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After sample preparation, several steps of purification should be

performed and are briefly described below. Every purification step
should be performed by using a FPLC instrument following the
manufacturer instructions of each column (fluxes and volumes).

3.1.2  GSTrap Purification 1.

of rAPE1
2
3
4
5
3.1.3 GST Tag Cleavage 1.
and HiTrap Benzamidine
Purification 2
3
4
5
3.1.4 HiTrap SP FF 1.
Purification of rAPE1 2
3
4

Wash and equilibrate the GSTrap column with the GSTrap
binding buffer.

. Load the sample.
. Wash the GSTrap column with the GSTrap binding buffer.
. Elute rAPE1-GST with GSTrap elution buffer by using a

0-10 mM GSH gradient (see Note 9).

. Quantify rAPE1 by using a Nanodrop (se¢ Note 10) and by

SDS-PAGE using a standard curve obtained with BSA.

Digest eluted rAPE1-GST protein fractions using Factor X, (see
Note 11).

. Wash the HiTrap benzamidine column with the HiTrap ben-

zamidine binding buftfer.

. Load the sample and collect flow through containing untagged

rAPE].

. Wash the column with the high-salt binding buffer and collect

flow through containing rAPE1-GST and GST (see Note 12).

. Elute Factor X, with low pH elution buffer.

Wash the HiTrap column with the HiTrap SP binding buffer.

. Load the sample.
. Elute rAPE1 with HiTrap SP elution buffer by using a

100-1,000 mM NaCl gradient (se¢ Note 13).

. Quantify rAPEI by using a Nanodrop (Fig. 2a) (se¢e Note 14)

and by SDS-PAGE using a standard curve obtained with BSA
(Fig. 2b, ¢).

3.2 WCE Preparation It is recommendable to work under sterile conditions and carry out
and Quantification all steps in a laminar-flow hood. Warm growth media and trypsin
solution to 37 °C prior to use. For negative control, we recom-

3.2.1 Harvesting of Cell
Culture

2.

mend preparing cell extracts from APEI silenced cells (siAPE1) in
parallel to transfection control (siSCR).

1.

Culture adherent cells to approximately 80% confluence on
100 mm tissue culture petri dishes. Cells should be in
log-phase growth and healthy. As an example, 3 x 10" HeLa
cells are plated per dish and cells will be ready 24 h after plating
(see Note 15).

Aspirate media, wash the cell monolayer twice with 5 mL PBS,
and remove PBS using a vacuum pump.
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Fig. 2 Recombinant APE1 is accurately quantified before performing enzymatic activity. (a) Recombinant APE1
(rAPET1) absorbance spectrum is graphed reporting each value of absorbance detected as a function of light
wavelength by using a Nanodrop spectrophotometer. (b) Increasing amounts of rAPE1 were loaded onto a 10%
SDS-PAGE gel followed by Coomassie staining. A BSA-titration curve was used for the quantification by
loading 200, 400, 600, and 800 nanograms. The molecular weight (Mw) expressed in kilodaltons (kDa) is
shown on the right of each panel. (¢) The BSA signal was plotted on a graph and the fitting curve was
calculated. The equation and R square were also indicated

3.

Add 1 mL of trypsin/EDTA solution to completely cover the
monolayer of cells and place the dish in a 37 °C incubator for
2 min (see Note 16).

. When trypsinization process is complete, add 5 volumes of

medium containing serum to inhibit further tryptic activity.
Resuspend cells by gently pipetting and collect cell suspension
in a 15 mL tube.

. Centrifuge the cells at 350 x gat RT for 5 min.

. Remove supernatant using a vacuum pump and resuspend cell

transfer to a 1.5 mL

pellet in 1 mL PBS and

microcentrifuge tube.

. Centrifuge the microcentrifuge tube at 350 x g at RT for 5 min

and discard liquid.

. Freeze cell pellet at —80 °C or proceed with the preparation of

cell extracts (see Note 17).
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Fig. 3 Quantification of whole-cell extract protein content. (@) Each value of BSA signal, detected at 595 nm of
wavelength, was plotted on a graph and the fitting curve was calculated. The equation and R square were
indicated. Absorbance for both siSCR and siAPE1 samples was indicated and concentrations were calculated
by using the BSA-titration curve equation. (b) Western blot analysis of APE1 in siSCR and siAPE1 samples.
(-Actin was used as a loading control. Ponceau-S staining of the membrane is shown. The molecular weight
(Mw) expressed in kilodaltons (kDa) is shown on the right of each panel. Below the panel, the normalized fold
change, expressed as the ratio among APE1 levels vs B-actin levels, is indicated

3.2.2  Preparation and All solution should be filtered and kept on ice during the experi-
Quantification of WCE mental procedure.

1. Add WCE lysis buffer and mix the cell suspension thoroughly
avoiding bubble formation (se¢ Note 18).
2. Keep cell suspension on ice for 30 min.

3. Clarify the lysate by centrifugation at 20,000 X 4 for 20 min to
remove insoluble particles and cell debris.

4. Collect supernatant (avoiding the pellet) and transfer it into a
new 1.5 mL microcentrifuge tube.

5. Determine protein concentration of the WCE according to
Bradford assay using bovine serum albumin as standard
(Fig. 3a) and by running an SDS-PAGE (Fig. 3b).

3.3 Casting and 1. Clean gel-running equipment with ethanol and assemble it.

Running of SDS-PAGE 2. Ina 15 mL tube, mix the components for the resolving gel and
Gel pour into the gel casting apparatus (se¢ Note 19). Pour an
33.1 Casting of SDS- additional 200 pL of isobutanol to flatten and level the resolv-
PAGE Gel ing section of the gel. Allow the needed time for the gel

polymerization. Thereafter, remove the isobutanol and wash



3.3.2 Running of SDS-
PAGE Gel for Determining
rAPE1 Concentration

3.3.3 Running of SDS-
PAGE Gel for WCE
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with ddH,O. Carefully remove any trace of water by absorbing
with 3 MM paper.

. Ina 15 mL tube, mix the components for the stacking gel, pour

onto the remaining capacity of the gel casting apparatus, and
insert the lane comb. Allow the needed time for the gel
polymerization.

. Prepare each sample in a small tube mix with a different amount

(ng) of BSA/rAPE]1 kept at volume with ddH,O and 4x SDS
protein loading buffer dye. Heat the samples at 95 °C for
5 min.

. After the SDS-PAGE gel has polymerized and has been loaded

onto the gel-running apparatus and filled with 1x Tris—glycine
SDS-PAGE running buffer, load each sample into the gel wells
(see Note 20).

. Run the gel at 15 mA for the stacking run and 30 mA for the

running run.

. Once the run is completed, remove the gel from the apparatus

and submerge it in a Blue Coomassie staining solution. Incu-
bate the gel under basculation for 10 min.

. Remove the solution and submerge it in destaining solution.

Wash the gel and remove.

. Submerge it in destaining solution. Incubate the gel under

shaking for 2 h up when protein bands will become visible.

. Scan stained gel by using an imaging system for gel acquisition

and band signal quantification (Fig. 2b, c¢).

. Prepare each sample in a small tube by mixing at least 10 pg

WCE kept at volume with ddH,O and 4x SDS protein loading
buffer dye. Heat the samples at 95 °C for 5 min.

. After the SDS-PAGE gel has polymerized and has been loaded

onto the gel-running apparatus and filled with 1x Tris—glycine
SDS-PAGE running bufter, load each sample into the gel wells.

. Run the gel at 15 mA for the stacking gel and 30 mA for the

running gel.

. Once the run is completed, remove the gel from the apparatus

and set up the membrane-gel sandwich for western blotting
analysis.

. At the end of protein transfer, submerge the nitrocellulose

membrane in Ponceau solution for 2 min, and then wash

with ddH,O.

. Scan membrane by using a white light gel reader (FireReader or

equivalent) and incubate the membrane with both antibodies
versus APE] and actin as loading control (Fig. 3b).
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3.4 Annealing of DNA
Oligonucleotides

3.4.1 Set Up the rAP
Endoribonuclease Assay by
Using rAPET or WCE

3.4.2 Dose-Response

Analysis

3.4.3 Time Course
Analysis

1.

2.

3.

Mix 100 pmol of the rF-containing oligonucleotide with
150 pmol of the complementary oligonucleotide in 40 pL of
annealing bufter.

Heat the mixture in a water bath set on 95 °C and then allow to
cool slowly to room temperature.

Final concentration of this stock is 2.50 pmol/pL (se¢ Note
21).

Here, three experimental procedures are described: (a) dose—
response APEI cleavage activity (Subheading 3.4.2), (b) time
course APE1 cleavage activity (Subheading 3.4.3), and (c) time
course cleavage activity in the presence of an APE1 inhibitor (Sub-
heading 3.4.4). For all procedures, two alternative approaches are
reported using either rAPE] protein or WCE.

All solutions should be prepared using sterilized DNase- and

RNase-free water. It is reccommendable to use DNase- and RNase-
free plastic and filter tips. Preheat a heat block at 37 °C and perform
all the steps on ice.

1.

O NN &N Ul B W

Prepare microcentrifuge tubes each corresponding to different
doses of rAPE1 or WCE (see Note 22).

. Prepare the reaction samples in 10 pL of final volume aliquot-

ing H,O, 10x rAP buffer and the desired amount of protein or
WCE (see Note 23).

. Add 1 pL of 250 fmol/pL diluted oligonucleotide.
. Briefly mix and centrifuge the tubes.

. Incubate in a heat block at 37 °C for 10 min.

. Stop the reaction by adding 10 pL of stop solution.
. Heat the samples at 95 °C for 5 min.

. Spin and transfer the denatured samples on ice to prevent

reannealing (see Note 24).

. Analyze products of the cleavage reactions by denaturing acryl-

amide gel electrophoresis and imaging (typical result is shown
in Figs. 4a, b and 5a, b).

. Prepare microcentrifuge tubes each corresponding to different

time points.

. Premix a unique mix by adding appropriate amounts of 10x

rAP bufter, oligonucleotide, rAPE1 /WCE, and water and con-
sidering all different time points to be measured (se¢ Note 25).
Use the amount of rAPE]1 for which 50% of cleavage activity
has been detected in a separate dose—response experiment.

. Briefly mix and centrifuge the tube.

4. Incubate in a 37 °C heat block.
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Fig. 4 rAPE1 cleavage activity on rAP site in a dose- and time-dependent manner and inhibition by Inhibitor IIl.
Representative denaturing polyacrylamide gels of rAP site incision by rAPE1 incubated for 10 min with the
indicated amount of protein (a) or incubated with 0.1 nM of rAPE1 at different time points in the absence (c) or
in the presence (e) of Inhibitor Ill. Graphs describe the percentage of cleavage activity of rAPE1 (b, d, f), as
calculated in Subheading 3.6. S and P are used to indicate substrate and product, respectively

5. Stop the cleavage reaction at chosen timing points by taking
10 pL of reaction from the mix to add in a new microcentrifuge
tube in which 10 pL of stop solution has been previously
aliquoted.

6. Heat the samples at 95 °C for 5 min.

7. Spin and transfer the denatured samples on ice to prevent
reannealing.

8. Analyze products of the cleavage reactions by denaturing acryl-
amide gel electrophoresis and imaging (typical result is shown
in Figs. 4c¢,d and 5¢, d).
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Fig. 5 APE1 cleavage activity from whole-cell extracts on the rAP site in a dose- and time-dependent manner
and inhibition by Inhibitor Ill. Representative denaturing polyacrylamide gels of rAP site incision by APE1
contained in siSCR sample for 10 min with the indicated amount of whole-cell extract (a) or incubated with
10 ng of siSCR at different time points (c). (e) Representative denaturing polyacrylamide gels of rAP site
incision by comparing 10 ng of siSCR with SIAPE1 samples at different time points in the presence of Inhibitor
lll. Graphs represent the percentage of cleavage activity by rAPE1, as calculated in Subheading 3.6 (b, d, ). S
and P are used to indicate substrate and product, respectively

3.4.4  Specific Inhibition
of APE1 Enzymatic Activity
by Using Inhibitor Ill

3.5 Casting and
Running of Urea Gel for
Determining rAP
Cleavage

1.

2.

Perform time course experiment by following the instructions
stated in Subheading 3.4.3.

To block APEI cleavage activity, preincubate rAPE1 or WCE
with an optimal amount of Inhibitor 111, APE1 inhibitor, for an
optimized timing (see Note 26).

. Analyze products of the cleavage reactions by denaturing acryl-

amide gel electrophoresis and imaging (typical result is shown
in Figs. 4e, fand 5e, f).

. Clean gel-running equipment with ethanol and assemble it.

. In a 15 mL tube, mix the components and pour into the gel

casting apparatus and insert the lane comb. Allow the needed
time for the gel polymerization (see Note 27).
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Results
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. After the gel has polymerized, carefully remove the comb and

clamps.

. Place the gel assembly in the electrophoresis apparatus and fill

the upper and lower buffer compartments with 0.5x TBE
buffer.

. Rinse the wells thoroughly with a syringe filled with 0.5x TBE

to wash away urea (see Note 28).

. Pre-run the gel for 10 min to equilibrate the ions in the 0.5x

TBE electrophoresis buffer.

. Load the samples into the gel wells. Four to six pL of the total

amount of the reaction can be loaded into gel wells (se¢ Note
29). The remaining amount can be stored at —20 °C.

. Run the gel at constant 300 V (see Note 30).

. Once the run is completed, remove the gel from the apparatus.
10.

Directly scan the gel by using a fluorescence scan reader.

Cleaved products are detected by a fluorescent scanner and quanti-
fied by digital imaging. The percentage of APE] activity is deter-
mined using the formula:

Product
(Product + Substrate)

}xloo

%incision = [

4 Notes

. DTT should be added in each buftfer immediately prior to use.

2. GSH should be added immediately prior to use.

. Cells should be healthy, exponentially growing, and

mycoplasma-free to obtain active extracts.

. Prepare protease inhibitors for storage at —20 °C and use a

fresh aliquot every month depending on the number of freeze-
thaw cycles. WCE lysis buffer should be complemented with
protease inhibitor immediately prior to use. Buffers containing
protease inhibitors should only be used freshly once.

. Acrylamide is a powerful neurotoxin and should be handled

with extreme caution. TEMED should be added to the gel, mix
immediately prior to pouring it into the apparatus, preferen-
tially under a chemical hood.

. An aliquot of stop solution should be prepared freshly imme-

diately prior to use.

. Mix thoroughly by using a magnetic stirrer until urea is dis-

solved in solution. If necessary, heat the solution at a maximal
temperature of 50 °C.
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8.

10.

11.
12.

13.

14.

15.

1e6.

17.

18.

19.

20.

21.

22.

Quantify bacterial protein extracts (e.g., using a Bradford
method) and eventually dilute them to have an approximative
concentration of 1 mg/mL.

. Analyze the fractions by SDS-PAGE and Coomassie staining.

Quantify eluted fractions on an SDS-PAGE gel using a
BSA standard curve and pool relevant fractions.

rAPE] concentration can be measured to the Nanodrop by
inserting €,/1000 = 56.76 and molecular weight = 35’555 Da,
obtained by Expasy.

Follow the manufacturer’ instructions for dose and timing.

Analyze the fractions by SDS-PAGE and Coomassie staining.
Quantify eluted fractions on an SDS-PAGE gel using a
BSA standard curve and pool relevant fractions.

Analyze the fractions by SDS-PAGE and Coomassie staining.
Quantify eluted fractions on an SDS-PAGE gel using a
BSA standard curve and pool relevant fractions.

rAPE] concentration can be measured to the Nanodrop by
inserting €/1000 = 56.76 and molecular weight = 35’555 Da,
obtained by Expasy.

Although this protocol describes cell growth in a 100 mm petri
dish, the size of cell culture can be changed multiplying the
volume of the solutions by the relative size of the culture.

The time required to detach cells from the culture surface
depends on the cell type, population density, serum concentra-
tion in the growth medium, and trypsin concentration. In
general, the time of exposure should be kept to a minimum
since trypsin can cause cellular damage.

Cell pellet can be stored indefinitely at —80 °C but should be
left for at least 10 min prior to proceed with cell protein extract
preparation to promote cell lysis.

The amount of buffer depends on the cell number harvested.
Ensure that the cell pellet is thoroughly resuspended in bufter
and increase a larger volume if required.

Pour the resolving gel to approximately 75% the capacity of the
gel casting apparatus and leave the remaining 25% of the top
for the stacking gel.

A protein ladder marker lane should be added to monitor the
rAPEI position on the gel. The molecular weight of rAPE] is
around 36,000 Da.

A 250 fmol/pL intermediate solution is prepared freshly in
ultrapure DNase- and RNase-free water.

Always consider including at least one negative control sample
with no recombinant APE] protein or WCE to detect a spon-
taneous degradation of the oligonucleotide.
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24.
25.

26.

27.

28.

29.

30.
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The amount of recombinant protein and WCE to be used
should be optimized. It is advisable to test the concentration
range in which a 10% till to 90% of cleavage is observed.

Samples may be stored at —20 °C and run on the gel later.

Use the amount of APE1 for which 50% of cleavage activity has
been detected in dose—response experiments.

As for the time course experiment, start with an amount of
protein for which you calculated an amount of 50% of cleavage
activity. In the case of Inhibitor III, a final concentration of
230 pM was used to inhibit 0.1 nM of rAPEI and 10 ng of
WCE, for 15 min at 37 °C.

Pour urea gel several hours before running to allow a complete
polymerization of the gel.

If the wells are not well-washed from urea, detected lanes will
appear crocked.

The first and last wells of the gel will become distorted when
electrophoresis is underway; thus, it is better to not load any
sample.

To avoid overheating of the gel during the run, it is suggested
to run it at 4 °C.
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Highly Sensitive Radioactivity-Based DNA 3'-Phosphatase
Activity Assay for Polynucleotide Kinase 3'-Phosphatase

Anirban Chakraborty and Tapas K. Hazra

Abstract

Endogenous and exogenous genotoxic agents can generate various types of non-ligatable DNA ends at the
site of strand break in the mammalian genome. If not repaired, such lesions will impede transcription and
replication and can lead to various cellular pathologies. Among various “dirty” DNA ends, 3’-phosphate is
one of the most abundant lesions generated in the mammalian cells. Polynucleotide kinase 3’-phosphatase
(PNKP) is the major DNA end-processing enzyme for resolving 3’-phosphate termini in the mammalian
cells, and thus, it is involved in DNA base excision repair (BER), single-strand break repair, and classical
nonhomologous end joining (C-NHE])-mediated DNA double-strand break (DSB) repair. The 3’-OH
ends generated following PNKP-mediated processing of 3’-P are utilized by a DNA polymerase to fill in the
gap, and subsequently, the nick is sealed by a DNA ligase to complete the repair process. Here we describe
two novel assay systems to detect phosphate release by PNKP’s 3’-phosphatase activity and PNKP-mediated
in vitro single-strand break repair with minimal repair components (PNKP, DNA polymerase, and DNA
ligase) using either purified proteins or cell-free nuclear extracts from mammalian cells /tissues. These assays
are highly reproducible and sensitive, and the researchers would be able to detect any significant difference
in PNKP’s 3’-phosphatase activity as well as PNKP-mediated single-strand break repair activity in diseased
mammalian cells/tissues vs normal healthy controls.

Key words Reactive oxygen species, Base excision repair, Single strand break repair, PNKP, 3’-
-phosphate, Double strand break repair, DNA polymerase, DNA ligase

1 Introduction

Various endogenous and exogenous agents pose a continuous
threat to the integrity of cellular DNA [1-3]. Reactive oxygen
species (ROS), generated as by-products of cellular respiration,
inflammatory response, and from exposure to ionizing radiation
and various environmental toxicants, are the major sources of
genome damage in living organisms [4]. The DNA damage
induced by ROS includes a number of oxidized DNA base lesions
and DNA single- and double-strand breaks [5, 6]. Base excision
repair (BER) is the major pathway for repairing the vast majority of
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endogenously induced small DNA base lesions as well as single-
strand breaks [7]. The bifunctional DNA glycosylases recognize
oxidized DNA base lesions, excise the damaged base, and also,
cleave the DNA backbone by their intrinsic AP lyase activities,
leaving either a 3’-phospho-a, p-unsaturated aldehyde (PUA) or
3’-phosphate [1, 8]. In E. colz, these 3’-blocking groups are effi-
ciently removed by the AP endonucleases (APEs), Xth and Nfo
[5]. The mammalian APE, APE], can efficiently remove the PUA;
however, it has very weak 3’-phosphatase activity [5]. Since oxi-
dized base-specific mammalian DNA glycosylases, NEIL1 and
NEIL2, generate 3’-phosphate groups following AP lyase activity,
these cannot be processed by APEl [5]. These 3’-phosphate
groups are processed by polynucleotide kinase 3’-phosphatase
(PNKP) [9, 10] which is a bifunctional end-processing enzyme in
mammalian cells with 3’-phosphatase and 5’-kinase activities and is
a primary contributor of DNA 3’-phosphatase activity associated
with mammalian chromatin [11]. We have further established that
it is the major 3’-phosphatase in the mammalian cells [12, 13]. Fur-
thermore, PNKP has been shown to function in the repair of DNA
single-strand breaks generated by ionizing radiation [14] and we
have recently established the critical role of PNKP in classical
nonhomologous end joining (C-NHE])-mediated DNA double-
strand break (DSB) repair [15]. The unprocessed 3’-phosphates
pose a strong block to elongating RNA polymerase II (RNAPIT)
[16] and prolonged stall of RNAPII may lead to its degradation via
polyubiquitination [17]. Thus, PNKP-mediated DNA end proces-
sing is critical for cellular survival. The 3’-OH terminus generated
following PNKP-mediated end processing is used by a repair poly-
merase to fill in the gap. A DNA ligase eventually seals the nick by
forming a phosphodiester bond.

Unrepaired DNA lesions may lead to various pathologies,
including premature aging, neurodevelopmental disorders/neuro-
degeneration, and cancer [18-21]. Using a novel in vitro assay
system to specifically detect the phosphate release by purified
PNKP and cell-free nuclear extract (mammalian cell lineages,
mouse brain tissues, and human postmortem patients’ brains), we
have demonstrated that PNKP’s 3’-phosphatase activity is poten-
tiated by wild-type ataxin-3 (ATXN3), a polyglutamine (CAG)
repeat-containing protein mutated in spinocerebellar ataxia type
3 (SCA3) [13]. The pathogenic form of ATXN3 with polyQ
expansion blocks PNKP’s activity, resulting in DNA single- and
double-strand break accumulation and chronic activation of the
DNA damage-response pathways [13, 17, 22]. Similarly, we
reported that the mutant form of huntingtin (HTT), which under-
goes trinucleotide repeat expansion in Huntington’s disease (HD),
abrogates PNKP’s 3’-phosphatase activity in cell and HD mouse
models [23] leading to strand break accumulation. Also, we have
developed a novel in vitro assay system to reconstitute single-strand
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break repair using minimal repair constituents like PNKP, a DNA
polymerase, and a DNA ligase, either in purified form or in cell-free
nuclear extracts. We have used this assay system to establish total
in vitro BER activity of purified NEIL2 immunocomplex (IC) from
mammalian cells on AP site containing substrates [24] and further
reported compromised BER activity in vitro on a plasmid substrate
due to its lack of association with downstream repair proteins, viz.,
PNKP, Lig IIla, and particularly DNA polymerase p (Pol p)
[24]. Also, using this assay system, we have provided evidence for
compromised repair efficiency in SCA3 patients and HD mouse
brains compared to their control counterparts [17, 23].

In this chapter, we focus on providing details of the molecular
methods used in our studies to measure 3’-phosphatase activity of
PNKP and single-strand break repair activity involving recombi-
nant PNKP, DNA polymerase, and DNA ligase on 3’-phosphate
containing single-strand break that mimic DNA substrate.

2 Materials

2.1 In Vitro Assay for
PNKP’s 3 -
Phosphatase Activity

1. Oligo sets wused for preparing radiolabeled and
non-radiolabeled (cold) substrate for PNKP’s 3’-phosphatase
activity (see Note 1):

(a) U-26 (uracil containing 26-nucleotide oligo): 5-U A
CTC GTG TGC CGT GTA GAC CGT GCC-3'.

(b) E-25 (25-nucleotide oligo): 5'-GCT TAG CTT GGA
ATC GTATCATGT A-3'.

(c) G-51 (51-nucleotide complementary oligo): 5'-GGC
ACG GTC TAC ACG GCA CAC GAG TGT ACATGA
TAC GAT TCC AAG CTA AGC-3'.

(d) 3'P-25 (3’-phosphate containing 25-nucleotide oligo):
5'-GCT TAG CTT GGA ATC GTA TCA TGT A-(3’
phosphate)

(e) 5'P-25 (5’-phosphate containing 25-nucleotide oligo):
(5" phosphate)-A CTC GTG TGC CGT GTA GAC
CGT GCC-3’

(f) G-51 (51-nucleotide complementary oligo): 5'-GGC
ACG GTC TAC ACG GCA CAC GAG TGT ACATGA
TAC GAT TCC AAG CTA AGC-3'.

2. dH20 (nuclease-free).
3. 10x T4 PNK bufter.
4. ATP, [y-3?P].

5. T4 PNK.

6. 5 M NaCl.
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2.2 Assay of In Vitro
Single-Strand Break
Repair Activity

7.

8.

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.

21.
22.

23.

24.
25.
26.

27.
28.
29.
30.
31.

1.

1 M Tris—-HCI pH 8.0.

10x T4 DNA ligase buffer.

T4 DNA ligase.

10 mM ATP.

10x uracil DNA glycosylase (Udg) buffer.
Udg and Fpg (formamidopyrimidine DNA glycosylase).
Dry heat block with thermostat control.
Micro Bio Spin ™ P-6 columns (Bio-Rad).
Tabletop microcentrifuge.

Urea.

40% acrylamide /bis solution (29:1).

10x Tris—borate—.EDTA (TBE) buffer: 1 M TrissHCI, 1 M
boric acid, 0.02 M EDTA-disodium salt. Dilute 1:10 with
milliQ water to make working 1x solution.

10% ammonium persulfate (APS).

Tetramethylethylenediamine ~ (TEMED)  (electrophoresis
grade).

Gel casting empty cassettes (1.0 mm lane thickness).

2x loading dye: 800 pL formamide (70% final), 0.02 N NaOH
(stock 0.1 N), pinch of bromophenol blue (BPB).

10x PNKP assay buffer: 400 mM HEPES pH 7.5, 500 mM
KClL, 100 mM MgCl,, 1 mM EDTA, 50 mM DTT, 1 mM
spermidine, and 50% glycerol. Dilute the 10x buffer with
nuclease-free dH20 to make 1x working buffer.

10 mg/mL bovine serum albumin, acetylated.
Gel running tank and power supply.

Incubator oven with thermostat control for running gel at
65 °C constant temperature.

Whatman paper.

Nylon bag.

Heat sealer.

Typhoon phospho-imager.

Exposure cassettes and phospho-imager screens.

Oligo sets for preparing substrate for PNKP-mediated single-

strand break repair activity (see Notes 1 and 2):

(a) 3'P-25 (25-mer 3’-phosphate containing oligo): 5-GCT
TAG CTT GGA ATC GTA TCA TGT A-(3’ phosphate)
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—
N = O

13.
14.

15.

16.

17.

18.
19.
20.

21.
22.
23.
24.
25.

(b) 5'P-25 (25-mer 5’-phosphate containing oligo): (5’
phosphate)-A CTC GTG TGC CGT GTA GAC CGT
GCC-3’

(¢) G-51 (51-mer complementary oligo): 5’-GGC ACG
GTC TAC ACG GCA CAC GAG TGT ACA TGA TAC
GAT TCC AAG CTA AGC-3'.

. dH2O0 (nuclease-free).

dCTP, [a-**P].
5 M NaCl.

. 1 M Tris—HCI pH 8.0.

. 10 mM ATP.

. 10 mM of dCTP, dATP, dGTP, dTTP (all individual stocks).

. Dry heat block with thermostat control.

. Tabletop microcentrifuge.

. Urea.

. 40% acrylamide /bis solution (29:1).

. 10x Tris—borate-EDTA (TBE) buffer: 1 M Tris—HCl, 1 M

boric acid, 0.02 M EDTA-disodium salt. Dilute 1:10 with
milliQ water to make working 1x solution.

10% ammonium persulfate (APS).

Tetramethylethylenediamine ~ (TEMED)  (electrophoresis
grade).

Gel casting empty cassettes (Invitrogen, Carlsbad, CA
[1.0 mm]).

2x loading dye: 800 pL formamide (70% final), 0.02 N NaOH
(stock 0.1 N), pinch of bromophenol blue (BPB).

10x total repair assay buffer: 400 mM HEPES pH 7.5-7.9,
500 mM KCIL, 100 mM MgCl,, 1 mM EDTA, 50 mM DTT,
1 mM spermidine, and 50% glycerol. Dilute the 10x buffer
with nuclease-free dH20 to make 1x working bufter.

10 mg/mL bovine serum albumin, acetylated.
Gel running tank (Invitrogen) and power supply.

Incubator oven with thermostat control for running gel at
65 °C constant temperature.

Whatman paper.

Nylon bag.

Heat sealer.

Typhoon phospho-imager.

Exposure cassettes and phospho-imager screens.
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3 Methods

3.1 In Vitro Assay of
3 -Phosphatase
Activity of PNKP

3.1.1 Labeling the 5' End
of U-26 Uracil-Containing
Oligo with ATP y-2P

3.1.2  Annealing with F-
25 and G-51
Complementary Oligos

3.1.3 Ligation (See
Note 6)

3.1.4 Udg and Fpg
Digestion of the Ligated
Product (See Note 7)

. Mix in 50 pL volume in the following order of adding;:

38.5 uL dH20
5.0 pL 10x T4 PNK buffer

2.5 pL. U-26 (working stock: 10 pmoles/plL; total = 25
pmoles)

3.0 pL y-ATP 32D (total = 30 uCi) (see Note 3)
ul T4 PNK (10 units/pL; 10 units used per reaction),

. Incubate at 37 °C dry heat block for 25 min (see Note 4).

. Stop the reaction by heating the reaction mixture at 85 °C for

5 min to inactivate T4 PNK| and then either put in ice for
short-term storage or the reaction can be continued.

. Add to the previous reaction mixture in the following order

(volume = 60 pL):

50.0 pL from previous reaction

1.25 pL 5 M NaCl

1.50 pL. 1 M Tris—HCI pH 8.0

3.0 pL E-25 (10 pmoles/pL; total = 30 pmoles)

3.0 pL complementary G-51 (10 pmoles/pL; total = 30
pmoles)

1.25 pL dH,O0

. Put the boiling water in a beaker and leave to cool down (see

Note 5).

. Mix the components in the following order (volume = 70 pL):

55.0 pL previously annealed mixture

4.0 pL dH20

7.0 pL 10x T4 DNA ligase buffer

pL 10 mM ATP,

pL T4 ligase (100 units/pL, total = 300 units),

. Incubate overnight in a water bath at room temperature.

. Mix in the following order to set up the digestion reaction

(volume = 80 pL):

67.0 pL ligated DNA mixture

8.0 pL 10x Udg buffer

1.5 pL. Udg (5 units/pL, total = 7.5 units)
1.5 pL Fpg (8 units/pL, total = 12 units)
2.0 uL dH20



3.1.5 Removal of the
Free, Unincorporated ATP-
y-32P from the Udg/Fpg-
Digested Reaction Mixture

3.1.6 Checking the Purity
of the Radiolabeled
Substrate
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2.
3.

Incubate at 37 °C for 1 h (See Note 8).
Inactivate Udg and Fpg at 65 °C for 15 min in dry heat block.

The reaction product can be stored at —20 °C or it can be

processed immediately for better results.

Use of the Bio-Rad Micro Bio Spin ™ P-6 columns is recom-
mended for this purification step. Manufacturer’s protocol can be
followed for this step. Briefly, the following steps can be carried out:

1.

Invert the column multiple times to mix the resin well before
use. Remove the trapped air bubbles inside the resin by gentle
tapping. Snap open the lower tip and the top cap and place the
spin column in a supplied collection tube for Tris buffer to
drain by gravity.

. Add 500 pL of dH,O to wash the residual buffer and drain the

liquid by spinning at 1000 4 for 2 min in a tabletop centrifuge
at room temperature. Repeat this step four times.

. Place the column in a fresh 1.5 mL microcentrifuge tube. Apply

the radiolabeled substrate on the resin without touching the
resin material (sec Note 9).

. Spin at 1000 g for 4 min and collect the purified radiolabeled

substrate. This substrate may be kept frozen in aliquots at —
20 °C (the process of substrate preparation is shown schemati-
cally in Fig. 1a) (se¢ Note 10).

. Mix the following reagents to prepare 20% urea polyacrylamide

gel (recipe for 16 mL) (see Note 11):

6.8 g urea (7 M final)

8.0 mL 40% acrylamide /bis solution (20% final)
1.6 mL 10x TBE

. Keep at 65 °C overnight to melt or briefly microwave (50%

power: consecutive 30”-20"-10" heating cycles).

. Keep on ice before pouring the solution, add the compounds

below in the order, and cast the gel in the empty cassette:
150 pL 10% APS
10 uL TEMED

. Prepare the running buffer (1x TBE) and pre-warm at 65 °C in

an oven.

. Mix the sample (1 pL of the purified substrate, 19 pL. dH,O,

and 20 pL 2x loading dye to make the volume of 40 pL) and
heat for 5 min at 95 °C (in the thermal block) and then load
half the volume and save the other half (for rerun, if the gel run
is not good) (sec Note 12).

. Run the gel ata 65 °C oven at constant 250 volts (see Note 13).
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A Schematic of PNKP's 3'-
phosphatase activity

*
. F25 ®. u26 .
. } 5'-end labeled (U-26),
3 5 annealed product
G G-51
Ligation
5 *U 3
Ligated product
3’ 5
: G
U ,i Udg/Fpg digestion
5 GE)CP) 3 Substrate for 3'-
3 = 5 phosphatase assay
*
Released radiolabeled (¥) (7) NE/Pure PNKP
phosphate
5 oH(®) 3
3 - 5
£
B Purified ¢ g
Before After radiolabeled 5 3-phosphatase
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Free >
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- phosphate
1 2 3 4 5 6 7 1 2 3 4

Fig. 1 In vitro measurement of PNKP’s 3’-phosphatase activity. (a) Schematic representation of the various
steps involved in the preparation of substrate for PNKP’s 3’-phosphatase activity. (b) Lns 1-4: Assessment of
the DNA ligation efficiency in 20% urea-PAGE. The upper ligated bands are shown in Ins 3—4 compared to the
5’-end radiolabeled annealed unligated product in Ins 1-2. Lns 5-7: Purified radiolabeled substrate for
3’-phosphatase assay. (¢) Lns 1-4: Representative denaturing gel showing PNKP’s 3’-phosphatase activity.
Ln 1: No protein control, PNKP activity in the nuclear extract prepared from control (In 2) vs PNKP-depleted
(In 3) HEK293 cell. Ln 4: Purified PNKP (25 fmol) as positive control

7. Transfer the gel to a piece of Whatman paper and place inside a
nylon bag and seal with a heat sealer.

8. Place the gel in the cassette, fix with a tape, put the phospho-
imager screen on top of the gel, expose at least 30-60 min, and
scan with the Typhoon phospho-imager. One representative
figure is shown (Fig. 1b).
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3.1.7  Preparation of the 1. Add the components in the following order:
Cold Substrate (for 1.25 pL 3’ P-25 oligo (100 pmole /pL working stock prepared
Evaluation of the in dH,O just before use)
Radiolabeled Product
,__a orabered Froce 1.50 pL 5’ P-25 oligo (100 pmole/pL working stock prepared
ormation in the Linear . .
Range) in dH,O just before use)
1.25 uL G-51 oligo (100 pmole/puL working stock prepared in
dH, O just before use)
0.25 uL. 5 M NaCl
0.625 pL. 1 M Tris—HCI pH 8.0
20.125 pL. dH,O (up to 25 pL)
2. Keep for 5 min in boiling water in a beaker.
3. Leave on the bench to cool down slowly at room temperature
overnight.
4. Keep frozen at —20 °C.
3.1.8 Measuring the Measure the concentration of the pure proteins or nuclear extracts
Concentration of Pure by Bradford method, using BSA as a standard (the protein
Proteins measured should be in the linear range of the standard curve).
3.1.9 Assayof 3'- 1. Prepare diluted stocks of 0.5 ng/pL of purified PNKP in 1x
Phosphatase Activity of PNKP assay buffer for reaction. Similarly, if using nuclear
PNKP extract, dilute to 250 ng/pL (see Note 14).

Prepare reaction mixture by mixing the following reagents
on ice:

2 pL of 10x buffer (final working concentration 1x)

2 pL of acetylated BSA (10 mg/mL stock, final 20 pg/
reaction)

2 pL of ATP (10 mM stock, final 1 mM /reaction)

1 pL of cold substrate preparation (final amount = 5 pico-
moles) (see Note 15).

1-2 pL of labeled substrate

24 pL of purified PNKP (1-2 ng)/1-2 pL nuclear extract
(250-500 ng) (see Note 16).

dH, O to adjust the volume to 20 pL in total,

2. Start the reaction by mixing the protein and master mix (all the
reagents mixed together except the protein/nuclear extract)
(see Note 17). Incubate the reaction mixture at 37 °C for
10 min (for pure PNKP) or 15 min (for nuclear extract).
However, the incubation time should be adjusted according
to the activity of the pure protein/nuclear extract.
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3.1.10 Quantitation of
the 3’ -Phosphatase Activity

3.2 PNKP-Mediated
Single-Strand Break
Repair Activity Assay
In Vitro

3.2.1 Preparation of
Substrate by Annealing the
Oligos

3.2.2 Measuring the
Concentration of Pure
Proteins (See Note 20)

3.2.3 Assay of Single-
Strand Break Repair
Activity In Vitro (a
Schematic Representation
Is Shown in Fig. 2a)

3. Stop the reaction by adding an equal volume of 2% loading dye
and heating at 95 °C for 5 min. Load a half volume of samples
on 20% urea-PAGE (pre-run the gel for 15 minutes at a 65 °C
incubator oven) (see Note 18).

4. Run the gel at constant 250 volts at a 65 °C incubator oven.

5. Place the gel on Whatman paper, put in a nylon bag, seal, and
expose in a cassette with a phospho-imager screen for at least
1 h followed by image scan with a Typhoon phospho-imager.
One representative figure is shown (Fig. 1c).

The intensity of the substrate and the released phosphate bands are
quantitated using the Image] software (NIH) and the activity is
expressed as “% product released” using the formula: (Intensity of
released phosphate band/Sum of intensity of substrate and released
phosphate bands) *100.

1. Add the reaction components in the following order (se¢ Note
19):
1.25 pL 3'P-25 oligo (100 pmole/pl. working stock,
total = 125 pmoles)
1.50 pL 5'P-25 oligo (100 pmole/pl. working stock,
total = 150 pmoles)
1.25 pIL G-51 Oligo (100 pmole /pL working stock, total = 125
pmoles)
0.25 pL 5 M NaCl
0.625 pL. 1 M Tris—HCI pH 8.0
20.125 pLL. dH20O (up to 25 pL)
2. Keep for 5 min in boiling water in a beaker.
3. Leave on the bench to cool down slowly at room temperature
overnight.
4. Keep frozen at —20 °C.

Measure the concentration of the pure proteins or nuclear extracts
by the Bradford method, using BSA as a standard (the protein
measured should be in the linear range of the standard curve).

1. Prepare diluted stocks of PNKP (25 fmol /pL.), DNA polymer-
ase P (25 fmol/pL), and ligase IIIa (100-200 fmol /pL) in 1%
total repair assay buffer for reaction. Similarly, if using a nuclear
extract, dilute to 500 ng/pL (se¢ Note 21).

2. Prepare reaction mixture by mixing the following reagents
on ice:

1 pL of double-stranded oligo substrate (stock = 5 pmole /pL;
total = 5 pmoles/reaction)



3.2.4 Quantitation of the
Total Repair Activity
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2 pLL 10x basic buffer (use +/— KCl-containing bufter, final salt
concentration < 100 mM after adding the nuclear extract
or purified proteins)

2 pL acetylated BSA (10 mg/ml stock, final = 20 pg/reaction)
2 pLL ATP (10 mM stock, final = 1 mM /reaction)

0.2 pL cold dCTP (freshly prepared 0.5 mM stock in 1x Tris—
EDTA butffer, final = 5 pM) (see Note 22)

0.2 pL cold dATP (freshly prepared 5 mM stock in 1x Tris—
EDTA butfter, final = 50 pM)

0.2 pL cold dTTP (freshly prepared 5 mM stock in 1x Tris—
EDTA butffer, final = 50 pM)

0.2 pL cold dGTP (freshly prepared 5 mM stock in 1x Tris—
EDTA butffer, final 50 pM)

pL dCTP [a-*P] (stock is 3.3 pmole/pL, final = 0.33 pmole/
reaction) (see Note 23),

H,O—up to 20 pL (after taking into account the pure pro-
teins/nuclear extract volume as detailed below).

3. Distribute the master mix (all reagents except the protein) in
the reaction tubes.

4. Start the reaction by mixing the protein or nuclear extract on
the walls of the reaction tube and spinning briefly. (see
Note 24).

5. Incubate the reaction mixture at 30 °C (see Note 25) for
45 min. However, the incubation time should be adjusted
according to the activity of the pure protein/nuclear extract.
The time can be increased up to 1 h if feeble activity is observed
or can be reduced to 30 min if robust activity is seen.

6. Stop the reaction by adding an equal volume of 2x loading dye
and heating at 95 °C for 5 min. Load a half volume of samples
on 20% urea-PAGE (pre-run the gel for 15 min at a 65 °C
incubator oven) (see Note 18).

7. Run the gels (see Subheading 6 of 3.1 for gel preparation) at
constant 250 volts until the dye front leaves the gel (at a 65 °C
incubator oven) (sec Note 26).

8. Place the gel on Whatman paper, put in a nylon bag, seal, and
expose in a cassette with a phospho-imager screen for at least
1 h followed by an image scan with a Typhoon phospho-
imager. One representative figure is shown (Fig. 2b).

The intensity of the lower unligated and the upper ligated bands
were quantitated using the Image] software (NIH) and the total
repair activity is expressed as % of the ligated product using the
formula: (Intensity of ligated band/Sum of intensity of un-ligated
and lLigated bands) *100.
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A Schematic of PNKP-mediated
single-strand break repair activity
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Fig. 2 PNKP-mediated single-strand break repair (SSBR) activity. (a) Schematic
illustration of the steps involved in the PNKP-mediated SSBR activity. (b) Ln 1:
SSBR using purified proteins (25 fmol PNKP, 25 fmol DNA polymerase p,
100 fmol DNA ligase lllo), nuclear extract (500 ng) from WT mouse brain
tissue (In 2), and HEK293 cell (In 3). In each case, the lower 25-nt band
indicates DNA polymerase-mediated radiolabeled dCTP-incorporated unligated
band following PNKP-mediated 3’-phosphate release and the upper 51-nt band
indicates the full-length ligated repaired product

4 Notes

1. HPLC purification is required for all these oligos to avoid
contamination with undesired sequences.

2. If a researcher is interested to investigate the PNKD-
independent repair where 3’-phosphate removal is not neces-
sary, he /she may use the following oligo instead of 3'P-25.
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10.

11.

12.

3’OH-25 (3’-OH containing 25-nucleotide oligo): 5’-GCT
TAG CTT GGA ATC GTATCATGT A-3’
Furthermore, if only ligase activity needs to be assayed, the

tollowing oligo should be used instead of 3'P-25 or 3’
OH-25.

3’0OH-26 (3’-OH containing 26-nucleotide oligo without AP
site): 5-GCT TAG CTT GGA ATC GTATCATGT AC-3’

. ATD, [y-**P]- stock: 250 pCi in 25 pL, so 10 pCi/pL. Recom-

mended use in each reaction is 3 pL. = 30 pCi; 30 pCi/25
pmole oligos. This recipe is followed if the radioactive is within
its first half-life period. The amount used should be doubled
once the radioactive enters its second half-life.

. This is the optimum recommended reaction time. If the label-

ing reaction does not produce good yield, then the incubation
time may be increased up to 45 min.

. The temperature of the water should be at least between 85 and

95 °C. Slow annealing overnight at room temperature works
best. Alternatively, the reaction should be carried out for a
minimum of 6 h for effective annealing.

. Before starting the ligation reaction, keep 2.5 pL from the

annealed mixture in a 1.5 mL microcentrifuge tube to load
on a 20% urea-PAGE later to check efficient labeling-annealing.
This can be stored frozen at this stage.

. Before starting the Udg—Fpg digestion, keep 2.5 pL of the

ligation mixture in a 1.5 mL microcentrifuge tube to load on
a gel later to check ligation efficiency. This can be frozen at this
stage.

. Udg and Fpg are very robust E. coli enzymes, and thus, they

may lead to extensive digestion and degradation of the prod-
uct. In that case, the incubation time could be reduced to
45 min.

. We recommend distributing the reaction mixture into two P-6

spin columns for efficient purification. So 40 pL of the reaction
mixture can be dispensed into each P-6 column after buffer
exchange. Also, we recommend nuclease-free dH,O for elu-
tion. Hence, buffer should be exchanged from Tris to dH,O in
the spin columns.

Before freezing the substrates, 1 pL of the purified substrate
should be saved in a 1.5 mL microcentrifuge tube for checking
the purity of the substrate.

Avoid using additional dH,O to make up the volume to 16 mL
because volume increases in the presence of urea.

Urea deposits into the lanes making it difficult to load the gel
lanes with samples. It is thus recommended to flush the lanes of
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13.

14.

15.

16.

17.

18.

19.
20.

21.

the gel with a syringe filled with 1x TBE. Also, the earlier saved
unligated and ligated products can also be run in the same gel
to troubleshoot which reaction of this multistep reaction was
inefficient, if any.

Bromophenol blue runs between 5 and 25 bp on 20% urea-
PAGE (this should be taken into account while running the
gel).

PNKP has robust 3’-phosphatase activity. Thus, 25-50 fmol
(1-2 ng) of the purified protein shows significant 3’-
-phosphatase activity. Using a higher dose of PNKP makes
the reaction out of the linear range, and thus, it becomes
difficult to compare the activities since almost all the substrate
molecules are cleaved. Also, depending on the salt concentra-
tion in the protein preparation or the nuclear extract, —/+ KCl
containing 1x buffer can be used for dilution. It is essential to
maintain a uniform salt concentration in all the reactions for
reliable comparison among the samples.

Five picomole is the starting amount of the cold substrate. If
the reaction goes out of linear range due to robust PNKP
activity, the amount of the cold substrate could be increased
up to 7.5 picomoles. On the other hand, if the phosphate
release is modest due to weak PNKP activity, the cold substrate
should be reduced to 2.5 picomoles.

Purified protein/nuclear extract and the radiolabeled substrate
amounts should be adjusted depending on the initial result to
get optimum PNKP activity in the linear reaction range. This is
not a strict recipe.

A recommended practice would be to initially distribute the
protein/nuclear extract at the bottom of the tube and then add
the master mix on the wall of the reaction tube and briefly spin
to mix the components together. In this way, it will be possible
to maintain a uniform reaction start time.

Excess free polyacrylamide goes out of the gel in this pre-run
period and, thus, helps an efficient urea-PAGE run.

Mix the oligos in a smaller volume, for efficient annealing.

Nuclear extract should be freshly prepared from cells or from
frozen nuclear pellet (saved in dry ice first for rapid freezing
and then frozen in —80 °C). Otherwise, ligase activity will be
lost and the ligation reaction does not work efficiently.

If the nuclear extract needs to be diluted for the assay, it should
be diluted in minimal nuclear extraction buffer (20 mM
HEPES pH 7.6, 0.15 M NaCl, 2 mM DTT, 1 mM EDTA,
0.1 mM EGTA, 10% glycerol) without protease inhibitor cock-
tail tablets to maintain the ligase activity. In that case, the total
repair reaction buffer needs to be adjusted adequately to have a
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22.

23.

24.

25.

26.

reaction. Otherwise, the repair reactions are not efficient.

final salt concentration < 100 mM and 5% glycerol in the

For ligation product formation in the linear range, nonradio-
active (cold) dCTP needs to be added to the reaction mix but
in 1/tenth concentration of the other dNTPs so that there is
possibility of enough incorporation of the radioactive dCTP.

If radioactive dCTDP enters the second half-life, use 0.2 pL (=
0.66 pmol)/reaction. Also, the radioactivity must be added last
to the master mix.

Moreover, 1 to 4 pL (0.5-2 pg) of nuclear extract can be added
depending on the activity. The starting amount can be 1 pg.

The total repair reaction is carried out at 30 °C for maintaining
efficient ligase activity throughout the incubation period.
PNKP and DNA polymerases are optimally active at 37 °C.
However, to take into consideration the ligase activity, the
optimal incubation temperature is fixed at 30 °C.

Two radiolabeled bands are expected: 25 nt lower band
(incorporated dCTP-a-*2P, but not ligated fragment) and
51 nt upper band (the ligated total repair product). Those
two radioactive bands must be well separated to be clearly
visible and can be quantitated for PNKP-mediated repair assay.

Acknowledgements

This work was supported by the National Institute of Health Grant
2R01 NS073976 to TH.

References

1. Hazra TK, Das A, Das S, Choudhury S, Kow
YW, Roy R (2007) Oxidative DNA damage
repair in mammalian cells: a new perspective.
DNA Repair (Amst) 6(4):470-480. https://
doi.org,/10.1016/j.dnarep.2006.10.011

2. Vermeij WP, Hoecijmakers JHJ, Pothof ]
(2014) Aging: not all DNA damage is equal.
Curr Opin Genet Dev 26:124-130. https://
doi.org,/10.1016/j.gde.2014.06.006

3. Tubbs A, Nussenzweig A (2017) Endogenous
DNA damage as a source of genomic instability
in cancer. Cell 168(4):644-656. https://doi.
org/10.1016/j.cell.2017.01.002

4. Gates KS (2009) An overview of chemical pro-
cesses that damage cellular DNA: spontaneous
hydrolysis, alkylation, and reactions with radi-
cals. Chem Res Toxicol 22(11):1747-1760.
https://doi.org,/10.1021 /tx900242k

8.

. Wiederhold L, Leppard JB, Kedar P, Karimi-

Busheri F et al (2004) AP endonuclease-
independent DNA base excision repair in
human cells. Mol Cell 15(2):209-220.
https: //doi.org,/10.1016/j.molcel.2004.
06.003

. Chang HYH, Pannunzio NR, Adachi N, Lie-

ber MR (2020) Non-homologous DNA end
joining and alternative pathways to double-
strand break repair. Nat Rev Mol Cell Biol 18:
495-506

. Mullins EA, Rodriguez AA, Bradley NP, Eich-

man BF (2019) Emerging roles of DNA glyco-
sylases and the base excision repair pathway.
Trends Biochem Sci 44(9):765-781. https://
doi.org,/10.1016/j.tibs.2019.04.006

Wallace SS (2014) Base excision repair: a criti-
cal player in many games. DNA Repair (Amst)


https://doi.org/10.1016/j.dnarep.2006.10.011
https://doi.org/10.1016/j.dnarep.2006.10.011
https://doi.org/10.1016/j.gde.2014.06.006
https://doi.org/10.1016/j.gde.2014.06.006
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1016/j.cell.2017.01.002
https://doi.org/10.1021/tx900242k
https://doi.org/10.1016/j.molcel.2004.06.003
https://doi.org/10.1016/j.molcel.2004.06.003
https://doi.org/10.1016/j.tibs.2019.04.006
https://doi.org/10.1016/j.tibs.2019.04.006

54

9.

10.

11.

12.

13.

14.

15.

Anirban Chakraborty and Tapas K. Hazra

19:14-26. https://doi.org/10.1016/j.
dnarep.2014.03.030

Jilani A, Ramotar D, Slack C, Ong C et al
(1999) Molecular cloning of the human gene,
PNKP, encoding a polynucleotide kinase 3’-
-phosphatase and evidence for its role in repair
of DNA strand breaks caused by oxidative dam-
age. J Biol Chem 274(34):24176-24186.
https://doi.org/10.1074 /jbc.274.34.24176

Karimi-Busheri F, Daly G, Robins P, Canas B
et al (1999) Molecular characterization of a
human DNA kinase. J Biol Chem 274(34):
24187-24194. https://doi.org,/10.1074 /jbc.
274.34.24187

Habraken Y, Verly WG (1988) Further purifi-
cation and characterization of the DNA 3’-
-phosphatase from rat-liver chromatin which
is also a polynucleotide 5’-hydroxyl kinase.
Eur J Biochem 171(1-2):59-66. https://doi.
org/10.1111/7.1432-1033.1988.tb13758 x

Mandal SM, Hegde ML, Chatterjee A, Hegde
PM etal (2012) Role of human DNA glycosy-
lase Nei-like 2 (NEIL2) and single strand break
repair protein polynucleotide kinase 3’-
-phosphatase in maintenance of mitochondrial
genome. J Biol Chem 287(4):2819-2829.
https: //doi.org,/10.1074 /jbc. M111.272179

Chatterjee A, Saha S, Chakraborty A, Silva-
Fernandes A et al (2015) The role of the mam-
malian DNA end-processing enzyme polynu-
cleotide kinase 3’-phosphatase in
spinocerebellar ataxia type 3 pathogenesis.
PLoS Genet 11(1):¢1004749. https://doi.
org/10.1371 /journal.pgen.1004749

Whitehouse CJ, Taylor RM, Thistlethwaite A,
Zhang H et al (2001) XRCC1 stimulates
human polynucleotide kinase activity at dam-
aged DNA termini and accelerates DNA single-
strand break repair. Cell 104(1):107-117.
https://doi.org,/10.1016,/50092-8674(01)
00195-7

Chakraborty A, Tapryal N, Venkova T, Hori-
koshi N et al (2016) Classical non-homologous
end-joining pathway utilizes nascent RNA for
error-free double-strand break repair of tran-
scribed genes. Nat Commun 7:13049. https: //
doi.org,/10.1038 /ncomms13049

16.

17.

18.

19.

20.

21.

22.

23.

24.

Neil AJ, Belotserkovskii BP, Hanawalt PC
(2012) Transcription blockage by bulky end
termini at single-strand breaks in the DNA
template: differential effects of 5’ and 3’
adducts. Biochemistry 51(44):8964-8970.
https: //doi.org,/10.1021 /bi301240y

Chakraborty A, Tapryal N, Venkova T, Mitra J
etal (2020) Deficiency in classical nonhomolo-
gous end-joining-mediated repair of tran-
scribed genes is linked to SCA3 pathogenesis.
Proc Natl Acad Sci U SA117(14):8154-8165.
https://doi.org,/10.1073 /pnas.1917280117

Wallace SS, Murphy DL, Sweasy JB (2012)
Base excision repair and cancer. Cancer Lett
327(1-2):73-89. https://doi.org,/10.1016/j.
canlet.2011.12.038

Hegde ML, Mantha AK, Hazra TK, Bhakat KK
et al (2012) Oxidative genome damage and its
repair: implications in aging and neurodegen-
erative diseases. Mech Ageing Dev 133(4):
157-168. https://doi.org,/10.1016/j.mad.
2012.01.005

Vijg J, Suh Y (2013) Genome instability and
aging. Annu Rev Physiol 75:645-668. https://
doi.org/10.1146/annurev-physiol-
030212-183715

Rulten SL, Caldecott KW (2013) DNA strand
break repair and neurodegeneration. DNA
Repair (Amst) 12(8):558-567. https://doi.
org/10.1016/j.dnarep.2013.04.008

Gao R, Liu Y, Silva-Fernandes A, Fang X et al
(2015) Inactivation of PNKP by mutant
ATXN3 triggers apoptosis by activating the
DNA damage-response pathway in SCA3.
PLoS Genet 11(1):¢1004834. https://doi.
org/10.1371 /journal.pgen.1004834

Gao R, Chakraborty A, Geater C, Pradhan S
ct al (2019) Mutant huntingtin impairs PNKP
and ATXN3, disrupting DNA repair and tran-
scription. elife 8:¢42988. https://doi.org,/10.
7554 /elife.42988

Dey S, Maiti AK, Hegde ML, Hegde PM et al
(2012) Increased risk of lung cancer associated
with a functionally impaired polymorphic vari-
ant of the human DNA glycosylase NEIL2.
DNA Repair (Amst) 11(6):570-578. https://
doi.org,/10.1016/j.dnarep.2012.03.005


https://doi.org/10.1016/j.dnarep.2014.03.030
https://doi.org/10.1016/j.dnarep.2014.03.030
https://doi.org/10.1074/jbc.274.34.24176
https://doi.org/10.1074/jbc.274.34.24187
https://doi.org/10.1074/jbc.274.34.24187
https://doi.org/10.1111/j.1432-1033.1988.tb13758.x
https://doi.org/10.1111/j.1432-1033.1988.tb13758.x
https://doi.org/10.1074/jbc.M111.272179
https://doi.org/10.1371/journal.pgen.1004749
https://doi.org/10.1371/journal.pgen.1004749
https://doi.org/10.1016/s0092-8674(01)00195-7
https://doi.org/10.1016/s0092-8674(01)00195-7
https://doi.org/10.1038/ncomms13049
https://doi.org/10.1038/ncomms13049
https://doi.org/10.1021/bi301240y
https://doi.org/10.1073/pnas.1917280117
https://doi.org/10.1016/j.canlet.2011.12.038
https://doi.org/10.1016/j.canlet.2011.12.038
https://doi.org/10.1016/j.mad.2012.01.005
https://doi.org/10.1016/j.mad.2012.01.005
https://doi.org/10.1146/annurev-physiol-030212-183715
https://doi.org/10.1146/annurev-physiol-030212-183715
https://doi.org/10.1146/annurev-physiol-030212-183715
https://doi.org/10.1016/j.dnarep.2013.04.008
https://doi.org/10.1016/j.dnarep.2013.04.008
https://doi.org/10.1371/journal.pgen.1004834
https://doi.org/10.1371/journal.pgen.1004834
https://doi.org/10.7554/eLife.42988
https://doi.org/10.7554/eLife.42988
https://doi.org/10.1016/j.dnarep.2012.03.005
https://doi.org/10.1016/j.dnarep.2012.03.005

Check for
updates

Generation of Recombinant Nucleosomes Gontaining
Site-Specific DNA Damage

Benjamin J. Ryan, Tyler M. Weaver, Jonah J. Spencer,
and Bret D. Freudenthal

Abstract

Eukaryotic DNA exists in chromatin, where the genomic DNA is packaged into a fundamental repeating
unit known as the nucleosome. In this chromatin environment, our genomic DNA is constantly under
attack by exogenous and endogenous stressors that can lead to DNA damage. Importantly, this DNA
damage must be repaired to prevent the accumulation of mutations and ensure normal cellular function. To
date, most in-depth biochemical studies of DNA repair proteins have been performed in the context of free
duplex DNA. However, chromatin can serve as a barrier that DNA repair enzymes must navigate in order
find, access, and process DNA damage in the cell. To facilitate future studies of DNA repair in chromatin,
we describe a protocol for generating nucleosome containing site-specific DNA damage that can be utilized
for a variety of in vitro applications. This protocol describes several key steps including how to generate
damaged DNA oligonucleotides, the expression and purification of recombinant histones, the refolding of
histone complexes, and the reconstitution of nucleosomes containing site-specific DNA damage. These
methods will enable researchers to generate nucleosomes containing site-specific DNA damage for exten-
sive biochemical and structural studies of DNA repair in the nucleosome.

Key words DNA damage, Base excision repair, Nucleosomes, Chromatin

1 Introduction

DNA is constantly exposed to endogenous and exogenous stressors
that lead to the accumulation of DNA damage. Oxidative stress is a
primary source of DNA damage that contributes approximately 10*
lesions per cell, per day [1]. Well over 100 different forms of
oxidative DNA base lesions exist including the prevalent examples
of” 8-o0x0-7,8-dihydro-2’-deoxyguanosine (80xoQG), 2,6-diamino-
4-hydroxy-5-formamidopyrimidine  (FapyG), 8-oxox-7,8-dihy-
dro-2’-deoxyadenosine (8oxoA), thymine glycol, and 5-hydroxy-

Benjamin J. Ryan and Tyler M. Weaver contributed equally to this work

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_4,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023

55


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-3373-1_4&domain=pdf
https://doi.org/10.1007/978-1-0716-3373-1_4#DOI

56

Benjamin J. Ryan et al.

2’-deoxycytidine (OH5C). In general, oxidative damage results in
changes to the structure of the DNA base. These alterations
increase the likelihood that the damaged base will form noncanon-
ical base pairing that can result in the accumulation of genomic
transversions and /or transitions [2, 3]. Ultimately, these oxidative
DNA lesions must be repaired to prevent the accumulation of
mutations that can lead to genomic instability and several different
disease states [4, 5].

The base excision repair (BER) pathway is responsible for the
repair of most oxidative DNA base damage, requiring efficient
recognition of oxidative DNA damage [6, 7]. We direct readers to
other excellent reviews of BER for more details about the pathway
[8—10]. Briefly, BER is initiated by one of several different DNA
glycosylases, which recognize damaged DNA bases [7, 11]. The
DNA glycosylase then excises the damaged DNA base resulting in
the formation of a baseless sugar moiety known as an apurinic/
apyrimidinic site (AP site). The resulting AP site is then processed
by AP endonuclease 1 (APE1), resulting in a 5’-nick in the DNA
backbone. The 5’-nicked substrate is then processed by two distinct
enzymatic activities of polymerase (Pol) p. The lyase activity of
DNA Pol B removes the 5'-nick generating a one-nucleotide
gapped DNA substrate. Pol p then utilizes its DNA synthesis activ-
ity to fill the gap with a non-damaged nucleotide, generating a
3’-nick. After incorporation of the non-damaged nucleotide, the
XRCCI-DNA ligase III complex seals the 3’-nick, ultimately
restoring the coding potential of the DNA.

Mechanistic insight into the function of BER enzymes has
largely come from in vitro studies using free duplex DNA (see
reference [12] and associated references). However, cellular DNA
often exists as chromatin, where genomic DNA is packaged into a
fundamental repeating unit known as the nucleosome
[13, 14]. The nucleosome is composed of an octameric core of
histone proteins, H2A, H2B, H3, and H4, that wraps ~147 bp of
DNA [15]. The robust interaction between histone proteins and
the nucleosomal DNA can act as a significant barrier to BER
proteins, which must be overcome to effectively complete repair
of the damaged DNA. We direct the readers to several excellent
reviews for further information on how nucleosome structure reg-
ulates BER enzymes [16-22]. Over the past 20 years, initial prog-
ress has been made to define how BER proteins repair DNA
damage in the context of the nucleosome [23-66]. However,
rapid progress has been hampered by the lack of comprehensive
step-by-step protocols for generating nucleosomes containing site-
specific DNA damage.

To overcome this challenge, we present a step-by-step protocol
for the reconstitution of recombinant NCPs containing site-specific
DNA damage. This protocol was adapted from the landmark
method from Dyer and Luger et al. described over 15 years ago,
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as well as the many labs who have made significant progress on
methods for generating damaged DNA substrates for the in vitro
reconstitution of nucleosomes [ 39,43, 64, 65, 67-70]. Initially, we
describe a ligation-based method for generating a 147-bp Widom
601 strong positioning DNA substrate containing site-specific
DNA damage [71]. We then describe the expression and purifica-
tion of human histone proteins from E. col and the salt dialysis
method for refolding recombinant histone proteins into histone
H2A/H2B dimers and histone H3/H4 tetramers. Finally, we
describe a salt dialysis method for reconstituting NCDPs using the
Widom 601 strong positioning DNA containing site-specific DNA
damage and how to purify these NCP substrates for downstream
in vitro biochemical or structural biology experiments. Impor-
tantly, the utility of this step-by-step protocol is highlighted by
recent work from our lab using this method to generate NCDPs
containing THEF, enabling us to determine the structural basis for
APEI processing DNA damage in the NCP [72].

2 Materials

2.1 Instruments and
Equipment

2.2 Reagents

1. PCR thermal cycler.

[\

. Thermo Fisher Owl A-series horizontal gel system or
equivalent.

. Bioreactor or shaking incubator.

. QSonica Q500 Sonic dismembrator or equivalent.

. Stir plate.

. Gravity-flow column with filter unit.

. 3,000-Da MWCO Dialysis Membrane.

. 10,000-Da MWCO Centrifugal Filter Unit.

. AKTA pure protein purification system or equivalent.
10. Superdex 200 Increase 10,/300 GL or equivalent.
11. Biocomp Gradient Master 108 or equivalent.

12. Beckman Coulter 38.5 mL Open-Top Ultra-Clear Centrifuge
tube or equivalent.

O 0 N O\ Ul B~ W

13. SW 32 Ti Swinging-Bucket Rotor or equivalent.
14. Optima XE-100 ultracentrifuge or equivalent.

1. Project-specific oligonucleotides (design described in Sub-
heading 3.1.1).

2. Agarose.
3. New England Biolabs T4 DNA ligase or equivalent.
4. New England Biolabs 10x T4 DNA ligase buffer or equivalent.
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2.3 Buffers,
Solutions, and Media

O 0 N O\ ut

12.

13.

14.
15.

16.

17.
18.
19.

20.

. New England Biolabs 6x gel loading dye or equivalent.

. Ethidium bromide or equivalent DNA visualizing reagent.
. pET3a-histone H2A plasmid.

. pET3a-histone H2B plasmid.

. pET3a-histone H3 plasmid.

10.
. New England Biolabs BL21 (DE3) pLysS competent cells or

pET3a-histone H4 plasmid.

equivalent.

Novagen Rosetta™ 2(DE3) pLysS competent cells or
equivalent.

Luria broth (LB): Casein Digest Peptone 10 g/L, sodium
chloride 10 g /L, yeast extract 5 g /L.

LB agar plates containing 100 pg,/mL ampicillin.

LB agar plates containing 100 pg/mL ampicillin and 25 pg/
mL chloramphenicol.

Centrum multivitamin or equivalent, 1 tablet dissolved in
50 mL ddH,O.

Triton X-100.
Dimethyl sulfoxide (DMSO).

Cytiva Q-Sepharose Fast Flow anion-exchange chromatogra-
phy resin or equivalent.

Cytiva SP-Sepharose Fast Flow cation-exchange chromatogra-
phy resin or equivalent.

1x TS: 10 mM Tris-HCI (pH 7.5) and 10 mM NaCl.

. Ix TBE: 90 mM Tris base, 90 mM boric acid, and 2 mM

EDTA (pH 8.3).

. 10% denaturing urea-PAGE gel solution: 10% 29:1

acrylamide /bis-acrylamide, 8 M urea, and 1x TBE.
1x TE: 10 mM Tris—HCI (pH 7.5) and 1 mM EDTA.
Gel extraction buffer: 200 mM NaCl, 1 mM EDTA.

6. 10x M9 minimal media (pH 7.2): 335 mM Na,HPO4+*7H,O,

10.
11.

220 mM KH,POy4, 10 mM NaCl, 20 mM NH4CI, supplemen-
ted with 0.5% glucose, 2 mM MgSOy, 0.2 mM CaCl,, and
1.0% vitamin solution (see Note 1).

. 20% glucose solution (w/v).

1 M MgSO,.

1 M CaCl,.

100 mg/mL ampicillin.

25 mg/mL chloramphenicol.
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12. 1 M isopropyl - d-1-thiogalactopyranoside (IPTG).

13. Histone lysis buffer: 50 mM Tris-HCl pH 7.5, 100 mM NaCl,
1 mM benzamidine, 5 mM beta mercaptoethanol,
1 mM EDTA.

14. Guanidinium buffer: 20 mM Tris-HCI pH 7.5, 6 M guanidi-
nium hydrochloride, 10 mM DTT.

15. 8 M urea.

16. 8 M urea, 100 mM NacCl.
17. 8 M urea, 200 mM NaCl.
18. 8 M urea, 300 mM NaCl.
19. 8 M urea, 400 mM NaCl.
20. 8 M urea, 500 mM NaCl.
21. 8 M urea, 600 mM NacCl.
22. 8 M urea, 700 mM NacCl.

23. High-salt reconstitution buffer: 20 mM Tris-HClpH 7.5,2 M
NaCl, 1 mM EDTA, 0.5 mM benzamidine, 1 mM DTT
(added fresh).

24. No-salt reconstitution buffer: 20 mM Tris-HClpH 7.5, 1 mM
EDTA, 0.5 mM benzamidine, 1 mM DTT (added fresh).

25. 10% sucrose in 1x TE.
26. 40% sucrose in 1x TE.

27. 5% native PAGE gel: 5% 59:1 acrylamide/bis-acrylamide and
0.2x TBE.

3 Methods

3.1 Generation and
Purification of
Damaged DNA
Substrates

Several methods exist for incorporating site-specific DNA damage
into the 601 strong positioning DNA sequence. These methods
include oligonucleotide synthesis strategies [24, 43, 57, 64], PCR
amplification [37, 65], nickase-based methods [39, 40, 73], and
ligation-based methods [66, 70,74, 75]. We point the readers to an
excellent and comprehensive review on the different methods for
generating site-specific DNA damage for nucleosome reconstitu-
tion [76]. Here, we describe a T4-DNA ligase-based method for
site-specific incorporation of the apurinic/apyrimidinic site ana-
logue tetrahydrofuran (THF) into the Widom 601 strong position-
ing DNA sequence containing a 6-carboxyfluorescein (6-FAM)
label [71]. This modular methodology can be performed at large
scales in a cost-effective manner, ultimately providing an optimal
way of generating damaged DNA for nucleosome reconstitutions
(for additional benefits of the T4 DNA ligase-based system, see
Subheading 3.1.1).
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3.1.1 Design of Damaged
DNA Substrates

The T4 DNA ligase-based method described here allows for the
site-specific incorporation of DNA damage within a 147-bp Widom
601 strong positioning DNA sequence. The first step is to design
oligonucleotide (oligo) fragments that correspond to each strand of
the 601 DNA sequence. A diagram of the oligo design can be
found in Fig. la. For simplicity, we refer to these two DNA strands
as the J-strand (non-damaged strand) and the I-strand (damaged
strand; see Note 2), which is modeled after the nomenclature used
from the first crystal structure of a nucleosome containing the
Widom 601 sequence [77]. The J-strand is split into two oligonu-
cleotides that consist of 74 bp (J-strand oligo 1) and 73 bp
(J-strand oligo 2) of DNA. The I-strand is then split into three
oligonucleotides that consist of 50 bp (I-strand oligo 1), 50 bp
(I-strand oligo 2), and 47 bp (I-strand oligo 3) of DNA. The length
of these component oligos are kept under 100 bps to enable easy
access to commonly used oligo synthesis companies, such as
Integrated DNA Technologies. The sequences for each of the five
oligos are as follows:

+ J-strand oligo 1:

5" ATCGGATGTATATATCTGACACGTGCCTGGAGACTA
GGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG3’

+ J-strand oligo 2:

5’/Phos/ CGCGTACGTGCGTTTAAGCGGTGCTAGAGC
TGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCT
CGAT3’

+ I-strand oligo 1:

5'[FAM] ATCGAGAATCCCGGTGCCGAGGCCGCTCAA
TTGGTCGTAGACAGCTC3’

+ I-strand oligo 2:

5’/Phos/ TAGCACCGCTTAAACGCACGTACGCGCTGT
CCCCCGCGTTTTAACCGCCAZ'

* I-strand oligo 3:

5'/Phos/ AGGGGATTACTCCCTAGTCTCCAGGCACGT
GTCAGATATAT /THF/CATCCGAT3’

The oligo design is such that each oligo has at least 25 bp of
complimentary DNA between every J- and I-strand DNA oligo.
Importantly, J-strand oligo 2, I-strand oligo 2, and I-strand oligo
3 also all contain 5’-phosphate groups at the end of the DNA that is
required for ligation (Fig. 1a). When mixed at equimolar ratios and
annealed, the resulting 147-bp DNA sequence contains three liga-
tion spots with a 5’-phosphate juxtaposed to a 3’-OH. The three
nicks can then be sealed by T4 DNA ligase generating the full-
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Fig. 1 Generation and purification of damaged DNA substrates using the ligation-based method. (a) Diagram
for the individual oligo generation of damaged DNA substrates. (b) A representative 10% denaturing PAGE gel
for the ligation reaction. Lane “U” is the starting unligated reaction and lane “L” is the ligated reaction. The
DNA was visualized using the 6-FAM label. (c) A representative 2% agarose gel of the purified and annealed
damaged DNA substrate. Lane “L” is a 100-bp DNA ladder and lane “D” is the purified and annealed damaged
DNA. The DNA was visualized with ethidium bromide. The * denotes a minor contamination that is commonly
seen after purification of the ligated DNA

length 147-bp DNA sequence containing DNA damage. In the
example shown in Fig. la, the THF is the ninth position from the
end of the DNA on the I-strand oligo 3. However, this ligation-
based method is built to enable movement of the THF to any
location on the I-strand or J-strand of the DNA, with only minor
exceptions (see Note 3).

The benefits of using the T4-DNA ligase-based approach are
numerous. First, the relatively small oligo size means purchasing
numerous oligos containing DNA damage is cost-effective, which
is not the case with full-length 147-bp DNA oligos containing
DNA damage. Next, the ligation reactions and purification scheme
can be performed in large-scale batches enabling the generation of
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3.1.2 Ligation of
Damaged DNA Substrates

3.1.3 Purification of
Damaged DNA Substrates

large quantities of damaged DNA. Next, the modularity of the
system means that moving the DNA damage to different locations
in the 601 DNA sequence requires simply ordering a single addi-
tional oligo. Finally, the modularity also allows for the incorpora-
tion of various fluorescent tags, protein attachment modifications,
and additional DNA damage types. This ultimately means that
nucleosome substrates containing DNA damage can be generated
for a variety of BER substrates and different in vitro experimental
techniques.

1.
2.

Dissolve oligos with 1x TS to a final concentration of 1 nmol /pL.

Mix the oligos in a 1:1 stoichiometry at a concentration of
1 nmol/pL (see Note 4).

. Anneal the oligos using a thermal cycler by heating to 95 °C

before cooling to 4 °C at a rate of 0.1 °C/s.

. Dilute the annealed oligos to a final volume of 190 pL with

H,O0 and 10x T4 DNA ligase bufter (NEB).

. Ligate the annealed DNA oligos by the addition of 10 pL of T4

DNA ligase (NEB) for a final reaction volume of 200 pL.

. Incubate the ligation reactions at 25 °C for 2448 h.
. Run a 10% denaturing urea-PAGE gel (10% 29:1 acrylamide /

bis acrylamide, 8 M urea, and 1x TBE) to monitor the progress
of the ligation reaction (Fig. 1b; see Note 5).

. Pour a 10% denaturing urea-PAGE gel (10% 29:1 acrylamide /

bis-acrylamide, 8 M urea, and 1x TBE).

. Load the denaturing urea-PAGE gel with an equal volume of

ligated DNA mixed with 6x gel loading dye.

. Run the denaturing urea-PAGE gel at 125 V for 1 h.
. Visualize the ligated DNA via the fluorescent tag, or by staining

with ethidium bromide. An example gel of the ligation reaction
before purification can be found in Fig. 1b.

. Excise the ligated 147-bp DNA from the denaturing urea-

PAGE gel and cut the excised fragments into small pieces.

. Extract the ligated 147-bp DNA from the gel fragments by

soaking in 20 mL of DNA extraction buffer for 24 h. Repeat

the extraction at least twice to ensure collection of all the
damaged DNA.

. Buffer exchange the extracted DNA with 1x TE at least five

times using a centrifugal filter unit (10,000-Da MWCO).

. Concentrate the extracted DNA in the centrifugal filter unit

(10,000-Da MWCO) to a final concentration of 10 pM (see
Note 6).



3.1.4 Annealing and
Storage of Damaged DNA
Substrates

3.2 Histone
Expression and
Purification

3.2.1 Histone Plasmid
Generation

3.2.2 Histone Expression
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1. Anneal the purified 147-bp oligos using a thermal cycler by
heating to 95 °C before cooling to 4 °C at a rate of 0.1 °C/s.

2. Determine the concentration of resuspended 147-bp DNA
spectroscopically using the theoretical extinction coefficient
for the respective 147-bp DNA sequence. Typical yields are
~10-15% of starting material.

3. Aliquot the 147-bp damaged DNA in 5 nmol aliquots and
store frozen at —20 °C indefinitely (se¢ Notes 7 and 8). An
example of a purified 147-bp damaged DNA can be found in
Fig. lc.

Generating recombinant nucleosomes requires milligram quanti-
ties of histone H2A, H2B, H3, and H4 proteins. To generate these
quantities, recombinant histones are expressed in E. coli and pur-
ified extensively using a protocol modified from Dyer and Luger
et al. [67]. The expression, purification, and long-term storage
process for each individual histone is similar, with only minor
differences highlighted below.

The inserts corresponding to the coding region of human histone
H2A (UniProt identifier: POCO0S8), H2B (UniProt identifier:
P62807), H3 C110A (UniProt identifier Q71DI3), and H4 (Uni-
prot identifier: P62805) genes were cloned into a tagless pET3a
expression vector.

1. Perform a fresh transformation using NEB BL21 (DE3) pLysS
competent cells for histone H2A, H3, and H4 growths. For
histone H2B, perform a fresh transformation using Novagen
Rosetta™ 2 (DE3) pLysS competent cells. Perform the trans-
formation following the manufacturer’s protocol for the
respective cells.

2. Plate the transformation on an LB agar plate with antibiotic
specific for that histone:

* H2A: 100 pg/mL ampicillin

+ H2B: 100 pg/mL ampicillin 25 pg/mL chloramphenicol
+ H3: 100 pg/mL ampicillin

* H4: 100 pg/mL ampicillin

3. Take a streak of colonies from the transformation and inoculate
35 mL of LB containing antibiotics (50 ug/mL ampicillin
and/or 12.5 ug/mL chloramphenicol).

4. Grow the inoculated culture in a shaking incubator at 37 °C
until turbid, which generally takes ~3—4 h.

5. Inoculate 100 mL of M9 minimal media culture containing
antibiotics (50 ug/mL ampicillin and/or 12.5 ug/mL chlor-
amphenicol) with 5 mL of the turbid culture. We typically
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3.2.3 Histone Lysis and
Extraction from Inclusion
Bodies

10.

11.

inoculate a single 100 mL M9 minimal media culture per five
bioreactor bottles.

. Grow the inoculated culture in a shaking incubator at 37 °C for

12-16 h.

. Inoculate each 2-L bioreactor bottle containing 1.5 L of M9

minimal media and antibiotics (50 ug/mL ampicillin and /or
12.5 ug/mL chloramphenicol) with 15 mL of overnight cul-
ture that was inoculated and grown in steps 5 and 6.

. Grow the large, inoculated cultures in a bioreactor at 37 °C to

an OD600 =04

. Induce expression of the histone with the following IPTG

(from a 1 M IPTG stock) concentrations and induction
duration:

* H2A: 0.4 mM IPTG for 4 h
 H2B: 0.4 mM IPTG for 4 h
+ H3:0.4 mM IPTG for 3 h
e H4:0.2 mM IPTG for 3 h

Harvest cells by centrifugation 1500 RCF at 25 °C in a swing-
ing bucket rotor.

Resuspend each histone pellet with histone lysis buffer (15 mL
per 1.5 L culture), and store frozen at —80 °C.

. Completely thaw the resuspended histone pellet at room tem-

perature. This generally takes approximately 1 h.

Dilute the resuspended cells with histone lysis buffer to a final
volume of 160 mL.

. Lyse the resuspended cells via sonication (QSonica Q500) on

ice for three rounds of 10 s on and 50 s off (amplitude = 90%).

4. Repeat the sonication procedure three times.

o o

10.
11.

12.

Transfer the 160 mL of cell lysate to four conical tubes.

. Clear the cell lysate via high-speed centrifugation using a fixed-

angle rotor at 24,000 xG for 20 min at 25 °C.

. Discard the supernatant and keep the pellet.
. Resuspend each pellet with 25 mL of histone lysis buffer sup-

plemented with 1% Triton X-100.

Centrifuge the resuspended pellet in a fixed angle rotor at
24,000 xG for 20 min at 25 °C.

Repeat steps 8 and 9.

Discard the supernatant and resuspend each pellet in 25 mL of
histone lysis buffer without Triton X-100.

Centrifuge the resuspended pellet in a fixed-angle rotor at
24,000 xG for 20 min at 25 °C.



3.2.4 Histone Purification

13.

14.

15.

16.

17.

18.

19.
20.

21.

10.
11.
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Discard the supernatant and consolidate each pellet into a
beaker.

Add 1 mL of DMSO to the pellet and break the pellet up using
a spatula.

Add a small stir bar to the beaker and stir the pellet for 30 min
using a stir plate at 25 °C.

Add 30 mL of guanidinium buffer dropwise (in a continuous
manner) to the pellet and DMSO mixture using a Pasteur
pipette.

Extract the histones from the pellet by stirring vigorously for
1 hat25°C.

Centrifuge the solution containing extracted histones at
24,000 xG for 20 min at 25 °C.

Save the supernatant.

Perform a second round of histone extraction by repeating
steps 14 through 19.

Combine the supernatant containing the extracted histones
and dialyze against 8 M urea overnight (se¢ Notes 9 and 10).

. Equilibrate 10 mL Q-Sepharose Resin with 8§ M urea.

. Mix the supernatant containing the extracted histones with the

equilibrated Q-Sepharose resin (see Note 11).

. Incubate stirring for 30 minat 25 °C.

. Add the slurry containing the extracted histones and

Q-Sepharose resin to a gravity-flow column.

. Collect and save the Q-Sepharose column flow-through con-

taining the histone.

. Wash the Q-Sepharose resin with 40 mL of 8 M urea and

combine the wash with the flow-through from step 5.

. Equilibrate 25 mL S-Sepharose resin with 8 M urea.
. Mix the Q-Sepharose flow-through and wash containing the

histone with 25 mL of S-Sepharose resin.

. Add the slurry containing the extracted histones and

S-Sepharose resin to a gravity-flow column.
Wash the S-Sepharose resin with 40 mL of 8 M urea.

Elute the histone from the S-Sepharose resin by addition of
50 mL of 8 M urea containing increasing concentrations of
NaCl. Collect each NaCl elution.

* 8 M urea, 100 mM NaCl
e 8 M urea, 200 mM NaCl
* 8 M urea, 300 mM NaCl
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Fig. 2 Representative 12.5% SDS-PAGE gels for the purification of histone H2A (top left), H2B (top right), H3
(bottom left), and H4 (bottom right). The proteins were visualized by Coomassie blue staining

3.3 Generation of
H2A/H2B Dimer and
H3/H4 Tetramer

14.

15.

16.
17.

* 8 M urea, 400 mM NaCl
¢ 8 M urea, 500 mM NaCl
* 8 M urea, 600 mM NaCl
¢ 8 M urea, 700 mM NaCl

. Run a sample of each NaCl elution on a 12% SDS-PAGE gel

with a protein ladder.

. Pool fractions containing histone protein based on the molec-

ular weight of each histone. A representative gel for the purifi-
cation of each individual histone is shown in Fig. 2.

Pool the purified histone fractions and dialyze against 4 L of
water. Exchange the water for fresh water five times, with at
least two of those exchanges lasting overnight.

Aliquot into the purified histone fractions into 50 mL conical
tubes and flash-freeze using liquid nitrogen.

Lyophilize the frozen, purified histone.
Aliquot the lyophilized histone and store at —20 °C.

After purifying each individual histone, histone octamers or histone
H2A/H2B dimers and H3/H4 tetramers can be generated, pur-
ified, and stored for rapid reconstitution of NCPs. Below, we
outline the salt dialysis method for refolding H2A/H2B dimers



3.3.1 Refolding of H2A/
HZ2B Dimer

3.3.2 Refolding of H3/H4
Tetramer

3.3.3  Purification of H2A/
H2B Dimer and H3/H4
Tetramer
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and H3 /H4 tetramers. We prefer refolding H2A /H2B dimers and
H3/H4 tetramers instead of histone octamers due to the increased
yield of in-tact complexes.

1.

Resuspend the lyophilized H2A and H2B in guanidinium
buffer to a final concentration of 2 mg,/mL.

Incubate the resuspended H2A and H2B in guanidinium
buffer at room temperature for 2 h.

Determine the concentration of resuspended H2A and H2B
spectroscopically using the following theoretical molar extinc-
tion coefficients:

e H2A:4470 M 'cem™!
« H2B:7450 M ' cem™!

. Mix equimolar amounts of H2A and H2B in dialysis tubing

(3,000-Da MWCO).

Dialyze against 1 L of high-salt refolding bufter (ice cold, 4 °C)
three times, for a minimum of 8 h each exchange.

. Resuspend lyophilized H3 and H4 in guanidinium buffer to a

final concentration of 2 mg,/mL.

Incubate the resuspended H3 and H4 in guanidinium buffer at
room temperature for 2 h.

. Determine the concentration of resuspended H3 and H4 spec-

troscopically using the following theoretical molar extinction
coefficients:

e H3:4470 M 'cm ™!
e H4:5960 M 'cem !

. Mix equimolar amounts of histone H3 and H4 in dialysis

tubing (3,000-Da MWCO).

. Dialyze against 1 L of high-salt ice-cold (4 °C) refolding buffer

three times, with at least two of those exchanges overnight (see
Note 12).

. Concentrate the refolded H2A/H2B dimer and H3/H4 tet-

ramer to ~100 pM (see Note 13).

. Purify H2A /H2B dimer or H3 /H4 tetramer over a Superdex

200 Increase 10,/300 GL gel filtration column.

. Confirm the purity and stoichiometry of the H2A /H2B dimer

or H3/H4 tetramer by running an SDS PAGE gel of the $200
gel filtration fractions (Fig. 3; see Note 14).

. Combine fractions containing purified H2A/H2B dimer or

H3/H4 tetramer and concentrate using a centrifugal filter
unit (10,000-Da MWCO) to at least 100 pM.
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Fig. 3 Purification of H2A/H2B dimer and H3/H4 tetramer. (a) Representative H2A/H2B dimer chromatogram
from a Superdex S200 gel filtration run. The resulting fractions were resolved on a 12.5% SDS-PAGE gel and
visualized by Coomassie blue staining. (b) Representative H3/H4 tetramer chromatogram from a Superdex
S200 gel filtration run. The resulting fractions were resolved on a 12.5% SDS-PAGE gel and visualized by
Coomassie blue staining

5. Mix the concentrated H2A/H2B dimer and H3 /H4 tetramer
with an equal volume of 100% glycerol and store indefinitely at

—20 °C.
3.4 Reconstituting NCP reconstitution is done via a salt dialysis method using the
Nucleosomes damaged DNA, H2A/H2B dimer, and H3/H4 tetramer previ-
Containing DNA ously purified. After nucleosome reconstitution, the nucleosomes
Damage containing DNA damage are purified by sucrose gradient ultracen-

trifugation to separate free linear DNA and other subnucleosomal
species, which makes them suitable for quantitative in vitro

experiments.
3.4.1  Nucleosome 1. Thaw the damaged DNA, H2A/H2B dimer, and H3/H4
Reconstitution tetramer on ice.

2. Determine the concentration of the damaged DNA spectro-
scopically using the theoretical molar extinction coefficient for
the specific DNA substrate.



3.4.2 Nucleosome
Purification
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. Dilute the damaged DNA to a concentration of 2.5 pM using

high-salt bufter.

. Determine the concentration of H2A/H2B dimer and

H3/H4 tetramer spectroscopically using the following theo-
retical molar extinction coefficients:

« H2A/H2B dimer: 11,920 M ' cm™!
« H3/H4 tetramer: 20,860 M~ cm™!

. Dilute the H2A /H2B dimer to 5 pM and H3 /H4 tetramer to

2.5 pM using high-salt buffer.

. Mix the damaged DNA, H2A /H2B dimer, and H3 /H4 tetra-

mer in a 1:2:1 molar ratio and place in dialysis tubing
(10,000 Da MWCO).

. Place the dialysis tubing in a beaker containing 300 mL of

high-salt buffer and equilibrate for 30 min.

. Dilute the high-salt buffer with no-salt buffer stepwise to the

following concentrations:

* 1.5 M NaCl, 150 mL of no-salt buffer, 2 h

* 1 M NaCl, 150 mL of no-salt buffer, 2 h

* 0.75 M NaCl, 300 mL of no-salt buffer, 2 h

* 0.5 M NaCl, 300 mL of no-salt buffer, 2 h

+ 0.25 M NaCl, 1200 mL of no-salt bufter, overnight
* 0.125 M NaCl, 2400 mL of no-salt buffer, 2 h

. Remove the reconstituted nucleosome from the dialysis tubing

and place in a conical tube.

. Concentrate the nucleosome down to ~0.5 mL using a centrif-

ugal filter unit (10,000-Da MWCO).

. Heat-shock the nucleosome at 55 °C for 30 min (see Note 15).

A representative gel of the nucleosome prior to purification can
be seen in Fig. 4a.

. Make six 10—40% sucrose gradients in 38.5 mL Beckman

Coulter Ultra-Clear Centrifuge tubes using a Biocomp Gradi-
ent Master 108 (se¢ Note 16).

. Layer the 0.5 mL of damaged nucleosome to the top of a

sucrose gradient.

. Ultracentrifuge the sucrose gradients at 125,000 xG for

4042 h in an SW 32 rotor at 4 °C.

. Fractionate the sucrose gradient containing nucleosome by

pulling 1 mL from the top of the tube and storing in 1.5 mL
Eppendorf tubes.

. Measure the absorbance at 260 nm for each fraction to identify

those that contain nucleic acids and run the fractions
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Fig. 4 Generation and purification of nucleosomes containing site-specific DNA damage. (a) A representative
6% native PAGE (59:1) gel of the reconstituted nucleosome before purification (b) A representative chromato-
gram of the nucleosome after fractionation from a 10-40% sucrose gradient. (c) A representative 6% native
PAGE (59:1) gel of the reconstituted nucleosome after purification

10.

containing nucleic acid on a native PAGE gel (5% 59:1
acrylamide /bis-acrylamide and 0.2x TBE). A representative
chromatogram of the nucleosome fractions after sucrose gradi-
ent ultracentrifugation can be seen in Fig. 4b.

. Pool the fractions that contain purified nucleosome and buffer

exchange five times into 1x TE using a centrifugal filter unit
(10,000-Da MWCO). A representative gel of the purified
nucleosome containing DNA damage can be seen in Fig. 4c.

Concentrate the nucleosome to at least 1 pM and store at 4°C
(see Notes 17 and 18).

4 Notes

. The glucose, MgSO,, CaCl,, and vitamin solution are added to

the M9 media after autoclaving as they can precipitate and /or
degrade during autoclaving.

. The DNA damage can be placed on either I-strand or J-strand

depending on the desired location in the nucleosome. If
moving the DNA damage to the J-strand, we suggest changing
the J-strand to three oligos and the I-strand to two oligos.

. Avoid placing the THF or other DNA damage within 5 bp of

any T4-DNA ligase sites. If unavoidable, the reactions will
result in a significantly reduced yield of full-length ligated
147-bp DNA.

. We perform each individual reaction with 10 nmols of each

individual oligo, which should theoretically yield 10 nmols of
the final ligated product (assuming 100% yield). An average
prep size is ~50-100 nmols, or 5-10 individual reactions.
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12.

13.

14.

15.
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. The ligation reaction generally does not reach 100% comple-

tion. If desired, an additional 5ul. of T4 DNA ligase can be
added after the first 24 h to ensure as much of the DNA
substrate has been ligated as possible.

. Concentrating the extracted DNA to 10 pM enables efficient

annealing of the I- and J-strand oligos in the subsequent
annealing step.

. The purified damaged DNA should be stored in aliquots that

match the average prep size of the downstream nucleosome
reconstitution. We typically perform 5 nmol nucleosome
reconstitutions.

. We have stored damaged DNA substrates for up to a year

without issues. After long-term storage, we suggest checking
the quality of the DNA on an agarose gel before proceeding to
nucleosome reconstitution.

. Urea can spontaneously degrade into isocyanic acid, which

reacts with lysine and arginine side chains to form carbamyla-
tion [78]. To prevent carbamylation of histones during purifi-
cation, 8 M urea solutions are made fresh and deionized with a
Dowex Amberlite resin.

The extracted histones should be dialyzed against enough 8 M
urea to bring the concentration of guanidinium-HCI below
250 mM. This step is critical for the subsequent purification of
the histone via ion-exchange chromatography as the histones
will not bind the S-Sepharose resin above 300 mM NaCl.

The Q-Sepharose is used to bind contaminating proteins from
the histone extraction step.

It is not uncommon to see precipitant forming in the dialysis
membrane after the first 24 h spinning in the high-salt buffer.
This is often a result of impurities in the purification of the
individual histones.

The H2A /H2B dimer and H3 /H4 tetramer is concentrated to
no more than 100 pM to ensure separation from contaminants
during gel filtration.

It is not uncommon to see minor contaminates in the dimer or
tetramer. In our experience, these can be removed at
subsequent purification steps and do not significantly affect
reconstitution of the nucleosome.

Puritying the damaged DNA via denaturing PAGE can lead to
an excess of either the I- or J-strand. Excess I- or J-strand
ssDNA will readily form histone octamers wrapped by single-
stranded DNA [79]. The heat shock at 55 °C will ensure the
nucleosome is properly positioned on the 601 DNA, while also
denaturing any ssDNA-histone octamer complexes that are
difficult to purify via sucrose gradient ultracentrifugation.
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16. Another method for purifying nucleosomes is via electropho-
resis using a Bio-Rad Model 491 Prep Cell [80].

17.

The nucleosome concentration is determined spectroscopically

by diluting 2x with 4 M NaCl and measuring the absorbance at
260 nM. Theoretical extinction coefficients should be deter-
mined using the damaged DNA sequence.

18.

The purified nucleosomes should be stored at 4 °Cin 1x TE at

a concentration of at least 1 pM. The purified nucleosomes
should be stable for at least 1 month. For longer-term storage
(>1 month), we suggest storing the purified nucleosomes at
4 °Cin 1x TE at a concentration of at least 10 pM.
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A DNA Cleavage Assay Using Synthetic Oligonucleotide
Containing a Single Site-Directed Lesion for In Vitro Base
Excision Repair Study

Bo Hang

Abstract

Many chemicals cause mutation or cancer in animals and humans by forming DNA lesions, including base
adducts, which play a critical role in mutagenesis and carcinogenesis. A large number of such adducts are
repaired by the DNA glycosylase-mediated base excision repair (BER) pathway, and some are processed by
nucleotide excision repair (NER) and nucleotide incision repair (NIR). To understand what structural
features determine repair enzyme specificity and mechanism in chemically modified DNA in vitro, we
developed and optimized a DNA cleavage assay using defined oligonucleotides containing a single, site
specifically placed lesion. This assay can be used to investigate novel activities against any newly identified
derivatives from chemical compounds, substrate specificity and cleavage efficiency of repair enzymes, and
quantitative structure—function relationships. Overall, the methodology is highly sensitive and can also be
modified to explore whether a lesion is processed by NER or NIR activity, as well as to study its miscoding
properties in translesion DNA synthesis (TLS).

Key words Base excision repair (BER), Glycosylases, AP endonucleases, Nucleotide incision repair
(NIR), Nucleotide excision repair (NER), Translesion DNA synthesis (TLS), DNA adducts, Phos-
phoramidite chemistry, Defined oligonucleotide, DNA cleavage assay, Polyacrylamide gel electropho-
resis (PAGE)

1 Introduction

There are several major repair pathways that excise mutagenic or
replication blocking modified bases or a modifying group from
DNA, including the base excision repair (BER), nucleotide excision
repair (NER), and nucleotide incision repair (NIR) [1, 2]. In gen-
eral, most of base mismatches and chemically modified DNA
lesions with minimal helix distorting are processed by BER, which
is initiated by damage-specific DNA glycosylases, and the resulting
apurinic/apyrimidinic (AP) site is processed in mammalian cells by
short-patch or long-patch pathways [1, 2, 3]. NER is responsible
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for removing bulky and helix-distorting DNA lesions including
those formed by ultraviolet (UV) light, carcinogens in cigarette
smoke, and endogenous processes [1, 2]. NIR is a specialized
form of DNA repair, which was first reported by Hang et al. in
1996 describing an unusual mechanism for the major human AP
endonuclease in processing benzene metabolite p-benzoquinone
(pBQ)-derived exocyclic adducts [4, 5]; later, several oxidative
cytosine bases were also found by Gros et al. to be substrates for
AP endonuclease using the same mechanism of action [6, 7].

DNA synthesizers appeared in the 1980s. With this power tool,
it was possible to design oligonucleotides containing normal and
modified bases for which phosphoramidites could be made. As
stated by Drs. Delaney and Essigmann [8], the advancements in
single chemical DNA adducts made by synthetic chemists, molecu-
lar biologists, and biophysicists have made possible to investigate
DNA damage genotoxicity, mutagenicity, and repair. With global
chemical modification, the resulting DNA lesion mixture is often
complex so that it is difficult to analyze which specific chemical
modification in DNA is responsible for mutagenic or other
biological events. In the past, considerable effort was made by
laboratories to explore repair activities towards newly synthesized
derivatives of exogenous and endogenous carcinogens and define
substrate specificity and efficiency of enzymes that function in initial
recognition and excision in BER. Such knowledge has been greatly
improved by the use of cell-free extracts (CFEs) in the initial stage
of research when purified proteins were not available [e.g., 4, 5, 9,
10, 11]. However, sometimes it is far more difficult to interpret
such results. With the pure enzymes one can answer many research
questions in defining substrate specificity and range, analyzing
structure—function relationships, reconstituting repair pathways,
and performing site-directed mutagenesis [12]. It is noteworthy
that there are still identified DNA adducts that have not been
studied for their repairability; also, not every repair enzyme/path-
way has been examined and characterized for their activity against
all the known biologically important adducts.

There were several biochemical assays evaluating BER activity
that have been described in the literature, including base release
assay using globally modified radiolabeled polynucleotides or DNA
substrates (base release is a function of DNA glycosylase), DNA
cleavage assay based on radiolabeled oligonucleotide containing a
site-directed lesion, approaches using circular DNA (plasmid
genome) containing a lesion of interest, immunoassay for lesion
detection and level measurement in DNA, and other assays that
may be applicable to both in vitro and in vivo studies. Although
valuable information has been obtained with these assays, some of
these approaches may lead to ambiguous and nonquantitative
results, as a significant problem is the mixed DNA damage and
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Fig. 1 The general scheme of the DNA cleavage assay and its in vitro applications in BER, NIR, NER, and

replication studies

heterogeneity of the substrates for enzymes. Without doubt, a
DNA substrate containing a site-directed single lesion is amenable
to a fine analysis of the repair activity.

Over the years, our group has focused on the in vitro biochem-
ical studies of many environmental carcinogen-derived DNA
adducts or other lesions [4, 13, 14, 15, 16, 17] and identified
many new DNA substrates for prokaryotic and eukaryotic DNA
glycosylases, damage-specific AP endonucleases, and NER enzymes
using the oligomers with an adduct as substrates. Our priority was
to identify those repair activities towards the biologically relevant
DNA adducts, which is critical for understanding the biological
impact of such adducts in the etiological mechanisms of chemical
carcinogenesis. Our next goal was to carry out quantitative
structure—function studies by comparing repair specificity and effi-
ciency towards structurally analogous adducts, such as exocyclic
etheno, hydroxymethyl etheno, ethano, and pBQ adducts [14].

The oligonucleotide cleavage assay outlined in this chapter is
designed to study novel DNA repair activity, enzyme specificity, and
kinetic properties, as well as other factors that may affect repair,
such as thermodynamic impact and neighboring and opposite base
effect (Fig. 1). This assay is a preferred in vitro method in labora-
tories studying DNA repair. In this assay, construction of a defined
oligonucleotide with a single site-directed DNA lesion is central.
For de novo synthesis, we first synthesize a fully protected phos-
phoramidite of the modified nucleoside of interest and incorporate
the latter into DNA oligomers, which can then be utilized for
biochemical and biophysical studies. For testing enzymatic activity,
the oligomer with a modified base is 5'- labeled with 3*P-ATP and
annealed to its complementary strand. A purified repair protein or
CFE is then mixed with the oligomer substrate and incubated at
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37 °C for a varying amount of time. The reaction mixture, along
with 5/-32P-ATP-labeled size markers, is loaded onto a denaturing
polyacrylamide gel electrophoresis (PAGE), allowing the cleavage
product(s), either from direct cleavage or induced chemically from
the newly generated AP site, to be separated from the noncleaved
intact substrate. The respective gel bands are scanned and quanti-
fied to calculate repair efficiency. This assay is highly sensitive and
dependable and rapid (1-2 days) if one does not count the time for
chemical synthesis. The major limiting factor is the phosphorami-
dite synthesis, if needed, requiring a skilled synthetic chemist. The
use of radioactive labeling can also potentially limit the application
of this assay. The same methodology has also been successfully
applied to the analysis of NIR and NER processes towards various
substrates, as described below. In addition, with the same modified
oligomer substrates and denaturing gel system, replication-based
in vitro studies can also be performed.

2 Materials

2.1 Chemical
Synthesis of Defined
Oligonucleotide
Containing a Site-
Directed Lesion

This step is needed if no commercial phosphoramite for the lesion
of interest is available. For many years, a number of syntheses of
phosphoramites of various modified deoxynucleosides and incor-
poration into defined oligomers have successfully been carried out
by Dr. B. Singer and colleagues at the Lawrence Berkeley National
Laboratory, e.g., the adducts derived from benzene metabolite
pBQ, 1,N°-pBQdA, 3,N*-pBQdC and 1,N?*-pBQdG [18, 19] and
N?-(4-hydroxyphenyl)-2’-dG (N?-4-HOPh-dG) that has been
identified in vivo [20], the hydroxymethyl etheno dA (7-hm-eA)
and dC (8-hm-eC) adducts from glycidaldehyde [21, 22], and the
ethano adduct 1,N°-EdA from the therapeutic agent 1,3-bis
(2-chloroethyl)nitrosourea (BCNU) [23, 24]. Many other phos-
phoramites of modified nucleosides have been synthesized and
incorporated into defined oligomers by several research groups
[e.g., 25, 26, 27, 28, 29, 30, 31, 32]. Nowadays, various phos-
phoramidites containing biologically interesting base modifications
are now available from commercial sources such as Glen Research.
The whole synthesis is generally time-consuming with different
schemes and requires a skilled synthetic chemist. Therefore, the
synthesis is not described in this chapter as a step-by-step process,
rather a principle of the technique (Fig. 2a). It should be men-
tioned that, in addition to the phosphoramidite approach, research-
ers have also developed a method called postsynthetic modification
of DNA bearing a convertible nucleoside to site-specifically replace
the exocyclic groups of DNA bases with N-, O-, and S-substitutions
(see ref. [8] for more details).
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Fig. 2 (a) The general steps of chemical synthesis of defined oligonucleotides containing a single site-directed
lesion or adduct based on phosphoramidite chemistry. (b) The defined 25-mer oligonucleotide containing a
single, site-specifically placed base adduct. The examples of adducts studied by Singer, Hang, and colleagues

over the years are listed

2.2 The Basic Steps

. Synthesis of a modified deoxynucleoside: This is achieved by

of Synthesis of a the reaction of a carcinogen or its metabolite of interest with a
Modified deoxynucleoside at an appropriate pH and the resulting pro-
Phosphoramidite and ducts are separated and the modified deoxynucleoside is
Its Insertion into a isolated and purified.

Defined Oligomer . Synthesis of the modified phosphoramidite: The above mod-
Involve ified deoxynucleoside is converted to a suitably protected form

of 5-O-DMT-3’-O-phosphoramidite, which is treated to give
the pure phosphoramidite. It is also necessary to protect any
other functional groups that may interfere with the general
chemistry of oligomer synthesis. This is a key step whereby
the modified base in the phosphoramidite has to be kept stable
to both the reagents used in synthesis and those involved in the
deprotection of the oligomer. Substantial efforts have also been
made by chemists to develop alternative protecting groups.

. Solid-phase synthesis of the oligonucleotide: This is done by

standard phosphoramidite chemistry and automated DNA syn-
thesizer. The deprotection of the oligomer is carried out with
an appropriate strategy. The oligomer is finally purified with
both gel electrophoresis and HPLC. The DMT-oft oligonucle-
otide is analyzed by electrospray mass spectrometry; incorpora-
tion of the correct modified base is further verified by enzyme
digestion of the oligomer followed by reverse-phase HPLC
analysis.
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3 Methods

3.1 The Enzymatic
Assay: Radiolabeling
of Template
Oligonucleotide and
Annealing to
Gomplementary Strand

This is a standard procedure, and other protocol(s) or reagents can
be followed or replaced for 5’-labeling of the oligomer substrate.
The latter is then annealed to its complementary strand to make a
duplex for biochemical studies. The most widely used sequence in
our group was a 25-mer sequence (Fig. 2b), which were normally
synthesized with a modified base at its sixth dA position, seventh
dG position, and eighth dC position.

All the steps of the following protocol should be carried out in a
radioactive control room or laboratory. The radioactive material
used requires additional instructions for proper handling and
disposal.

1. Take out the frozen [y->?P] ATP vial to thaw behind the
plexiglass screen before starting.

2. Prepare the T4 polynucleotide kinase (PNK) mixture on ice
(210 pL in total):

1 pL T4 PNK (30 U, USB, 70031)
33 pL 10x kinase buffer
176 pL. ddH,O

3. Set up kinasing reaction by adding the following items to an
Eppendorf tube behind the plexiglass screen (33 pL total) and
incubate at 37 °C for 30 min:

pL. PNK mixture from above
7 uL oligo (0.1 OD/mL for a 25-mer oligomer)
5 uL [y-**P] ATP (50 mCi, Amersham, PB10218)

4. Inactivate the PNKactivity by heating the sample at 95-100 °C
for 3 min. Centrifuge the reaction mixture briefly.

5. Set up the annealing reaction by adding the following items to
the above tube to make a 80 pL solution:

8 pL 10x annealing buffer

12 pL complementary oligo (0.1 OD /mL for 25-mer; see Note
1)
27 pL ddH,0

10x anneal buffer (1000 pL): 100 pL. 1 M Tris—HCI pH 7.8
(100 mM)

20 pL 0.5 M EDTA (10 mM)
200 pL 5 M NaCl (1 M NaCl)
680 pL ddH,O
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from Ref. [36] with permission)E

6. Put the Eppendorf tube rack in a glass beaker with hot water
(>90 °C) and slowly cool to room temperature (<35 °C) over
a period of 30-60 min to allow sufficient annealing. Store the
final product at —20 °C until use.

3.2 Enzymatic Purified repair enzymes, partially purified fractions, and CFEs can
Reaction be used for a cleavage activity against the lesion of interest in
oligomer substrates. Many purified DNA glycosylases and AP
endonucleases are available commercially. As mentioned above,
many repair activities were identified and characterized in early
years using semi-purified protein samples or CFEs. As an example
for purified enzymes, Fig. 3 demonstrates human thymine-DNA
glycosylase (TDG)-mediated excision of three exocyclic cytosine
adducts, including both concentration- and time-dependent repair
of eC, 8-hm-eC, and ethano C (EC), and the effect of the opposite
base to the adduct on excision [33]. As shown by the structural
studies using molecular dynamics simulations, these three structur-
ally analogous adducts (Fig. 3a), formed by unrelated chemical
compounds, are processed by TDG with a different specificity,
i.e., the substituted etheno adduct 8-hm-eC or ring-saturated
adduct EC is less efficiently excised or not excised by the same
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3.3 Detection of
Oligomer Cleavage on
a Denaturing PAGE

glycosylase (Fig. 3b to d) [33]. Such studies, combined with struc-
tural studies such as co-crystal structures and computational mod-
eling, may provide more understanding of the molecular
requirements for enzyme substrate specificity.

1.

Set up repair reaction. A standard reaction mixture in an
Eppendorf tube is as follows (a total volume 10 pL):

0.5-2.5 pL protein or CFE to be tested
0.5 pL 1 mg/mL poly[dI'dC] (see Note 2)
1 pL 10x reaction buffer

1 pL 32P-labeled oligo duplex

x pL H,O to 10 pL,

Standard reaction buffer (1x): 20 mM Tris—HCI (pH 8.0) (see
Note 3).

1 mM EDTA
1 mM DTT
100 ng/pL BSA

. Incubate the reaction at a 37 °C water bath for a various length

of time, depending on the experimental design.

. Terminate the reaction by heating the Eppendorf tube at

95-100 °C for 3 min and then slowly cooling down to room
temperature (sec Note 4).

. Add 1-5 ng of purified APE1 (depending on the activity) to the

reaction and incubate at 37 °C for 20 min, to further cleave the
AP site formed by the glycosylase action. For DNA glycosylases
with an AP lyse activity, this step is not needed. It is important
to make sure that APE itself has no effect on the lesion of
interest. This can be done by setting up a control with APE
alone (see Note 5).

. Add 5 pL of 3% alkaline solution (300 mM NaOH, 90% form-

amide, 0.05% bromophenol blue), followed by heating the
samples at 95 °C for 5 min to denature the duplex. The samples
may now be stored frozen for later analysis on the
denaturing gel.

. Prepare a 7 M urea 12% denaturing PAGE.
. Load 5 pL of the above reaction product per well on the gel,

with a 5’-32P-labeled single-stranded oligomer marker(s) (see
Note 6). No purification step is needed even when a CFE
is used.

. Run the gel with 1x TBE buffer on a “Poker Face” sequencing

gel apparatus at constant 2000 V for 1 h (see Note 7).
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3.4 NIR and NER
Assays

4. The gel is dried onto a 3MM paper in a gel drier according to
the manufacturer’s instructions.

5. The gel is scanned with a Phosphorimager (se¢ Note 8).

6. For band quantitation, a specialized software is used according
to the manufacturer’s instructions.

This assay is quantitative enough to measure the effect of
neighboring base context or opposite base on cleavage efficiency
[34]. As shown in ref. [35], ecight 15-mer synthetic AP
(tetrahydrofuran)-containing oligomer duplexes were used to test
the cleavage efficiency of E. coli endonuclease IV. Change of the
position and composition of the triplet flanking bases adjunct to the
AP site caused significant differences in repair rates. Interestingly,
the rates also paralleled the thermal stability of the duplexes, as
endonuclease IV requires a double-stranded DNA substrate.
Another quantitation example is the human TDG cleavage of the
oligomer duplex containing an 8-hm-eC (a new substrate then) in
comparison with eC (a known substrate) [33] (Fig. 3e¢), in which
the opposite base to either 8-hm-eC or eC is G, A, T, or C. The
result showed that the TDG activity had the highest level when
these two cytosine adducts paired with G.

Using the same radiolabeled oligonucleotide duplex, the bind-
ing assay with the same protein samples can be performed and
analyzed on a non-denaturing PAGE. Our group has performed
various gel bandshift assays for DNA glycosylase binding to the
25-mer duplex containing an adduct of interest, which provided
valuable information in specific recognition, biochemical character-
ization, and protein purification [10, 35-37].

This assay is also suitable for testing a nucleotide incision repair
(NIR) activity, which is a specialized form of repair, as exemplified
by the processing of pBQ-derived exocyclic DNA adducts and
oxidative DNA lesions [5, 6]. In Fig. 4, we first used a pBQdC-
containing 25-mer duplex to explore its potential cleavage by HelLa
cell-free extracts [5] and observed a robust activity indicating 5’
incision of the substrate using the cleavage assay (Fig. 4a). This
activity was further purified from HelLa cell extracts to a single
polypeptide band on silver staining using multiple-column chroma-
tography (Fig. 4b) which was later confirmed as human major AP
endonuclease with protein microsequencing [5]. Further experi-
ments with cleavage fragment end-group studies found that the
enzyme incises the oligomer 5’ to the adduct and generates 3’-
-hydroxyl and 5’-phosphoryl termini but leaves the adduct on the
5/ terminus of the cleaved fragment as a “dangling base”

(Fig. 4¢) [5].
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3.5 Primer Extension
Assay with a DNA
Polymerase

This assay can be used to study an NER activity against the
lesion of interest, if the length of the oligomer duplex is long
enough. We previously directly used synthetic oligomers or ligated
products (e.g., 40, 60,90, and 132-base pairs) to test NER incision
of various DNA lesions [5, 10, 38, 39] and obtained results in
consistence with NER incision patterns reported previously.

Although this is not a repair assay, with the availability of an
oligonucleotide template containing a single, site-specifically placed
lesion, it can be performed easily to assess the potential mutation of
a new derivative, in the presence of classic DNA polymerases or Y-
family DNA polymerases specializing in translesion DNA synthesis
(TLS) [40]. The primers with appropriate sizes can be synthesized
and purified commercially. It is important that they are purified by
both HPLC and PAGE to ensure all the oligomers have the exact
size before annealing. Technically, many steps such as the 5’-3°P
labeling and gel electrophoresis are the same as the repair cleavage
assay. With this assay, we successfully investigated miscoding fea-
tures of various DNA adducts with most of the currently identified
Y-family of DNA polymerases (pols 1, 1, ¥, and Revl), which play
major roles in the TLS in coordination with the B-family polymer-
ase, pol ¢ [41-43].
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As shown in Fig. 5, there are two types of DNA replication
assay based on the dNTPs added to the replication reaction:

1. Full replication assay: This is to examine whether a DNA poly-
merase replicates past the lesion. As shown in Fig. 5, the
oligomer to be tested is annealed to its 5’->?P-labeled primer,
terminating 1, 2, or more bases on the 3’ side of the bases to be
tested. The elongation of the primer in the presence of all four
dNTPs, if it occurs, is seen as additional bands on the denatur-
ing PAGE (see refs [41-43] for examples).

2. Insertion specificity assay: A single dNTP is placed in the
reaction mixture at a time to ask the question: which base is
incorporated opposite the adduct, and what are the misincor-
poration frequencies for each of ANTP? Dr. Myron Goodman’s
laboratory has established a gel assay for determining the
kinetic constants, K, and V., to calculate the misincorpora-
tion frequency of nucleotide insertion (Vi,.c/Ky) opposite a
base, which is the basis for assessing mutagenic potential
[44]. The assay can be used to directly measure DNA polymer-
ase fidelity, which is defined as the ratio of right (R) to wrong
(W) nucleotide incorporations when dRTP and dWTP sub-
strates compete at equal concentrations for primer extension
at the same site [45].
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4 Notes

1. There is an excess of complementary strand in the annealing
reaction, to ensure the template oligonucleotide is fully
annealed.

2. The poly[dI'dC] is only used for CFE, to knock down nonspe-
cific binding proteins to the oligomer substrate.

3. Reaction conditions could be optimized based on the repair
protein properties. For example, the pH of the reaction bufter
can be changed. Also the final salt concentration may be
adjusted when a CFE or column fractions are tested, as salt
concentrations in such samples typically are high.

4. This step is to make sure the denatured oligomers due to
heating anneal again with slow cooling.

5. Another fact is that for monofunctional glycosylase TDG,
which is known as a single turnover enzyme, addition of APE
stimulates its activity against substrates [36].

6. The size of a marker oligomer depends on the position of the
base lesion. Normally the size of the marker is identical to the
5'-32P-labeled cleavage end product of the template. It needs
to be *’P end-labeled the same way as the 25-mer oligomer.
Dilute the oligo 1:20 to 1:100, mix with the loading buftfer,
and load 5 pL with other samples.

7. The running buffer (1xTBE) must be collected into the liquid
radioactive waste.

8. An X-ray film can also be exposed to the gel in a cassette and
then developed to show the bands and cleavage products
analyzed.
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In Vitro Reconstitutive Base Excision Repair (BER) Assay

Aruna S. Jaiswal, Elizabeth A. Williamson, Arunima S. Jaiswal,
Kimi Kong, and Robert A. Hromas

Abstract

The mammalian cell genome is continuously exposed to endogenous and exogenous insults that modify its
DNA. These modifications can be single-base lesions, bulky DNA adducts, base dimers, base alkylation,
cytosine deamination, nitrosation, or other types of base alteration which interfere with DNA replication.
Mammalian cells have evolved with a robust defense mechanism to repair these base modifications
(damages) to preserve genomic stability. Base excision repair (BER) is the major defense mechanism for
cells to remove these oxidative or alkylated single-base modifications. The base excision repair process
involves replacement of a single-nucleotide residue by two sub-pathways, the single-nucleotide (SN) and
the multi-nucleotide or long-patch (LP) base excision repair pathways. These reactions have been repro-
duced in vitro using cell free extracts or purified recombinant proteins involved in the base excision repair
pathway. In the present chapter, we describe the detailed methodology to reconstitute base excision repair
assay systems. These reconstitutive BER assay systems use artificially synthesized and modified DNA. These
reconstitutive assay system will be a true representation of biologically occurring damages and their repair.

Key words DNA damage, Base excision repair, AP-site, dRP lyase activity, AP endonuclease activity,
Flap endonuclease activity, Long-patch repair

1 Introduction

The mammalian genome is continuously exposed to both endoge-
nous and environmental insults that result in base modification
(Fig. 1). About 100,000 modifications occur every day on the
genome and these modifications are continuously repaired to pre-
serve the genomic integrity. Genomic integrity depends on efficient
removal and repair mechanisms [1]. Cells have evolved with repair
mechanisms to repair oxidative and DNA alkylation damage from
both endogenous compounds and exogeneous environmental
agents. Not only oxidative stress (endogenous sources) causes
DNA damage but various other events in the metabolic pathways
ofthe cell can also result in base damage of the genome [2, 3]. Exog-
enous sources can be therapeutic agents (methylating agents) used
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for the clinical intervention, such as nitrogen mustards (e.g., mel-
phalan, cyclophosphamide, and chlorambucil), methyl nitrosourea
(e.g., carmustine and lomustine), platinum-based drugs (e.g., cis-
platin, oxaliplatin), triazine family (temozolomide, dacarbazine,
procarbazine) [4], tobacco-specific nitrosamines, and drugs like
streptozotocin that form adducts at N- and O-atoms in DNA
bases. Base lesions generated after exposure to these agents are
mainly repaired by direct base repair, base excision repair (BER),
and, to some extent, nucleotide excision repair (NER) [5]. Most
alkylating drugs used in chemotherapy cause DNA lesions at gua-
nine such as O°methylguanine (O%-MeG), N”-methylguanine
(N7-MeG), and N3-methylguanine (N3-MeG) and at adenine as
N?-methyladenine (N3-MeA). The O°-MeG lesion is repaired by
the O6-methylguanine-DNA-methyltransferase (MGMT) path-
way. The N”-MeG and N*-MeA lesions are repaired by the BER
pathway [6]. Another endogenous agent, nitric oxide, also induces
AP sites that must be detected and repaired. Inflamed epithelial
cells release reactive oxygen (ROS) and reactive nitrogen species
(RNS). Nitric oxide also causes DNA damage in the form of
8-ox0-7,8-dihydro-2’-deoxyguanosine and 8-nitroguanine
[7]. Nitrosating agents have two major effects on DNA,
(1) alkylation of DNA and (ii) conversion of secondary amines
into alkylating agents similar to N-methyl-N nitrosourea (MNU)
which leads to DNA alkylation and causes genomic instability.
Cytosine deamination is most prevalent and converted to uracil
upon the hydrolytic attack of the amine group on the outermost
10 bases of the ends of DNA fragments [8]. Deamination of
nucleobases is catalyzed by the formation of unstable N-nitroso
derivatives of exocyclic amines which converts some of guanine
bases in the DNA into xanthine, adenine bases into hypoxanthine,
and cytosine bases into uracil (Fig. 1). Deaminated cytosine resi-
dues can be removed enzymatically by uracil DNA glycosylase
(UDG) [9]. The removal of deaminated bases from DNA is the
initial stage of base excision repair which can be impaired by the
presence of a nitrosative deaminated base on the DNA strand. This
impaired repair of the modified base will be translated to either
mutation induction or a pause in replication. If these nitrosative
deaminated bases are not removed in a timely fashion, then persis-
tent mutation could trigger the process of tumorigenesis.

BER is considered to be the primary mechanism for repairing
most forms of spontaneous hydrolytic, alkylative, and oxidative
DNA damage. BER has been subdivided into two major pathways
based on the number of nucleotides incorporated during repair
synthesis, that is, single nucleotide (SN) and multi-nucleotide, or
long patch (LP), which involves incorporation of 2-13 nucleotides
and strand displacement polymerization (Fig. 2) [10]. In most
cases, excision of a damaged base is initiated by one of the
11 DNA glycosylase enzymes which generates a potentially
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Fig. 1 DNA modification by deamination or alkylation reactions. Deamination and
alkylation of cytosine occur very frequently in the cells and modified bases are
removed by the BER pathway

cytotoxic apurinic or apyrimidinic site (AP site) intermediate. AP
sites are very unstable (labile) and highly mutagenic (Fig. 3) and
spontaneously degrade into DNA strand breaks by p-elimination
[11]. These unstable AP sites can also result in non-template DNA
and RNA synthesis. AP sites are recognized and cleaved by apuri-
nic/apyrimidinic endonuclease 1 (APE1) at 5’- to abasic site to
generate a strand break. If AP sites are not repaired efficiently, they
can lead to tumor initiation and progression [12]. There are two
important enzymatic activities of Pol f in the mammalian single-
nucleotide BER (SN-BER): first is DNA resynthesis or insertion of
the correct base at the repair site and second is the removal of the
5’-deoxyribose phosphate (dRP) residue [13]. If the 5'-dRP resi-
due is not removed before the ligation step, then DNA ligase
I-mediated ligation will not be completed. If this dRP residue is
resistant to the dRP lyase activity of Pol B, then the nucleotidyl
transferase activity of Pol p will continue adding nucleotides to the
3’-end past the nicking site resulting in the generation of a flap
structure of the downstream nicked strand. These flap structures
are removed by the structure-specific nuclease FENI. After the flap
structure is removed, the resulting gap is sealed by DNA ligase I or
IIT1 [10-12]. In SN-BER, the XRCC1,/DNA ligase 3 (LIG3) com-
plex catalyzes the DNA ligation step, while LP-BER uses DNA
ligase 1 (LIG1) [14].
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Fig. 2 Stepwise representation showing the sequential steps of BER. There are two sub-pathways for BER,
single-nucleotide (SN) BER and multi-nucleotide or long-patch (LP) BER. There is some overlap on the steps in
SN-BER and LP-BER. The first step in BER is executed by one of the 11 DNA glycosylases, in which uracil DNA
glycosylase removes uracil residue from the DNA and creates an abasic site. DNA glycosylases can be either
mono- or bifunctional. Once the base is removed by DNA glycosylases, the AP endonuclease 1 (APE1) incises
5’- to the abasic site and generates a strand break. This single-strand break generates a 3’-hydroxyl group
and a unique 5’-deoxyribose phosphate (dRP). This dRP moiety is removed by dRP lyase activity of DNA
polymerase f (Pol ) during SN-BER. In SN-BER, the Pol p nucleotidyl transferase activity of Pol p incorporates
the correct base at the site of the damaged base, and finally, the XRCC1/DNA ligase lll complex seals the gap.
However, if the AP site is oxidized or reduced, it becomes resistant to the dRP lyase activity of Pol . In this
situation SN-BER is not a preferred option; rather it opts for the LP-BER pathway. In LP-BER, polynucleotidyl
transferase activity of Pol p incorporates 2—13 nucleotides which generates a flap structure. The resulting flap
structure can be removed by 5’- flap endonuclease activity of structure-specific flap-endonuclease 1 (FEN1).
Finally, the gap is sealed by DNA ligase 1 (LIGI)



In vitro Reconstitutive BER Assay 95

No-CHe “o-ChHe “o-Che
OH
OH o CHO
% 0, 0\
Natural abasic site Tetrahydrofuran-type abasic site

Fig. 3 Structure of naturally occurring abasic sites and chemically synthesized
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In the present chapter, we provide a detailed assay procedure to
reconstitute in vitro BER assay using recombinant purified proteins
thus revealing a sequential enzymatic step of a biochemical pathway
of DNA repair. This will help us understand the functionality and
biological activity of these proteins, deduce the dynamics and spa-
tial interaction of these proteins in the microenvironment of
repairosome, and determine how the interacting partner of these
proteins can affect repair efficiency. This method can be further
explored to define how these proteins assemble at the replication
fork and repair the damage to restore the normally replicating forks.
In addition, these reconstitutive assays can also be used to screen
the drugs which target BER proteins at various steps of the BER
pathway.

2 Materials

2.1 Laboratory
Equipment

1. Gilson pipets (P2, P10, P20, P100, P200, and P1000) from
Gilson Inc. (WI, USA).

2. Pipet aid from Drummond (PA, USA).

3. DNA gel electrophoresis apparatus model S2 from Life
Technologies.

4. Power Pac HV (5000v/500 mA/400w) from Bio-Rad (CA,
USA).

5. Gel drier from Bio-Rad (CA, USA).
6. Microfuge Centrifuge model 5417R (Eppendorf).

7. Accumet Basic AB15 pH meter from Fisher Scientific (MA,
USA).

8. Glass plates (GBP-419-333-5; GBP-419-394-5) from Moli-
terno Inc. (CA, USA).

9. Accu Block Digital Dry Bath or water bath from Labnet Inc.
(NJ, USA).

10. Typhoon Trio Biomolecular Imager (GE Healthcare
Bio-Science Corporation, NJ, USA).
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11. 4 °C refrigerator.
12. =20 °C freezer from GE.
13. —80 °C freezer from Fisher Scientific.

2.2 Laboratory
Reagents

Gel preparation glass plates, spacers, and comb.
Mini-PROTEAN gel running apparatus.
Electrophoresis tank.

37 °C incubator.

Boiling water bath/heat block and 37 °C water bath.

Saran wrap.

N T =

Blotting sheets from Thermo Fisher Scientific (cat.
no. 057163F).

8.1 M Tris-HCl pH 7.5 from Sigma (Trizma base cat.
no. T1503; Trizma HCI cat. no. T3253).

9. 0.5 M EDTA pH 8.0 from Sigma (cat. no. D0632).
10. Sigmacote from Sigma (cat. no. SL2).
11. 1 M DTT from Sigma (cat. no. D0632).
12. 1 M NaCl from Sigma (cat. no. S3014).
13. 1 M KCl from Sigma (cat. no. P9541).
14. 4 M NaCl.
15. 1 M MgCl, from Sigma (cat. no. M2670).
16. 10% NP40 from US Biologicals (cat. no. N3500).
17. 100% glycerol from Sigma (cat. no. G6279).
18. 10X TBE buffer from Sigma (cat. no. T4415).
19. 1 M HEPES from Sigma (cat. no. T4415) (pH 7.5).
20. 3 M sodium acetate (pH 5.2).
21. 70% and 100% ethanol.
22. t-RNA from Sigma (cat. no. H3375).
23. Glycogen from Sigma (cat. no. G1767).
24. Bromophenol blue from Cytiva (cat. no. 45-500-11).
25. Xylene cyanol from Sigma (cat. no. X4126).
26. RNase A solution (Sigma, cat. no. R6148).
27. Proteinase K (Sigma, cat. no. P5568).
28. Acrylamide (40% solution) from Bio-Rad (cat. no 161-0144).
29. TEMED from Bio-Rad (cat. no. 161-0800).
30. Sodium borohydride from Sigma (cat. no. 452882).
31. Urea from Bio-Rad (cat. no. 161-0731).
32. 70% ethanol.
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33. Formamide from Invitrogen.
34. RNase A solution from (cat. no. R6148).
35. Proteinase K from Sigma (cat. no. P5568).

36. [y-**P] ATP (3000 Ci/mmol) from Perkin Elmer, Inc. (Bos-
ton, MA) (see Note 1).

37. dATP, dGTP, dTTP, and dCTP (individually or mix from
Sigma (cat. no. D7295).

38. 1 mg/mL bovine serum albumin (BSA Sigma, «cat.
no. A7030).

39. Purified recombinant APE] protein.

40. Purified recombinant DNA polymerase § protein.
41. Purified recombinant FEN1 protein.

42. Purified recombinant DNA ligase 1 protein.

43. Purified recombinant uracil DNA glycosylase protein from
New England Biolab (cat. no. M0372).

44. T4 polynucleotide kinase from New England Biolab (cat.
no. M02018S).

Most of the reagents listed above were either directly procured
from the vendors listed or prepared in the laboratory to the desired
molarity. All the solutions were steam sterilized by autoclaving at
121 °C and 15 psi of pressure or filter sterilized for heat-sensitive
solutions by filtering through 0.22 pm filters. Utmost precaution
was taken to appropriately store the reagents under nuclease-free
condition.

All oligonucleotides for in vitro nuclease and reconstitutive SN-
and LP-BER assays were custom synthesized from Sigma-Genosys
(Woodlands, TX). The nucleotide sequence of these oligonucleo-
tides contained a uracil residue or an AP site analog, 3-hydroxy-2-
hydroxymethyltetrahydrofuran (designated as F in the oligomers),
both positioned at 24-nt. All the oligomers used were PAGE (poly-
acrylamide gel electrophoresis) purified and reconstituted in TE
buffer pH 8.0.

Sense 63-mer U-DNA

5’- CTAGATGCCTGCAGCTGATGCGC U GTACGGATC
CACGTGTACGGTACCGAGGGCGGGT

CGAGA
Sense 63-mer F-DNA

5’- CTAGATGCCTGCAGCTGATGCGC F GTACGGATC
CACGTGTACGGTACCGAGGGCGGGTCGAGA

Anti-Sense 63-mer F-DNA
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5’- TCTCGACCCGCCCTCGGTACCGTACACGTGGATC
CGTACGGCGCATCAGCTGCAGGCAT

CTAG
dRP Lyase Sense 43-mer DNA

5’- TAGACTAGATGCCTGCAGCTGATGUCGCCGTACG
GATCCACGT Fam

dRP Lyase Anti-Sense 43-mer DNA

5’- ACGTGGATCCGTACGGCGGCATCAGCTGCAGGCA
TCTAGTCTA

Fenl UPS Sense 24-mer DNA
5'-TAGACTAGATGCCTGCAGCTGATG

Fenl DWS Sense 28-mer DNA
5’-Fam AAATTGGGTTCGCCGTACGGATCCACGT

3 Methods

3.1 Oligonucleotide
Radiolabeling

Polyacrylamide gel electrophoresis (PAGE)-purified oligonucleo-
tides were reconstituted in TE buffer pH 8.0 before labelling.
Oligos for BER assays were labeled on sense strands and then
annealed to their corresponding complementary oligos. Nucleotide
sequences for SP-BER and LP-BER substrates contained one uracil
residue or THF (THF is 3-hydroxy-2-hydroxymethyltetrahydro-
furan), positioned at 24-nt as described in the oligonucleotide
section. For BER assays the 5’-end of the sense strand is labelled
with T4-polynucleotide kinase (PNK). After labelling, sense oligo
was annealed to the corresponding complementary oligo. All the
oligonucleotide sequences used in this study are provided in the
reagent section. The reaction for labelling of an oligonucleotide
was constituted on ice in a total volume of 25 pl. by aliquoting
water, followed by addition of 2.5 pL of 10x T4 kinase buffer and
1.5 pMol of sense strand, namely, 63-mer F DNA or U-DNA, to a
microcentrifuge tube. Enzymatic transfer of the label was initiated
by addition of **P-y-ATP and T4 polynucleotide kinase using a
standard protocol described by the manufacturer [15]. The reac-
tion was incubated at 37 °C for 20 min. After 20 min, the
T4-polynucleotide kinase was inactivated by addition of 1,/10 vol-
ume of 0.5 M EDTA or heating the reaction content to 65 °C for
10 min to stop the reaction. The labelled sense strand oligo was
annealed to an unlabeled antisense oligo (cold) as described below.
The labeled annealed oligomer was purified using Nick column as
described by the manufacturer (GE Healthcare Biosciences, Pitts-
burgh, PA), quantitated and stored at —20 °C until use (se¢ Note
1). Nucleotide sequences for SP-BER and LP-BER substrates
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contained one uracil residue or THEF, positioned at 24-nt as
described [15] (see Notes 1 and 2).
Reaction for 25 pL volume:

Sense 63-mer F-oligonucleotide = 1-2 pL

10x polynucleotide kinase buffer = 2.5 pL
32P-y-ATP (10 pCi/pL) = 5.0 pL
T4-polynucleotide kinase (10,000 p/mL) = 1.0 pL.
Water (double distilled) = q.s. to 25 pLL

The reaction was incubated at 37 °C for 20 min in dry bath (i»
a radioactive work aren).

Alternatively, we can use nonradioactive assays. While fluores-
cence is a very sensitive technique, weak signals often limit visuali-
zation and quantitation of low-abundance molecules in the context
of gene expression analysis, biomarker detection, and cellular imag-
ing. It is important to note that signals for fluorophore can be
detected with a Typhoon Trio Biomolecular Imager
(GE Healthcare Bio-Science Corporation, Piscataway, NJ, USA)
instrument. Accordingly, we synthesized 5’-fluorophore-labelled
oligo for the nonradioactive assay procedure. We used fluorescein
(6-FAM) as a fluorophore at cither the 5’-end or 3’-end of oligo-
nucleotides. It is important to note that FAM is protonated below
pH 7.0 and will have reduced fluorescence so utmost precaution
was taken to not let FAM-labeled oligos be exposed below pH 7.0.
There are multiple fluorophores available, and based upon their
characteristics, we can select with optimal stability and signal to
noise ratio. What works best for one can be checked with the
vendors for oligosynthesis and capability to detect the signal.

Equimolar amounts of complementary oligonucleotides were
annealed in 0.05 mL containing 10 mM Tris—HCl, pH 7.5,
1 mM EDTA, and 100 mM KCI. Solutions were heated to 85 °C
for 10 min and allowed to gradually cool to room temperature.
Annealed oligos were stored at —20 °C (see Note 2).

All human recombinant hexahistidine-tagged APE1, Pol , FEN1,
and LIG1 proteins were overexpressed in BL21 (DE3) cells and
purified to homogeneity according to our published protocols [ 15—
18]. We acquired purified human Pol p from the late Samuel Wilson
(NIEHS, Research Triangle Park, NC, USA) and purified XRCC1 /
LIG3 complex from Alan Tomkinson (University of New Mexico,
Albuquerque, NM, USA).

In this section, we describe an assay procedure for most of the
enzymatic steps involved in BER. We begin with APE1’s incision
activity followed by other activities. APEl is a multifunctional
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3.4.1 Nuclease Activity
Assay of APE1

enzyme and exhibits several activities such as AP site incision activ-
ity (AP endonuclease activity), exonuclease activity, redox activity,
nucleotide incision repair activity, and RNA processing activity. AP
endonuclease activity is a key activity for BER and APE1 performs
this activity with utmost precision by orienting DNA to the appro-
priate cleavage site in an optimal position for nucleophilic attack
within its compact protein active site. However, its exonuclease
activity has a significantly different salt and pH requirement and
will not be discussed. It remains unclear how other activities of
APEI are coordinated within the cell.

All incision reactions of recombinant APE1 were conducted under
steady state and within a linear range of assay. The reactions were
assembled on ice in a standard reaction mixture of 25 pL as
described below.

1. A master mix containing 30 mM Tris-HCI, pH 7.5, 30 mM
KCl, 5 mM MgCl,, 2 mM DTT, 5% glycerol, 0.01% Nonidet
P-40, and 0.1 mg/mL bovine serum albumin was prepared.

2. 10 pL of master mix was added to each tube.

3. 1 pMol to 1 nMol of recombinant purified APE1 was added to
cach tube leaving the first tube without APE1 which will serve
as the uncleaved substrate control. The amount of APEIl
depends upon the specific activity of the protein. However,
the optimal concentration of the protein was empirically
determined.

4. The reaction was initiated by the addition of the **P-labeled
63-mer F-DNA substrate (approximately 100,000 cpm). The
reaction contents were gently mixed and the reaction mixture
was incubated at 37 °C for 30 min (see Note 1).

5. After 30 min, an equal volume of stop buffer containing 0.4%
(w/v) SDS, 5 mM EDTA, and 1 pg of proteinase K was added
to each tube to stop the reaction.

6. DNA was extracted from the reaction mixture by addition
50 pL of phenol /chloroform /isoamyl alcohol (25:24:1; v/v).
The contents of each tube were mixed by vortexing. Microfuge
tubes were centrifuged at 12000 rpm for 10 min in a tabletop
centrifuge to separate the aqueous phase from the organic
phase. The upper phase containing the APE1 cleaved and
uncleaved DNA was quantitatively collected in a fresh tube.
DNA was ethanol precipitated by addition of 1,/10 volume of
3 M sodium acetate, pH 5.2, and two volumes of ethanol.

7. 1-2 pg of glycogen or tRNA was added to the samples as a
carrier and mixed well to facilitate efficient precipitation of
DNA. A 2.5x volume of ethanol was added to each tube and
mixed well. The tubes were incubated at —20 °C overnight
preferably or — 80 °C for 1-2 h.
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. The DNA was recovered by centrifugation at 14,000 rpm for

20 min. The ethanol was removed leaving behind the DNA
pellet. The recovered DNA was washed once with 2x volumes
of cold 70% ethanol and centrifuged at 14,000 rpm for 20 min.

. Ethanol was carefully removed with a pipet or syringe without

disturbing the DNA pellet, and the pellet was briefly dried at
room temperature or till residual ethanol has completely
evaporated.

The pelleted DNA was resuspended in 5-10 pL of sample
loading dye solution (90% formamide, 1 mM EDTA, 0.1%
xylene cyanol, and 0.1% bromophenol blue).

Denaturing polyacrylamide gel (7 M urea and 15% acrylamide)
was prepared skillfully without trapping any air bubbles in the
gel specifically in the wells. Care should be taken while taking
out the comb so that wells are not damaged. Combs and spacer
used for casting the gels were of 0.4 mm thickness. The recipe
for the gel is described below (see Notes 4 and 5).

Samples were heat denatured at 85 °C for 5 min and cooled
quickly on ice. Samples were kept on ice until loaded on the
gel. Samples were centrifuged before loading to bring every
droplet to the bottom.

Samples (4 pL) were loaded onto a 7 M urea and 15% denatur-
ing polyacrylamide gel for electrophoresis and run at 2000

volts for about an hour. Leftover samples can be stored at —
20 °C (see Note 4).

After completion of the run, the gel plates were pry-opened
and the gel was transferred to a blotting sheet. The gel was
dried under vacuum (80 °C for 2 h) and then subjected to
autoradiography. Signals were captured on X-ray films.

For nonradioactive APEl-cleaved products, samples were
resolved on a 7 M urea and 15% denaturing polyacrylamide
gel. DNA on the gel was visualized by scanning in the Typhoon
Trio Biomolecular Imager (GE Healthcare Bio-Science Corpo-
ration, Piscataway, NJ, USA), at excitation of 526 nm and
emission at 488 nm. Digital images were acquired and analyzed
for quantitation using ImageQuant TL (GE Healthcare
Bio-Science Corporation, Piscataway, NJ, USA) software (see
Notes 2—4).
Recipe for 7 M urea/15% acrylamide gel:

DDW =12 mL

10 x TBE = 6 mL

7 M urea = 25.22 gm

15% acrylamide (40%) = 22.5 mL
APS (10%) = 0.25 mL

TEMED = 0.025 mL.
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3.4.2 dRP Lyase Activity
of DNA Polymerase p

DNA Pol Bis a 39-kDa multifunctional protein. Its N-term domain
consists of an 8-kDa dRP lyase activity domain, while the carboxyl-
terminal domain of 31 kDa has nucleotidyl transferase activity. dRP
lyase activity of Pol p is essential for SN-BER, while nucleotidyl
transferase activity is required for LP-BER [19]. The dRP lyase
activity of Pol B was analyzed under steady-state condition and
linear range. Reactions for dRP lyase activity of Pol §§ were assem-
bled on ice in a standard reaction mixture of 25 pL as described
below. The substrate used for dRP lyase activity was 3’->2P-labelled
or 3’-FAM-labelled U-DNA. This reaction was carried out in sev-
eral stages.

1. A master mix containing 30 mM Tris-HCI, pH 7.5, 30 mM
KCl, 5 mM MgCl,, 2 mM DTT, 5% glycerol, 0.01% Nonidet
P-40, and 0.1 mg/mL bovine serum albumin was prepared.

2. 10 pL of master mix was aliquoted to each tube.

3. One unit of recombinant UDG was added to each tube con-
taining the reaction mixture while leaving the first tube without
UDG. This tube will serve as a negative control. The amount of
UDG depends upon the specific activity of the protein. The
final volume of reaction mixture was adjusted to 15 pL (see
Notes 5 and 7).

4. Add 1 unit of recombinant UDG to the reaction mixture.
Optimal concentrations of UDG were empirically determined
(see Notes 5 and 7).

5. The reaction was initiated by the addition of 3*P-labeled
63-mer U-DNA substrate (approximately 100,000 cpm). The
reaction mixtures were incubated at 37 °C for 20 min. Alterna-

tively, we can use a nonradioactive assay procedure using
3’-FAM-labelled U-DNA substrate (se¢ Note 5).

6. 10 pL of reaction buffer containing 30 mM Tris-HCIL, pH 7.5,
30 mM KCl, 8 mM MgCl2,2 mM DTT, 0.01% Nonidet P-40,
5% glycerol, and 0.1 mg/mL bovine serum albumin was added
to each tube.

7. 1 pL (~25-100 pMol) of recombinant APE] was added to the
reaction mixture and incubated for an additional 30 min at
37 °C in a dry bath. The optimal concentration of APE1 and
time should be empirically determined (se¢ Notes 6-8).

8. 10-25 fMol of recombinant Pol f was added to each tube and
incubated at 37 °C for 20 min. The optimal concentration of
Pol B and time should be empirically determined (see Notes 4
and 6).

9. Cold sodium borohydride (340 mM NaBH4, freshly prepared)
was added to the each tube and was incubated on ice for
30 min.
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DNA was extracted from the reaction mixture by the addition
of 50 pL of phenol/chloroform/isoamyl alcohol (25:24:1;
v/v). The contents of each tube were thoroughly mixed by
vortexing. Microfuge tubes were centrifuged at 12000 rpm in a
tabletop centrifuge to separate the aqueous phase from the
organic phase. The upper phase containing the dRP lyase
activity product and uncleaved DNA substrate was quantita-
tively collected in a fresh tube.

1-2 pg of glycogen or tRNA was added to the samples as a
carrier and mixed well to facilitate efficient precipitation of
DNA. DNA was ethanol precipitated by addition of 1/10
volume of 3 M sodium acetate, pH 5.2, and 2.5 volumes of
ethanol. Samples were mixed well and tubes were incubated at
—20 °C overnight preferably or —80 °C for 1-2 h.

The DNA was recovered by centrifugation at 14,000 rpm for
20 min. The ethanol was removed leaving behind the DNA
pellet. The recovered DNA was washed once with 2% volumes
of cold 70% ethanol and centrifuged at 14,000 rpm for 20 min.

Ethanol was carefully removed with a syringe without disturb-
ing the DNA pellet, and the pellet was briefly dried at room
temperature or till residual ethanol evaporated.

The pelleted DNA was resuspended in a 5-10 pL of sample
loading dye solution (90% formamide, 1 mM EDTA, 0.1%
xylene cyanol, and 0.1% bromophenol blue).

Denaturing polyacrylamide (7 M urea and 15% acrylamide) gel
was prepared skillfully without trapping any air bubbles in the
gel specifically in the wells. Care should be taken while taking
out the comb that wells were not damaged. Combs and spacer
used for casting the gels were of 0.4 mm thickness. The recipe
for the gel is described below (see Notes 4 and 5).

Samples were heat denatured at 85 °C for 5 min and cooled
quickly on ice. Samples were kept on ice till loaded on the gel.
Samples were centrifuged before loading to bring every droplet
to the bottom.

Samples (4 pL) were loaded onto a 7 M urea and 15% denatur-
ing polyacrylamide gel for electrophoresis and run at 2000
volts for about an hour. Leftover samples can be stored at —
20 °C (see Note 4).

After completion of the run, the gel plates were pry-opened
and the gel was transferred to a blotting sheet. The gel was
dried under vacuum (80 °C for 2 h) and then subjected to
autoradiography. Signals were captured on X-ray films.

For nonradioactive APEl-cleaved products, samples were
resolved on a 7 M urea and 15% denaturing polyacrylamide
gel. DNA on the gel was visualized by scanning in the Typhoon
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3.4.3 FENT Activity Assay

APE1 Cleavage  dRP lyase activity
P-Sugar
U, UG NS

43-mer

Substrate DNA =

ARP ProQUCT g wee 1ot 5
dRP Cleaved

product 1 2 3 4 5

UubDG + + + 4+

APE1l - + + + +

Polf - - + + +

Time (0-30 min) |

Fig. 4 Analysis of dRP lyase activity of DNA polymerase . Schematic represen-
tation for the reconstitution dRP lyase of DNA polymerase p. All the components
of the assay system were sequentially added, and the reaction was carried out at
37 °C at different time points. The dRP lyase activity of Pol  was analyzed using
the 3’-labelled U-DNA substrate as discussed in the procedure. Lane 1 repre-
sents substrate only without any cleavage, lane 2 shows 24-mer incised product
in the presence of UDG and APE1, and lanes 3-5 show the time-dependent dRP
lyase activity of Pol (. The incubation time was 0-30 min at 37 °C

Trio Biomolecular Imager (GE Healthcare Bio-Science Corpo-
ration, Piscataway, NJ, USA), at excitation of 526 nm and
emission at 488 nm. Digital images were acquired and analyzed
for quantitation using ImageQuant TL (GE Healthcare
Bio-Science Corporation, Piscataway, NJ, USA) software. An
example of dRP lyase activity of Pol p is shown in Fig. 4 (see
Notes 2-4).

Recipe for 7 M urea/15%acrylamide gel remains the same as in
Subbeading 3.4.1.

The reaction for in vitro FEN1 activity was carried out in a standard
reaction mixture of 25 pl. The reaction was assembled on ice as
described below [11, 15, 20]. The DNA substrate used for FEN1
activity was  5'-labelled downstream sense oligo. All
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oligonucleotides including 5’-upstream sense oligonucleotide, 5’-
-labeled upstream sense oligonucleotide, and antisense oligonucle-
otide were mixed in equimolar quantity and annealed at 85 °C for
10 min followed by slow cooling to room temperature.

1. A master mix containing 30 mM Tris-HCI, pH 7.5, 30 mM
KCl, 5 mM MgCl,, 2 mM DTT, 5% glycerol, 0.01% Nonidet
P-40, and 0.1 mg/mL bovine serum albumin was prepared.

2. 10 pL of master mix was added to each tube.

3. 0.1-0.2 pMol of purified recombinant FEN1 was added to
each tube leaving the first tube without FEN1. The amount
of FEN1 was optimized before proceeding for complete
LP-BER. The optimal concentration of FEN1 protein was
empirically determined.

4. The reaction was initiated by the addition of 3?P-labeled
51-mer Flap-DNA substrate (approximately 100,000 cpm).
The reaction contents were gently mixed and the reaction
mixture was incubated at 37 °C for 30—-60 min depending
upon the specific activity of FEN1 (see Note 1).

5. Reaction was terminated by the addition of an equal volume of
stop bufter (0.4% [w/v] SDS, 5 mM EDTA, 1 pg of proteinase
K).

6. The cleaved flap structure of DNA was recovered by extracting
in phenol /chloroform/isoamyl alcohol (25:24:1; v/v). 50 pL.
of phenol/chloroform/isoamyl alcohol (25:24:1; v/v) was
added and mixed by vortexing. Tubes were centrifuged at
14000 rpm in a tabletop centrifuge to separate the aqueous
phase from the organic layer. The upper phase containing the
cleaved flap structure and uncleaved substrate was collected in a
fresh tube.

7. 1-2 pg of glycogen or tRNA was added to the sample as a
carrier and mixed well to facilitate efficient precipitation of
DNA. DNA was ethanol precipitated by the addition of 1,/10
volume of 3 M sodium acetate, pH 5.2, and 2.5 volumes of
ethanol. Samples were mixed by vortexing and the tubes were
incubated at —20 °C overnight preferably or —80 °C for 1-2 h.

8. The DNA was recovered by centrifugation at 14,000 rpm for
20 min. The ethanol was removed leaving behind the DNA
pellet. The recovered DNA was washed once with 2x volumes
of cold 70% ethanol and centrifuged at 14,000 rpm for 20 min.

9. Ethanol was carefully removed with a syringe without disturb-
ing the DNA pellet, and the pellet was briefly dried at room
temperature or till residual ethanol evaporated.
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3.4.4 DNA Ligase 1 or
XRCC1/Ligase 3 Activity
Assay

10. The pelleted DNA was resuspended in a 5-10 pL of sample
loading dye solution (90% formamide, 1 mM EDTA, 0.1%
xylene cyanol, and 0.1% bromophenol blue).

11. Denaturing polyacrylamide gel (7 M urea and 15% acrylam-
ide) was prepared without trapping any air bubbles in the gel
specifically in the wells. Care should be taken while taking out
the comb so that wells were not damaged or deformed. Combs
and spacer used for casting the gels were of 0.4-mm thickness.
The recipe for the gel is described in Sect. 3.4.1 (see Notes 4
and 5).

12. Samples were heat denatured at 85 °C for 5 min and cooled
quickly on the ice. Samples were kept on ice till loaded on the
gel. Samples were centrifuged before loading to bring every
droplet to the bottom.

13. Samples (4 pL) were loaded onto a 7 M urea and 15% denatur-
ing polyacrylamide gel for electrophoresis and run at 2000

volts for about an hour. Leftover samples can be stored at —
20 °C (see Note 4).

14. After completion of the run, the gel plates were pry-opened
and the gel was transferred to a blotting sheet. The gel was
dried under vacuum (80 °C for 2 h) and then subjected to
autoradiography. Signals were captured on X-ray films.

15. For nonradioactive FEN1-cleaved products, samples were
resolved on a 7 M urea and 15% denaturing polyacrylamide
gel. DNA on the gel was visualized by scanning in the Typhoon
Trio Biomolecular Imager (GE Healthcare Bio-Science Corpo-
ration, Piscataway, NJ, USA), at excitation of 526 nm and
emission at 488 nm. Digital images were acquired and analyzed
for quantitation using ImageQuant TL (GE Healthcare
Bio-Science Corporation, Piscataway, NJ, USA) software. An
example of FEN1 activity is shown in Fig. 5 (se¢ Notes 2—4).

Recipe for 7 M urea/15%acrylamide gel vemains the same as in
Subbeading 3.4.1.

Similar reactions were assembled as described elsewhere for recom-
binant DNA ligase 1 or XRCC1/DNA ligase 3 protein to deter-
mine the ligase activity [1, 15, 21]. DNA ligase assay was assembled
similar to the above experimental protocol. Master mixture was
supplemented with 0.5 mM ATP. The reaction was initiated by
the addition of **P-labeled or FAM-labeled appropriate nicked
substrate for ligation. The reaction was allowed to proceed at
37 °C for 60 min and terminated by the addition of stop buffer.
The DNA was recovered by phenol/chloroform extraction, etha-
nol precipitation at —80 °C, followed by washing with 70% cold
ethanol. The recovered DNA was resuspended in sample loading
dye (90% formamide, 1 mm EDTA, 0.1% xylene cyanol). The
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Fig. 5 In vitro reconstitution long-patch (LP) BER. APE1-mediated repair of a THF
abasic site is mimicked via LP BER. Ladders in the image represent
displacement products generated by DNA polymerase p (denoted as Pol p)
creating a flap and usually cleaved by FEN1. Image shows cleaved products at
the sequential BER steps and the last lane shows a completely repaired product
in the presence of LIG1. Lane 1 represents substrate without any cleavage, lane
2 shows 23-mer incised product after APE1 activity, lane 3 shows addition of
1-nt, and lane 4 shows FEN1-stimulated Pol B displacement activity. Lane
5 shows repair to the 63-mer DNA. The incubation time for the reaction was
60 min at 37 °C

samples were heated at 85 °C for 5 min and cooled quickly on ice.
The samples (4 pL) were loaded onto a denaturing gel (15% poly-
acrylamide and 7 M urea gel) for electrophoresis for separation of
ligated products. The gel was scanned in the Typhoon Trio Biomo-
lecular Imager (GE Healthcare, excitation at 526 nm and emission
at 488 nm). The digital images were acquired and analyzed for
quantitation using ImageQuant TL (GE Healthcare Bio-Science
Corporation, Piscataway, NJ, USA) software.

In vitro SN- and LP-BER assays were carried out as described
previously [15, 21, 22]. The reaction mixture for SP-BER was
essentially the same as that for LP-BER except that FEN1 was
omitted in SP-BER while reaction was initiated with U-DNA sub-
strate. The following is the stepwise protocol to assemble a recon-
stitutive LP-BER assay:

1. A master mix was prepared by adding the following to the final
concentration of 30 mM Tris—HCI, pH 7.5, 30 mM KClI,
8 mM MgCl,, 2 mM DTT, 0.01% Nonidet P-40, 5% glycerol,
0.5 mM ATP, and 0.1 mg/mL bovine serum albumin.
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2.

10.

11.

10 pL of master mix was aliquoted to each tube. The final
volume was adjusted to 25 pL of a reaction with DNAse-free
water after the addition of recombinant proteins and
substrate DNA.

. 1 pMol to 1 nMol of recombinant purified APE] was added to

each tube leaving the first tube without APEL. The protein
concentration was empirically determined optimized to achieve
~100 cleavage.

. Recombinant Pol § (0.2-0.5 pMol) was added followed by

addition of FENI1 (0.10-0.200 pMol) to the designated
tubes. The optimal concentration of both Pol f and FENI1
proteins required to achieve the optimal generation of 2-13
nucleotide displacement product after FENI1 cleavage was
empirically determined.

. Each dATP, dCTP, dGTP, and dTTP to a final concentration of

20 pM was added to each tube. Alternatively, 10 mM stock
solution of ANTP mixture can be used.

. Recombinant DNA ligase 1 (50-100 pMol) was added to each

tube designated as purified recombinant DNA ligase 1.

. The reaction was initiated by the addition of the **P-labeled

63-mer F DNA substrate (approximately 100,000 cpm). After
initiating the reaction, the contents of the tubes were gently
mixed and samples were incubated at 37 °C for 60 min. Alter-
natively, FAM-labeled oligos can be used (see Note 1).

. After 60 min of the reaction, the reaction was terminated by the

addition of an equal volume of stop buffer containing 0.4%
(w/v) SDS, 5 mM EDTA, and 1 pg of proteinase K to
each tube.

. DNA was carefully extracted from the reaction mixture by the

addition of 50 pL of phenol /chloroform/isoamyl alcohol (25:
24:1; v/v). The contents of each tube were thoroughly mixed
by vortexing. Microfuge tubes were centrifuged at 12,000 rpm
for 10 min in a tabletop centrifuge to separate the aqueous
phase from the organic phase. The upper phase containing the
repaired and unrepaired DNA was quantitatively transferred to
a fresh tube. DNA was ethanol precipitated by the addition of
1,/10 volume of 3 M sodium acetate, pH 5.2, and two volumes
of ethanol.

1-2 pg of glycogen or tRNA was added to the samples as a
carrier and mixed well to facilitate efficient precipitation of
DNA. The tubes were incubated at —20 °C overnight prefera-
bly or —80 °C for 1-2 h.

DNA was recovered by centrifugation at 14,000 rpm for
20 min. Ethanol was removed leaving behind the DNA pellet.
The recovered DNA was washed once with 2x volumes of cold
70% ethanol and centrifuged at 14,000 rpm for 20 min.
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Ethanol was carefully removed with a pipet or syringe without
disturbing the DNA pellet, and the pellet was briefly dried at
room temperature or till residual ethanol completely
evaporated.

Pelleted DNA was resuspended in a 5-10 pL of sample loading
dye solution (90% formamide, 1 mM EDTA, 0.1% xylene
cyanol, and 0.1% bromophenol blue).

The gel was prepared (7 M urea and 15% denaturing polyacryl-
amide) skillfully as per the recipe described in Sect. 3.4.1 with-
out trapping any air bubbles in the gel and in the wells. Also,
extreme care was taken while taking out the comb that wells
were in good shape. Combs and spacer used for casting the gels
were of 0.4 mm thickness. The gel was pre-run before loading
the samples for 25-30 min at 2000 volts (see Notes 4 and 5).

Samples were heat denatured at 85 °C for 5 min and cooled
quickly on ice. Samples were kept on ice till loaded on the
gel and centrifuged before loading.

Samples (4 pL) were loaded onto a 7 M urea and 15% denatur-
ing polyacrylamide gel for electrophoresis and run at 2000
volts for about 1.5-2 h. Leftover samples were stored at —
20 °C (see Note 4).

After the completion of run, the gel plates were pry-opened
and the gel was transferred to a blotting sheet. The gel was
dried under vacuum (80 °C for 2 h) and then subjected to
autoradiography. Signals were captured on X-ray films.

For nonradioactive APEl-cleaved products, samples were
resolved on a 7 M urea and 15% denaturing polyacrylamide
gel. DNA on the gel was visualized by scanning in the Typhoon
Trio Biomolecular Imager (GE Healthcare Bio-Science Corpo-
ration, Piscataway, NJ, USA), at excitation of 526 nm and
emission at 488 nm. Digital images were acquired and analyzed
for quantitation using ImageQuant TL (GE Healthcare
Bio-Science Corporation, Piscataway, NJ, USA) software. An
example of LP-BER is shown in Fig. 5 (se¢ Notes 2—4).

Recipe for 7 M urvea/15%acrylamide gel remains same as in

Subbeading 3.4.1.

4 Notes

1.

All radioactive work should be carried out in the radioactive
area approved by the institution to avoid unnecessary exposure
to other co-workers. All radioactive wastes should be appropri-
ately disposed off and segregated according to institutional
policies. Radioactive waste cannot be mixed with regular
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biohazard waste. Extreme caution should be taken while work-
ing with radioactive nuclide.

. During the oligonucleotide annealing process, cooling of the

annealed oligo should proceed gradually from 95 °C to room
temperature. It is highly recommended to use a dry heat block
for annealing rather than using a PCR machine. The whole
process in the dry heat block takes about 2-2.5 h, whereas the
temperature in a PCR machine drops more rapidly in compari-
son which does not allow proper annealing of the sense and
antisense oligos.

. With respect to the nonradioactive procedure, the

FAM-labelled oligo reaction mixture should be at a pH of
>7. A pH of <7 will result in poor quality image or potentially
no image being detected. The signal can be enhanced by
increasing the energy level in a photomultiplier tube (PMT
values on a program) or directly exposing the gel to a laser
beam. Although, FAM-labelled oligos give equally good
results, the sensitivity of the assay will be comparatively lower
compared to a radioactive probe.

. While preparing the 15% polyacrylamide gel containing 7 M

urea, care should be taken to dissolve the 7 M urea homo-
geneously by heating mildly during mixing. Once the solution
cools down, degas the solution and add APS and TEMED. Add
acrylamide /urea solution to the preassembled plates for poly-
merization. Wait for at least an hour for complete polymeriza-
tion. Sometimes a longer time may be needed for
polymerization. Pre-running of the gel for at least 30 min is
essential after washing the wells to remove unpolymerized
acrylamide and crystalized urea. After the pre-run, carefully
wash the wells by flushing with the running buffer to
completely remove urea from the wells. Urea in the wells will
cause altered density of the samples and hence contorted move-
ment of the samples and diffusion.

. A7 M urea and 15% denaturing polyacrylamide gel should be

prepared skillfully without trapping any air bubbles in the gel.
Utmost care should be taken while taking out the comb that no
wells are damaged or deformed. Combs and spacer used for
casting the gels should be 0.4 mm thickness.

. When working with FAM-labeled oligonucleotides, the gel

should be scanned immediately after completion of gel. Leav-
ing the gel without scanning for a long period of time may lead
to increased diffusion and decreased fluorescence of the bands.

. Optimize concentration of UDG and use only the appropriate

amount of UDG. If commercial UDG is used in the assay, care
should be taken not to use excessive UDG. UDG is also a
bifunctional enzyme so it may exhibit AP-lyase activity which
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will cleave AP site also. We need abasic lesions generated not a
cleaved substrate and not a reduced AP site substrate with
NaBH4 which will be resistant to dRP lyase activity of Pol f,
which may not be a good substrate for dRP-lyase activity of
Pol B.

. Optimize the concentration of APE] and time of incubation.

Do not use an excessive amount of recombinant APEL. If
commercial recombinant APE] is being used in the assay,
then its activity should be verified first. We have observed that
commercial recombinant APE]1 is poorly active and therefore
may require a high concentration of APEI to achieve nearly
complete cleavage.
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Abstract

Assessment of DNA base and strand damage can be determined using a quantitative PCR assay that is based
on the concept that damage blocks the progression of a thermostable polymerase thus resulting in
decreased amplification. However, some of the mutagenic DNA base lesions cause little or no distortion
in Watson—Crick base pairing. One of the most abundant such lesion is 8-oxo-7,8-dihydro-2’-
-deoxyguanosine (8-oxo(d)Gua), although it affects the thermodynamic stability of the DNA, duplex
8-oxo(d)Gua does not inhibit DNA synthesis or arrest most of DNA or RNA polymerases during replica-
tion and transcription. When unrepaired, it is a pre-mutagenic base as it pairs with adenine in anti-syn
conformation. Recent studies considered 8-oxo(d)Gua as an epigenetic-like mark and along with
8-oxoguanine DNA glycosylasel (OGG1) and apurinic/apyrimidinic endonucleasel (APE1) has roles in
gene expression via nucleating transcription factor’s promoter occupancy. Here, we introduce its identifi-
cation through fragment length analysis with repair enzyme (FLARE)-coupled quantitative (q)-PCR. One
of the strengths of the assay is that 8-oxo(d)Gua can be identified within short stretches of nuclear and
mitochondrial DNA in ng quantities. Bellow we describe the benefits and limits of using FLARE qPCR to
assess DNA damage in mammalian cells and provide a detailed protocol of the assay.

Key words DNA base damage, Gene regulatory sequences, FLARE-coupled rt-qPCR

1 Introduction

1.1 Importance and Reactive oxygen species (ROS) are generated by various oxidore-
Difficulties to Detect ductases located in the cytoplasmic and mitochondrial membranes
Guanine Base Lesions due to cellular metabolism and /or in response to a variety of stimuli
(growth factors, chemokines, cytokines) or exposure to environ-
mental agents. ROS are needed for the physiological functioning of
cells, while in excess resulting in oxidative modification to
biological macromolecules. In the case of nucleic acids, ROS induce
chemical modifications to DNA and RNA bases and strands.
Among oxidatively modified DNA bases, 7,8-dihydro-8-oxo(d)-
guanine (8-oxo(d)Gua) is the most abundant [1], which is due to
guanine’s (Gua) lowest oxidation potential among the four nucleic

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
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Deoxyguanosine 0 8-oxo-7,8-dihydro-2"-deoxyguanosine 0

¢ f”” = —@ Il

Deoxyguanosine : Deoxycytidine 8-oxo-7,8-dihydro-2'-deoxyguanosine : Deoxyadenosine

Fig. 1 8-Oxo(d)Gua and its mispairing with adenine. (a) Interaction of guanine with ROS primarily hydroxyl
radical generates 8-oxo(d)Gua. (b) 8-oxo(d)Gua in the anti-conformation forms a Watson—Crick base pair with
cytosine (left panel), while in a syn-confirmation, it follows Hoogsteen base pairing and pairs with adenine
(right panel). dR, deoxyribose

acid bases [2, 3]. Gua may be oxidized directly or by electron
transfer between the bases [ 3, 4].

8-Oxo(d)Gua differs from guanine only at C8 and N7. C8
harbors an oxygen instead of a hydrogen and a hydrogen on N7
instead of an electron pair (Fig. 1a). While oxygen on C8 changes
the thermodynamic stability of the duplex [5], its presence causes
no distortion of the DNA structure, nor has effect on the Watson—
Crick base arrangement of DNA [6, 7]. Therefore, 8-oxo(d)Gua is
not detected during DNA replication, does not induce pausing of
the DNA polymerases, nor create a barrier to RNA polymerases
during transcription [8, 9]. Because 8-oxo(d)Gua through an anti-
syn conformation can pair with an adenine via Hoogsteen base
pairing, it is considered a pre-mutagenic lesion [10-12]. In prolif-
erating tissues, a G:C to T:A transversion is fixed, leading to muta-
tions (Fig. 1b). Based on a similar mechanism, the 8-oxo(d)Gua/A
Hoogsteen base pair can occur during transcription, leading to
transcription-coupled mutagenesis [13].

Removal of oxidatively modified guanine bases is achieved by
the DNA base excision repair (BER) pathway, where 8-oxo(d)Gua
paired with C is removed by 8-oxoguanine DNA glycosylasel
(OGGI) [14]. In case 8-oxo(d)Gua repair failed and it incorrectly
paired with A, the human homolog of MutY DNA glycosylase
(MUTYH) removes the A allowing a second chance for a polymer-
ase to insert C opposite 8-oxo(d)Gua for removal by OGGI1
[15]. The initial step in the repair is the recognition of the modified
base and cleavage of the N-glycosidic bond by a specific DNA
glycosylase to generate an abasic (apurinic/apyrimidinic [AP])
site. The AP sites are processed by the downstream enzymes AP
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Fig. 2 8-Oxo(d)Gua as an epigenetic-like mark. (a), ROS induced by cytokine/chemokine ligand interaction
generates 8-oxo(d)Gua and oxidatively disables OGG1’ glycosylase activity. 0GG1 bound to 8-oxo(d)Gua at
gene regulatory regions induces architectural changes in duplex DNA and facilitates binding of TFs to
consequently modulate gene expression. GGGRNYYYCC: NF«xB binding site; (b), under hypoxia or lysine-
specific histone, demethylase 1 (LSD1)-generated ROS oxidize guanine to 8-oxo(d)Gua, which is removed by
0GG1. The generated AP site is occupied by APE1, which facilitates transcription factor loading to the
promoter, for regulation of gene expression. AP site, apurinic/apyrimidinic site; APE-1, apurinic/apyrimidinic
endonuclease 1

endoDNasel (APEL) to cleave the 5’-phosphodiester linkage yield-
ing a nick in the DNA. The repair is completed by DNA polymerase
p that removes the sugar fragment at the nick site followed by
inserting the correct Gua nucleotide, and DNA ligases seal the
gap [14, 16].

Recent studies have shown that 8-oxo(d)Gua (possibly other
base modification) is not only an oxidative stress marker, but is
implicated in directing cellular transcriptional activities in response
to cellular stressors. As such, primarily in nonreplicating cells, 8-oxo
(d)Gua can serve as an epigenetic-like mark [17, 18]. Conversely,
8-oxo(d)Gua lesion itself (without or with repair) serves as a signal
for transcription to regulate cellular responses to oxidative stress
[19-21]. A key enzyme in these processes is OGGI (Fig. 2a, b).
OGAG], via its noncatalytic binding to oxidatively generated gua-
nine lesion in gene regulatory regions (promoter), serves as a
nucleation site for transacting factors so that innate inflammation-
associated gene expression can occur [17, 19, 22]. A proposed
mechanism is that OGGI1 flips out the damaged base from the
DNA double helix that interacts with cytosine opposite to 8-oxo
(d)Gua and alters the structure of adjacent DNA sequences,
providing a favorable DNA conformational change for the binding
of transcription factors [17, 19, 20]. Under hypoxia-ROS or ROS
generated focally on the chromatin by lysine-specific histone,
demethylase 1 oxidizes guanine to 8-oxo(d)Gua, which is excised
by OGGI leading to formation of baseless site followed by binding
of AP endonuclease 1 (Fig. 2b). Acetylated APE1 bound to a
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baseless site increases transcription factor loading to regulate gene
expression for coordination of multiple cellular processes [18, 21].

Data from the literature indicate significant differences (up to
threefold) in histone demethylase 1 abundance of DNA base
lesions, particularly 8-oxo(d)Gua [23-25]. The differences may
be ascribed to the particular experimental protocols that resulted
in over- or underestimation of 8-oxo(d)Gua’ abundance [26]. In
general, values obtained indirectly by the enzymatic assays are
substantially lower than those obtained by using the direct methods
of measurement [26]. Direct measurement of the lesion requires
isolation of DNA followed by hydrolysis either chemically or bio-
chemically. The released lesions are quantified by sensitive analytical
techniques. The bottom line is that during each of the individual
steps, DNA can be oxidized [27]. Accordingly, similar levels of
8-oxodGua were identified in DNA using high-performance liquid
chromatography (HPLC), HPLC combined with electrochemical
detection (HPLC-EC), HPLC-mass spectrometry/MS, and
HPLC-gas chromatography—mass spectrometry (GCMS) assays
[28-32]. It is noteworthy to mention that the origin of the inaccu-
racy in 8-oxo(d)Gua levels, at least in part can be explained by
artifactual DNA oxidation [33]. Recent technological improve-
ments, including introduction of desferrioxamine and sodium
iodine to isolate DNA, have permitted more accurate assessment
of intrahelical 8-oxo(d)Gua—Ievels approximately 1 lesion per 10°
DNA bases [34-36].

These technologies above provided overall levels of base
lesions; however, it is obvious that 8-oxo(d)Gua distribution is
not random within the genome, but the highest within guanine-
rich transcriptionally active regions of DNA—commonly found in
enhancers and promoters as well as key transcription factor binding
sites. Moreover, the preferential site of oxidation are the series of
guanines, found, e.g., in potential guanine-quadruplex-forming
sequences, especially at the 5’-end of guanine runs, resulting from
long-distance electron tunneling through the hydrophobic core of
DNA (reviewed in [37]). The preferential sites of 8-oxo(d)Gua
distribution was demonstrated by using high-throughput sequenc-
ing of DNA improved by selective-capture technologies using
8-oxo(d)Gua antibody [38, 39]. Accurate mapping of 8-oxo
(d)Gua in the mouse DNA was reported using covalent capture
techniques that are based on the selective oxidation of 8-oxo
(d)Gua that can be trapped through an imine intermediate
[39, 40]. According to recent results, 8-oxo(d)Gua in gene regu-
latory regions is considered as an epigenetic mark that potentially
facilitates transcription factor binding via distinct mechanisms
(Fig. 2). To this end comprehensive reviews are published on the
roles of 8-oxo(d)Gua-trapped OGG]1 in modulating innate and
adaptive immunity, pulmonary inflammation [17, 41 ], and homeo-
static/metabolic pathways [20, 42, 43].
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Fig. 3 Graphical depiction of the assay principle of fragment length analysis with repair enzyme (FLARE)-
coupled gPCR. Ct, cycle threshold

1.2 Principle of the
Assay

1.3 Advantages of
FLARE-Coupled qPCR

Below, we provide details of a method that can identify 8-oxo
(d)Gua in specific genomic regions with high accuracy in a modest
laboratory setting by FLARE-coupled qPCR. In addition, the test
can be performed using ng quantities of DNA samples; therefore,
the assay is less demanding compared to HPLC-EC, HPLC-MS/
MS, and HPLC-GCMS, or tandem liquid chromatography—mass
spectrometry, which require microgram quantities of DNA for
analysis and highly trained personnel [30-32].

FLARE-qPCR for assessment of a silent DNA lesion is based on the
idea that artifactually generated DNA lesions (e.g., AP sites, Fig. 3)
block thermostable DNA polymerase [44—46]. Using the assay one
can compare lesion frequencies within a sort starch of DNA based
on amplification alone, in which higher amplification corresponds
with a lower level of lesion [47, 48]. By assuming that lesion
frequency follow Poisson distribution, the amplification of treated
samples is compared to amplification of mock treated samples to
calculate relative lesion frequency [49]. After damage is repaired,
amplification is restored, and thus, this assay is useful in determin-
ing the kinetics of DNA repair in nuclear (or mitochondrial) gen-
omes after exposure of cells to chemokines/cytokines or growth
factors or even after virus infections [50, 51].

Advantages of FLARE-qPCR in assessing 8-oxo(d)Gua (and
potentially other silent DNA base lesions) include its sensitivity
(ng quantities of DNA required), robustness, and suitability to
determine base modification within gene loci (segment of pro-
moter or exon/intron). Moreover, the DNA purification for
FLARE-qPCR is the same for each cell type and tissue biopsies as
well as for both nuclear and mitochondrial DNA (mtDNA).
Because relative short fragments of DNA (80-150 bp) can be
tested, FLARE-qPCR is highly sensitive and sufficient to capture
physiologically relevant levels of base modification [50, 52]. Using
appropriate primer pairs, various gene regions of interest can be
examined (Fig. 4). Importantly, this assay allows direct comparison
of repair rate (time course) in the same DNA segment or between



120 Lang Pan et al.

A B MOCK- @ TNFo-treated
TINF CCL20 CXCL10
1.5 1 1.5 1 1.5 1

s 11m m = 1{® m @ l1{m =m +

=]

= ®

S s

= 0.5 A1 0.5 1 0.5 -

=

=
) < . 0 L) L 1 0 L) L L 0 L) L 1
Time (min) 0 30 60 0 30 60 0 30 60

B

R: 5'-TTT ATA TGT CCC TGG GGC GA-3'
O ERIIEELNTEFTTI M F: 5'-AGG GAA ATT CCG TAA CTT GGA GGC-3°

_ R: 5-TTC ATG GTG CTG AGA CTG GAG GTT-3’
F: 5.TGT TCC TGT GTG GGG CTG-3'

R: 5-TTG CCA CAT GGG GIT TTC C-3'
Fig. 4 Validation of FLARE-qPCR: Generation of physiologically relevant levels of 8-oxo(d)Gua lesion(s) and
repair in transcription start-site adjacent regulatory sequences of pro-inflammatory genes. (a), A549 cells
(human type 2 airway epithelial cells) were exposed to 10 ng per mL tumor necrosis factor alpha (TNF«) and
DNA was isolated at 0, 30, and 60 min as described in Subheading 2.2. DNA samples were processed and
subjected to real-time-gPCR using SsoAdvanced™ Universal Supermix (BioRad Cat. no. 172-5270). It
contains dNTPs, Sso7d fusion polymerase, MgCl,, SYBR Green I, and ROX normalization dyes. rt-qPCR was
run on a CFX96 quantitative PCR instrument. Relative quantifications were performed by using the 2 AAclT
method [64]. (b), Primer pairs used in these experiments. TNF, tumor necrosis factor, CCL20, C-C motif

chemokine ligand 20 or macrophage inflammatory protein 3 alpha; /L6, interleukin 6 or interferon beta-2. F,
forward primer; R, reverse primer, rt-qPCR, real-time qPCR

two genes that are differentially damaged and /or repaired. Because
FLARE-qPCR relies on PCR amplification, the test can be per-
formed on ng quantities of DNA samples and do not require
expensive instrumentation, such as that needed for liquid chroma-
tography and mass spectrometry.

1.4 Limitations of the A limitation of the FLARE-coupled qPCR is that polymerase can

Assay stall or stop at any baseless site, DNA gaps, or DNA strand lesion,
which may not result from enzyme digestion. An additional con-
cern is that the assay is not able to detect base lesion that is not
within the amplification region of the primer set. Another potential
issue emerges from the fact that primers and thermostable DNA
polymerases have limited access to supercoiled covalently closed
DNA (e.g., mtDNA) molecule [53]. This issue can be solved by
restriction enzymes to linearization of mtDNA [54].
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2 Materials

All solutions should be made using DNase-, RNase-free molecular
biology grade water and molecular biology grade reagents.
Reagents and buffers are stored at 4 °C or as recommended by
the manufacturer. When disposing materials, follow waste disposal
regulations. Note: We do not consistently provide the source of
reagents (manufacturer, catalog number) as quality and price of
molecular grade reagents (water, buffers, enzymes, and so on) are
very competitive. Please use high-quality molecular biology grade
reagents according to manufacturer recommendations.

1.
2.

10.

11.

12.

Water (RNase-, DNase-free, molecular biology grade).

Deferoxamine (DFO) solution: 75 mM deferoxamine mesylate
freshly made (49.26 mg DFO per mL) (see Note 1).

. Lysis bufter solution: 10 mM Tris-HCI pH 8, 0.5 mM ecthyle-

nediamine tetra-acetic acid disodium (EDTA-Na,), sodium
dodecyl sulfate (SDS, 1% w/v). When adjusting pH using
acids, add the acid to the aqueous solution for safety.

. Lysis buffer: 10 mM Tris—-HCI (pH 7.5), 5 mM magnesium

chloride (MgCl,), Triton X-100 (1%, v/v).

. Lysis buffer containing DFO: Lysis buffer with 0.15 mM des-

ferrioxamine (freshly made).

. Sodium iodide (Nal) solution: 7.6 M Nal, 40 mM Tris—HCI

pH 8.0, 20 mM EDTA-Na, (see Note 2).

. RNase: 50 U/mL RNase A and 100 U/mL RNase T; keep all

aliquots at —20 °C (or as recommended by manufacturer).

. Proteinase K: Make 10 mg/mL stock solution of proteinase K

(e.g., New England BioLabs, NEB), prepare in digestion dilu-
tion buffer, and store at —20 °C.

Isopropanol (100%, kept at —20 °C) and ethanol (70%, v/v,
kept at —20 °C).

Sodium acetate (CH3COONa) buffer: 20 mM CH3zCOONa;
store at room temperature.

CH3COONa buffer containing DFO: Sodium acetate
bufter with 0.1 mM DFO (freshly made).

QIAGEN Genomic-tips: 20/G for cultured cells (small pel-
lets); small tissue biopsies <20 mg (QIAGEN, cat. no. 10223),
100/G for 100 mg tissues (QIAGEN, cat. no. 10243), and /or
tissue kit (QIAGEN, cat. no. 69504).

Bufters with Genomic-tip kit (QIAGEN, cat. no. 19060) (buf-
fers G2, QBT, QC and QF, RNase A, and proteinase K).
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13.

14.
15.

16.
17.
18.

19.

Excision buffer 1x: It is recommended that excision reactions
are carried out in 40 mM HEPES-KOH (pH 7.6), 2 mM
EDTA, 1 mM DTT, 25 mM KCl, 5% glycerol (all reagents
are DNase-, RNase-free), or similar previously validate

buffers [55].
High-quality recombinant OGGI.

Quantitative PCR instrument (e.g., Bio-Rad CFX96™ or
compatible instruments such as Applied Biosystems 7500,
Applied Biosystems 7900, Stratagene Mx4000™).

Thermal Seal RTS™ Sealing Films.
DNA template: Use 2 ng to 10 ng DNA.

Primers (forward and reverse) diluted to working concentra-
tion (10 pM for most assays).

qPCR SYBR Green Mix—Examples: SsoAdvanced™ Universal
SYBR Green Supermix (BioRad cat no. 172-5270); contains
dNTPs Sso7d fusion polymerase MgCl,, SYBRGreenl, and
ROX normalization dyes (see instruction manual: https://
www.bio-rad.com/webroot/web /pdf/lIsr/ literature /
10031339.pdf) or LuminoCt®SYBR®Green qPCR Ready-
Mix™ (Millipore Sigma cat. no. 1L.6544), contains Tris—HCI
(pH 8.3), KCl, dNTPs, stabilizers, MgCl,, SYBR Green I, and
Jumpstart Taq DNA polymerase (see instruction manual:
https: //www.sigmaaldrich.com /US /en/product/-sigma/
16544).

3 Methods

3.1 DNA Extraction
from Animal Tissues
and Cultured GCells

. Tissue of interest collected from experimental animals placed

into 1.5 mL microcentrifuge tubes and snap freeze by carefully
submerging the tubes into liquid nitrogen. The snap-frozen
tubes can be stored at —80 °C until ready to be used. Cultured
cells recommended to be scraped washed in PBS once and
stored at —80°C.

. Perform all steps on ice, all centrifugation steps at 4 °C unless

otherwise recommended.

. Homogenize tissues (organ) in lysis buffer® (1.0 mL for

100 mg) containing DFO with polypropylene pellet pestle. If
using an ultrasonic homogenizer, perform three 5-s pulses at
setting 4 (see Note 3).

. Centrifuge samples at 1000 X g for 10 min to isolate the nuclear

pellet(s). Discard the supernatant.

. Suspend the pellet in 1 mL lysis buffer containing DFO, and

recentrifuge at 1000 x g4 for 10 min. Remove and discard the
supernatant.


https://www.sigmaaldrich.com/US/en/product/-sigma/l6544
https://www.sigmaaldrich.com/US/en/product/-sigma/l6544
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3.2 DNA Extraction
Using Qiagen
Genomic-Tips Kit
(Follow
Recommendation of
Manufacturer Provided
with the Kit)

6.

10.

11.
12.

13.
14.

15.

16.

17.

18.

19.

1.

2.

Suspend the pellet in 200 pL of enzyme reaction solution
containing DFO. Hand homogenize using polypropylene pel-
let pestles or Dounce homogenizer. The crude DNA will
appear stringy and gel-like; continue homogenizing until the
white pellet is gone.

. Isolate DNA from cultured cells: Suspend cells 1 mL in SDS

and DFO-containing lysis buffer and proceed as described
below.

. Digest RNA by adding RNA digestion buffer. Mix and pulse-

spin the sample by placing it in a microcentrifuge for 5 s.
Incubate for 1 h at 50 °C.

Digest protein by adding 15 pL of buffer containing proteinase
K. Mix and pulse-spin in a microcentrifuge for 5 s.

Incubate for 3 h at 50 °C and mix sample hourly.

If necessary to remove particulates, sample(s) can be centri-
fuged at 10,000 x g4 for 5 min at 4 °C.

Transfer the supernatant into nuclease-free tube.

Add 300 pL Nal solution containing deferoxamine (DFO) to
each sample and place them on revolving rotator for 1-2 min,
or rotate by hand. Precipitate should be visible instantly.

Add the same volume of 100% isopropanol (ice cold) to indi-
vidual sample and rotate them by hand or place samples in
revolving rotator for a few minutes. DNA will be visible as a
stringy gel-like precipitate.

Pellet DNA by centrifugation (10,000 x g4 for 10 min).
Remove the supernatant and add 1 mL of cold 70% ethanol.

Centrifuge for 5 min at 10,000 x 4 and remove supernatant.
Repeat this step three times.

Remove ethanol by pipetting. Carefully dry pellets (do not use
forced drying as it increases artifactual DNA oxidation and
makes resuspension of the DNA difficult).

Suspend the purified DNA in 200 pL sodium acetate buffer
containing DFO. Solubilize DNA at 4 °C overnight (see Note
4).

Homogenization of tissues (organs) follow recommendations
as described in Subheading 2.1.

In cultured cells (107) or tissue /organ samples less than 20 mg,
the 20/G Genomic-tip DNA isolation protocol is recom-
mended and is described in brief (it is similar to that provided
by the manufacturer in each kit) except we recommend supple-
menting buffers with 0.15 mM DFO (rational is described to
Subheading 2.1). There some differences in methods for DNA
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3.3 DNA Quantitation
(See Notie 6)

3.3.1 NanoDrop
Quantification

3.3.2 PicoGreen
Quantitation of DNA

3.4 Restriction
Digestion of Genomic
or Mitochondrial DNA

isolation based on tissue size; therefore, it is recommended to
follow step-by-step protocols for each kit. For example, the link
to Qiagen Kit Handbooks is as follows: https: //www.qiagen.
com/us/service-and-support/learning-hub/search-res
ources/#pg=1&q=&l=en&uuid=3d1laa7db-4dd3-4be0-
87d9-a8186¢69dc86 (see Note 5).

. Determine the DNA concentration of each sample by using a

NanoDrop apparatus or spectrophotometer (absorbance at
260 nm vs. 280 nm).

. Blank with 1 pL digestion dilution buffer containing

desferrioxamine.

. To ensure adequate purity, a 260,/280 ratio > 1.7 should be

obtained.

. PicoGreen488 dsDNA quantitation reagent (for example,

Lumiprobe; cat. no. 12010). It is reccommended to utilize a
fluorescence reader capable of measuring fluorescence with
485 nm excitation and 528 nm emission (e.g., BioTek Synergy
2, BioTek Instruments), using black-bottomed 96-well plates.

. Dilute DNA sample (1:20 or 1:30 or higher in 1x Tris—=HCI

[pH 8.4]-EDTA), depending on the DNA yield.

. Pipet 95 pL 1x Tris—HCI (pH 8.4)-EDTA into wells of a black-

bottomed 96-well plate in triplicate for standards and samples.

. Pipet 5 pL of standards into wells (0 ng/pL, 1 ng/uL, 2 ng/p

L, 4 ng/pL, 8 ng/pL, 16 ng/pL, and 32 ng/pL).

. Pipet 5 pL of diluted DNA samples into wells in triplicate.
6. Add PicoGreen solution by pipetting 5 pL PicoGreen reagent

to 1 mL 1x Tris (pH 8.4)-EDTA.

. In subdued lighting, pipet 100 pL PicoGreen solution into

each well, cover plate, and place in the dark for 10 minutes to
allow for color development.

. Set excitation at 485 and emission at 528 nM in the fluores-

cence reader. Check sensitivity of reader (e.g., on Biotek Syn-
ergy 5, the sensitivity limit is 75).

. Place plate in fluorescence reader after 10 min incubation.

. Select a restriction enzyme that does not cut the sequence of

interest (within promoter, exon, intron). In case of using NEB
enzymes, please find restriction enzyme(s) cutting sites outside
sequences of interest (NEBcutter V2.0 tool online (http://
nc2.neb.com/NEBcutter2 /).


https://www.qiagen.com/us/service-and-support/learning-hub/search-resources/#pg=1&q=&l=en&uuid=3d1aa7db-4dd3-4be0-87d9-a8186e69dc86
https://www.qiagen.com/us/service-and-support/learning-hub/search-resources/#pg=1&q=&l=en&uuid=3d1aa7db-4dd3-4be0-87d9-a8186e69dc86
https://www.qiagen.com/us/service-and-support/learning-hub/search-resources/#pg=1&q=&l=en&uuid=3d1aa7db-4dd3-4be0-87d9-a8186e69dc86
https://www.qiagen.com/us/service-and-support/learning-hub/search-resources/#pg=1&q=&l=en&uuid=3d1aa7db-4dd3-4be0-87d9-a8186e69dc86
http://nc2.neb.com/NEBcutter2/
http://nc2.neb.com/NEBcutter2/
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3.5 Generation of
DNA Polymerase-
Blocking Gaps in DNA
by 0GG1 (See Notes
8 and 9)

3.6 (Quantitative (q)
Polymerase Chain
Reaction (qPCR) (See
Note 10)

3.6.1 Primer Design for
gPCR (Things to Consider;
See Note 11)

2. Calculate the volume of DNA solution that is needed for

restriction digestion (1000 ng). Samples should have an iden-
tical amount of DNA for restriction enzyme digestion.

. Purchase restriction enzyme from, e.g., NEB or similar quality

from other sources.

. NEB buffer stock is 10x and is diluted in molecular biology

grade water until the digest is mixed (5 pL). A detailed digest
customized protocol for NEB enzymes is available via the
following web address: https://www.neb.com /protocols/
2012 /12 /07 /optimizing-restriction-endonuclease-reactions

. In brief, add an appropriate restriction enzyme and place sam-

ples in a thermocycler. Set the temperature and digest time in
the thermocycler as recommended by the manufacturer (e.g.,
NEB). After digestion, place samples on ice or at 4 °C.

Further purification is not necessary prior to QPCR.

A 50 pL reaction volume is recommended for digestion of 1 pg
of DNA substrate.

Supplement reaction mixture with recommended concentra-
tion of S-adenosyl methionine.

The volume of the enzyme should not exceed 10% of the total
reaction volume (50 pL) to prevent “star activity” due to
excess glycerol (see Note 7).

DNA base excision

1

. 250 ng DNA in 75 pL digestion (reaction) buffer added to
OGGl (OGGl quantity is determined in preliminary
experiments).

2. Incubate at 37 °C (optimum temperature) for 1 h.

. After complete digestion, calculate the volume of sample and

dilute it in 1x TE to attain 2 ng/pL. concentration of DNA
required for real-time quantitative PCR.

. First, be familiar with literature and databases for already exist-

ing validated primers.

. Choose the sequence of interest (e.g., coding, noncoding

stand, promoter with defined transcription binding sites,
exon, intron).

. Adjust primer locations such that they are located outside

secondary structure within the target sequence. (When choos-
ing the target sequence, avoid regions that have a secondary
structure—use online program to assess whether the amplicon
will form a secondary structure at the annealing temperature


https://www.neb.com/protocols/2012/12/07/optimizing-restriction-endonuclease-reactions
https://www.neb.com/protocols/2012/12/07/optimizing-restriction-endonuclease-reactions
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3.6.2 Primer
Solubilization (See Note
13)

3.6.3 Primer Validation

3.6.4 Experimental Steps

10.

11.

(https: //molbiol-tools.ca/Repeats_secondary_structure_Tm.
htm).

. Plan to amplify a 75-200-bp product (important: product

should be 75 bp long minimum to distinguish it from primer
dimers).

. Choose a region that has a GC content of 50-60%.
. Melting temperature (Tm) must be between 58 and 65 °C (see

Note 12).

. Repeats of guanines or cytosine longer than three bases should

be avoided.

. Guanines and cytosine being on the ends of the primers are

acceptable and advisable.

. Check the sequences of primers to ensure that there is no 3’

complementarity (avoid primer dimer formation).

Design primers using online tools https://primer3.ut.ee/ or
https: //www.ncbi.nlm.nih.gov/tools /primer-blast/.

Use online tools to verify specificity (BLAST: https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

. Spin down lyophilized primers by centrifugation (10,000 rpm

for 30 s).

. Resuspend oligos in molecular biology grade (nuclease-free)

TE buffer: 10 mM Tris—HCI (pH: 7.6) 0.1 mM EDTA to
100 pM.

. Mix briefly by vortexing (30 s).
. Store primer solution at —20 °C until use.
. Dilute an aliquot to 10 pM from 100 pM with 0.1x TE.

. Check primer specificity.

. Assess primer properties: Melting temperature (Tm), second-

ary structure, and complementarity.

. Determine PCR product properties (e.g., size by agarose

electrophoresis).

. Validate the primers and optimize the protocol.

. Prepare enough master mix to run all samples in duplicate

(calculate amounts of reagents and add 10% volume to allow
for pipetting error).

. Be sure to include duplicate and no template negative controls.
. Place all reagents on ice.

. Vortex and collect contents at the bottom of the tube by brief

centrifugation (mix well, avoiding bubbles).


https://molbiol-tools.ca/Repeats_secondary_structure_Tm.htm
https://molbiol-tools.ca/Repeats_secondary_structure_Tm.htm
https://primer3.ut.ee/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi

Detection of Oxidatively Modified Base Lesion(s) in Defined DNA Sequences. . . 127

3.7 Data Analysis

3.8 Statistical
Analysis

5. Add 10 pL 2x iTaq SYBR Green Supermix.

6. Add forward and reverse primers (300 nM each primer, variable
volume).

7. DNA template 2 ng (variable volume).

8. Add DNase-, RNase-free water (mol grade). Total volume
should be 20 pL.

9. Set real-time PCR instruments (manufacturer recommenda-
tions) and collect the data that can be analyzed by instrument
software (see Note 14).

Methods of data analysis commonly include two main scenarios
known as absolute and relative quantifications. Although there are
qPCR applications that require absolute quantification (e.g., gene
copy number or viral load determination), for assessment of DNA
base lesion in a given DNA sequence, only relative quantification is
required, because base lesions are generated under both physiolog-
ical and stress conditions. For relative quantifications, two primary
methods—the 27**“T known as the Livak method [56] and Pfaffl
method [56]. The Livak method is used when amplification effi-
ciencies of target and reference genes are similar or identical, while
if implication efficiencies of the two amplicons are different, the
Pfaffl method is used. For assessment of relative changes in DNA
lesion levels, the 2722°T method is recommended.

* Data analysis represents one of the main challenges in qPCR
experiments and the statistical aspects of the analysis are
considered key.

* FError values are generated for control samples by comparing
each individual control to the average of all controls.

* If only two samples are being compared, a t-test or 1-factor
ANOVA can be used to test for statistical significance.

» If more than two samples are being compared, ANOVA should
be used.

» If'there is more than one variable (e.g., dose, chemical), then an
initial (global) multifactor ANOVA should be used, and post
hoc comparisons of subsets of the data should only be carried
out if warranted by significant global ANOVA results.
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4 Notes

. DFO is to prevent artificial DNA oxidation. Its half-life in

solutions is only hours. Cloudy solutions should be discarded
and should be made freshly. DFO is an iron chelator, prevent-
ing formation of hydroxyl radical by Fenton reactions with
transition metals, and its addition to buffers for DNA isolation
and digestion protects DNA from further oxidation [57].

. Nal prevents artifactual oxidation of nucleic acid base(s) and

prevents decomposition of 8-oxo(d)Gua of which oxidation
potential lower than guanine and is very sensitive to further
oxidation [29, 58].

. In case one is using a volume more than 500 pL, tissue should

be transferred to a Dounce homogenizer and homogenize
tissues/organ for 15-20 strokes. Avoid bubble formation.
Dounce homogenizer should be rinsed thoroughly with sterile
ddH,O between samples. If homogenizing tissue by ultrasonic
homogenizer, one can avoid the formation of bubbles by
keeping the probe in the buffer for the duration of
homogenization.

. If solution is gel-like, heat it to 60 °C for a few hours. You

could also try solubilizing the DNA in digestion dilution or
digest stop buffers instead, containing 0.1 mM deferoxamine.
However, you will need to adjust the pH to ~5 for the digest
with a small volume of sodium acetate buffer.

. Various kits are recommended for DNA isolation; however,

avoid extraction procedures that use phenol due to artifactual
DNA oxidation. Kits (e.g., Qiagen, NEB) often used for DNA
extraction to isolate long and short DNA provide highly repro-
ducible results. In all cases, supplement buffers with DFO to
avoid DNA oxidation. When extracting DNA, vortex the sam-
ples well prior to lysis as vortexing does not affect the DNA
oxidation in buffer containing DFO.

. The result of the qPCR is completely dependent on the precise

quantification of the DNA samples [59]. Therefore, in case
samples are concentrated, we recommend an additional round
of dilution and quantitation to ensure equal amounts of DNA
for amplification. Use sterile technique for all steps. It is recom-
mended to use disposable gloves to avoid the introduction of
nucleases, foreign DNA, or other contaminants. Use a dedi-
cated laminar hood and workstations for individual steps of the
procedure. Do not open the PCR tubes as small DNA quan-
tities can volatilize and contaminate other assays. The inclusion
of'a blank sample (where no DNA is added) helps to assure that
no contamination has occurred with foreign DNA or PCR
products.
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7.

10.

11.

“Star activity” is a general property of restriction endonu-
cleases. Restriction endonuclease will cleave sequences, which
are similar, but not identical, to their defined recognition
sequence under some conditions. To avoid such activities, it is
recommended to utilize conditions provided by suppliers. If an
enzyme exhibits star activity, it will be indicated in the product
data sheet, in the catalog, or our manufacturer website. In
addition, additives in the restriction enzyme storage buffer
(e.g., glycerol, salt) as well as contaminants found in the sub-
strate solution (e.g., salt, alcohol, EDTA) can be problematic.
To avoid such issues, see guidelines at https://www.neb.com/
protocols /2012 /12 /07 /optimizing-restriction-endonuclease-
reactions.

. FLARE-qPCR for assessment of DNA lesion such as 8-oxo

(d)Gua is based on the idea that removal of a damaged base
will generate gaps (AP sites and other kinds of DNA strand
lesions) in the DNA strand that block thermostable DNA
polymerase [44—46]. Using the assay one can compare the
relative level of the lesion (or even lesion frequencies) within
a sort stretch of DNA based on amplification alone, in which
higher amplification corresponds with a lower level of lesion
[47,48].

One of the most abundant lesions in DNA and RNA is
8-oxo(d)Gua [60]. The United States and European Standards
Committee on Oxidative DNA Damage recommend the
use of formamidopyrimidine DNA-glycosylase (FPG) and
8-hydroxyguanine DNA-glycosylase (hOGG1) to detect/
excise oxidatively modified guanine [32, 61]. Follow-up stud-
ies using the Comet assay showed that hOGGI recognizes
oxidatively modified DNA base lesion 8-oxo(d)Gua with
higher specificity than FPG [61]. Therefore, it is recommended
that repair enzyme is OGGI for fragment length analysis cou-
pled to quantitative (q)-PCR for detection of 8-oxo(d)Gua.
This method provided superior opportunities to assess 8-0xo
(d)Gua and routinely used in our labs [20, 50, 52, 62].

. Human (h)OGG] (a isoform) has both N-glycosylase and an

apurinic/apyrimidinic (AP)-lyase activity. Via its N-glycosylase
activity, OGG1 releases damaged purine(s) from double-
stranded DNA, generating an abasic site, than through its
AP-lyase activity which cleaves 3’ to the AP site leaving a 5’
phosphate and a 3’-phospho-a, p-unsaturated aldehyde
[16, 63].

The substrate of hOGGI includes 8-oxo(d)Gua, 8-oxoade-
nine, and FapyGua all paired with cytosine (rev in [16]).

The primary benefit of real-time (rt)-qPCR over polymerase
chain reaction is that it allows you to determine the copy
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12.

13.

14.

15.

number of template DNA with precision and high sensitivity
over a wide range. rt-qPCR results can either be qualitative (the
presence or absence of a sequence) or quantitative (when com-
pared test sample to control). Additionally, rt-qPCR data can
be evaluated without gel electrophoresis, resulting in decreased
bench time and increased accuracy. Finally, because rt-qPCR
reactions are evaluated in a closed-tube qPCR system, chances
for contamination are significantly decreased and the need for
post-amplification can be eliminated.

Various primer design software can be used, as they provide
information on annealing temperature, primer length, product
length, and GC content. The NCBI primer blast or Primer
3 online software is reliable to design primers for qPCR
(https: //www.ncbi.nlm.nih.gov/tools /primer-blast/ or
https: //bioinfo.ut.ee /primer3-0.4.0 /primer3 /). A reliable
qPCR requires highly efficient and specific amplification of
product(s). Design a 75-200-bp product. Note: Short PCR
products are typically amplified with higher efficiency than
longer ones, but the qPCR product must be 75 bp long to
distinguish it from primer dimers that could potentially gener-
ated. Avoid regions that have secondary structure, when possi-
ble. Efficiency of amplification for shorter sequences
(75-80 bp) are higher compared to those of longer sequences
(200 bp or longer).

The melting temperature (Tm) is a key parameter to consider
when designing and performing PCR and qPCR. It is defined
as the temperature at which 50 percentage (half) of the double-
stranded DNA will separate into single stranded. It also indi-
cates the duplex stability. Primer pairs with melting tempera-
tures between 55 and 62°C commonly produce the best
results. Use an online Tm calculator, with values of 50 mM
for salt concentration and 300 nM for oligonucleotide concen-
tration), for example, online tool: http://biotools.nubic.
northwestern.edu/OligoCalc.html.

Primers should be suspended in DNase-, RNase-free TE (0.1x)
buffer or simply in water. Use of water or 0.1x TE buffer allows
you to decrease the amount of EDTA, so it does not interfere
PCR through chelation of Mg®*. Make aliquots of stock primer
solution in order to avoid multiple freeze /thaw cycles. Once
stock (100 pM) primer solution is diluted to a working con-
centration (e.g., 10 uM), it is kept at 4 °C and is stable for
weeks. It is essential to assess the PCR product of your primer
set by agarose gel electrophoresis to verity the size of the
product and to assure that no other products are generated.

To attain correct template quantification in a qPCR assay, each
reaction must efficiently amplify a single product, and


https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://bioinfo.ut.ee/primer3-0.4.0/primer3/
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amplification efficiency must be independent of template con-
centration and the amplification of other templates. Mathe-
matical calculation and other considerations in amplification
efficiency can be found at https://www.bio-rad.com/web-
root/web/pdf/Isr/literature /Bulletin_5279.pdf (only an
example). Melting curve analysis is one of the ways for valida-
tion of primer pair. From the analysis, it will be obvious that
primer-generated nonspecific products and primer dimers that
are highly misleading in calculations when the fluorescence of
the reporter chemistry depends on the presence of dsDNA,
using SYBR Green dye. Formation of secondary nonspecific
products and primer dimers* can severely decrease target
sequence amplification efficiency and, ultimately, the accuracy
of the qPCR results. After completion of the amplification
reaction, a melt curve is generated by increasing the tempera-
ture in small increments and monitoring the fluorescence sig-
nal at each step. As the dsDNA in the reaction is denatured, the
fluorescence decreases rapidly. A plot of the negative first deriv-
ative of the fluorescence vs. temperature (the rate of change of
fluorescence intensity) displays distinct peaks corresponding to
the Tm of each product. *A primer dimer is a potential
by-product in the polymerase chain reaction. As a result, the
DNA polymerase amplifies the primer dimer, leading to com-
petition for PCR reagents, thus potentially decreasing amplifi-
cation of the DNA sequence targeted for PCR.
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Isolation and Immunodetection of Enzymatic DNA-Protein
Crosslinks by RADAR Assay

Megan Perry and Gargi Ghosal

Abstract

DNA-protein crosslinks (DPCs) are steric hindrances to DNA metabolic processes and the removal and
repair of DPCs is a rapidly evolving area of research. A critical component of deciphering this repair pathway
is developing techniques that detect and quantify specific types of DPCs in cells. Here we describe a
protocol for direct detection of enzymatic DPCs from mammalian cells—the RADAR assay. The method
involves isolating genomic DNA and DPCs from cells and binding them to nitrocellulose membrane with a
vacuum slot blot manifold. DPCs are detected using antibodies raised against the protein of interest and
quantified by normalizing to a DNA loading control. The RADAR assay allows for the detection of specific
types of DPCs and the sensitive analysis of the DNA—protein crosslinking activity of various drugs, is
adaptable across different cell types and conditions, and requires little specialized equipment.

Key words DNA-protein crosslink, RADAR assay, TOP1-cc, TOP2-cc, Slot blot, DPC repair, DNA
repair

1 Introduction

DNA-protein crosslinks (DPCs) are irreversible covalent crosslinks
of proteins to the DNA and are steric blockades to virtually all DNA
metabolic processes, namely, replication, transcription, recombina-
tion, and repair processes. Replication forks stall at DPCs because
the DNA polymerase is unable to advance beyond a bulky protein
lesion. Similarly, transcription and recombination machinery are
stalled or displaced at DPCs [1]. DPCs also present an obstacle to
DNA repair processes, as the DNA lesion to be repaired is buried
within the crosslinked protein, making it inaccessible to DNA
repair enzymes [2]. Unrepaired DPCs lead to single- and double-
stranded DNA breaks and genome instability, resulting in tumor-
igenesis and genetic disease [3]. DPCs are highly variable DNA
lesions; the identity of the crosslinked protein, the cell cycle status,
and the specific configuration of the DNA—unperturbed duplex
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DNA, unwound single-stranded DNA, or crosslinking to the ends
of a single- or double-stranded DNA break—all contribute to the
variability of DPCs [4, 5]. Thus, it is not surprising that DPCs can
be removed and repaired by the action of multiple enzymes and
pathways. DPCs are proteolyzed by proteasome- or protease-
dependent repair pathways or cleaved by nucleases [1, 2, 6]. The
resulting peptide-DNA adduct is processed by specialized enzymes
such as tyrosyl-DNA phosphodiesterases TDP1 and TDP2 and /or
canonical DNA double-strand break repair pathways [5-7]. The
current understanding of DPC repair is a complex network involv-
ing multiple repair pathways that is only beginning to be
understood.

DPCs can be classified into two broad categories: nonenzy-
matic and enzymatic. Nonenzymatic DPCs occur when any protein
in the vicinity of damaged DNA becomes crosslinked to the DNA
upon exposure to nonspecific damaging agents such as oxygen free
radicals, ultraviolet radiation, ionizing radiation, formaldehyde, or
platinum-based chemotherapies [2, 8]. Conversely, enzymatic
DPCs occur when specific enzymes that functionally bind DNA
in a transient manner become covalently trapped. Common enzy-
matic DPCs include topoisomerase 1 (TOP1), topoisomerase
2 (TOP2), DNA polymerases, poly [ADP-ribose] polymerase
1 (PARP1), and DNA methyltransferase (DNMT1) [2]. While
nonspecific DNA damaging agents can induce enzymatic DPCs,
these lesions are frequently induced by specific chemotherapeutic
agents; for example, camptothecin (CPT) is a potent crosslinking
agent of TOP1, etoposide (VP16) crosslinks TOP2, and 5-aza-2’-
deoxycytidine induces DNMT1-DNA crosslinks [9-11].

Various techniques have been developed for isolating and inves-
tigating the repair dynamics of DPCs. These methods fall into three
general categories: (1) repair assays of DPC-containing plasmids in
cells or Xenopus egg extracts and (2) DPC detection in cells by
indirect and (3) direct methods. The first group of assays involves
introduction of site-specific DPCs on plasmids to be transfected
into cells or used in Xemopus egg extract reactions [4, 12—
15]. These assays are useful for examining precise DNA replication
or DPC proteolysis dynamics; however, these assays are complex,
they rely heavily on recombinant proteins and DPC-containing
plasmid DNA, and they are not suitable for investigating specific
drug activity or total DPC burden in cells. The second group,
indirect DPC detection assays, either analyzes the effects of
DPC-inducing agents or measure the amount of protein cross-
linked DNA [16-19]. The standard indirect DPC assay, the
SDS /K" precipitation assay, or, its recently developed derivative,
the ARK assay precipitates and measures the proportion of global
DPCs to total DNA [16, 19-23]. Indirect DPC assays are advanta-
geous for studying nonenzymatic DPC burden and the effects of
nonspecific crosslinking agents such as formaldehyde, but do not



Enzymatic DNA-Protein Crosslinks by RADAR Assay 137

allow for direct visualization or detection of specific protein-DNA
crosslinks. The final category of methods, direct DPC detection,
isolates DPCs and uses fluorescent labeling or immunodetection of
specific proteins crosslinked to DNA for analysis or quantification
[24-27].

In this chapter, we describe a modified protocol for direct
detection of specific enzymatic DPCs by the rapid approach to
DNA adduct recovery (RADAR) assay [26, 28]. Genomic DNA
and DPCs are isolated from cells and free protein is removed from
the sample through ethanol precipitation. DPCs are detected and
quantified by slot blot analysis (Fig. 1). This method is advanta-
geous for studying drug effects on specific DNA-binding proteins,
uses low cell density relative to other methods, and does not rely on
ultracentrifugation or fluorescent labeling techniques. The
RADAR assay is highly versatile for different proteins of interest
and cell types, and it can be modified for immunoprecipitation of

crosslinked proteins or detection of nonenzymatic DPCs via
SDS-PAGE [23, 29].

Cell seeding

Drug treatment

!

Cell lysis
DNA and DPC isolation

85% of sample 15% of sample for
for DPC detection DNA loading control

Proteinase K
digestion

}

DMNA estimation

DPC sample DNA loading
dilution in sodium control sample
phosphate buffer dilution in TE

Slot blot

Immunodetection

!

Image quantification
and data analyis

Fig. 1 Schematic of the workflow for the RADAR assay
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2 Materials

2.1 Cell Culture and
Drug Treatment

2.2 DPC Isolation

2.3 Slot Blotting,
Immunodetection, and
Analysis
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. A549 cells (see Note 1).
. Dulbecco’s Modified Eagle Medium (DMEM) supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin—strepto-
mycin (Pen-Strep).

. Hemocytometer.
. Trypan blue.
. 6-well cell culture plates.

. DPC-inducing agents: Camptothecin and etoposide, dissolved

in DMSO at stock concentrations 50 and 500 pM, respectively.

. DNAzol® Reagent: Genomic DNA Isolation Reagent

(Invitrogen).

. 1.5 mL microcentrifuge tubes, autoclaved.

. 200-proof ethanol (EtOH), chilled on ice before use.

. 70% EtOH, made with sterile deionized water (ddH,O).

. 8 mM NaOH, made fresh from concentrated NaOH at the

time of use. For 10 mL, add 40 pL. of 2 M NaOH to 9.96 mL
sterile ddH,O.

. Proteinase K from Tritirachium album: stock concentration

10 mg/mL.

. Heated dry bath or water bath set to 55 °C.
. Quant-iT™ PicoGreen™ dsDNA assay kit (Invitrogen).
. 96-well solid white polystyrene microplates.

. Fluorescence microplate reader.

25 mM sodium phosphate buffer, pH 6.5: Dissolve 0.599 g of
Na,HPO, and 0.554 g of NaH,POy4 in 200 mL of sterile
ddH,O, adjust the pH, and bring the volume up to 250 mL.

Tris—EDTA (TE) bufter, autoclaved: 10 mM Tris—HCI pH 8.0
with HCI, 1 mM EDTA.

. Positively charged nylon membrane.
. Nitrocellulose membrane: 0.45 pM.
10.
11.
12.

Blotting paper: 0.38 mm thickness.

Slot blot blotting manifold.

20x TBST: 121.1 g Tris base, 640 g NaCl; dissolve in 3.2 L of
ddH,O0, adjust the pH to 7.6 with concentrated HCI, add

Tween-20 to a final concentration of 1%, and bring up the
volume to 4 L.
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1x TBST: Make from 20x stock solution. Add 0.1 L 20x TBST
to 1.9 L of ddH,O. Final concentrations: 20 mM Tris,
137 mM NaCl, 0.05% Tween-20.

5% milk in 1x TBST: Dissolve 25 g of milk powder in 500 mL
of 1x TBST.

20x SSC bufter: 175.3 g NaCl, 88.2 g sodium citrate; dissolve
in 700 mL of ddH,0, adjust the pH to 7.0 with concentrated
HCI, and bring up the volume to 1 L.

6x SSC buffer: Make from 20x stock solution. Add 300 mL
20x SSC to 700 mL of ddH,O. Final concentrations: 900 mM
NaCl, 102.5 mM sodium citrate.

2x SSC buffer: Make from 20x stock solution. Add 100 mL
20x SSC to 900 mL of ddH,O. Final concentrations: 300 mM
NaCl, 34.2 mM sodium citrate.

Primary antibodies:

(a) Anti-topoisomerase 1 (Abcam abl109374; dilution 1:
2000).

(b) Anti-topoisomerase II-alpha (Cell Signaling Technology
122868; dilution 1:1000).

(¢) Anti-dsDNA (Abcam ab27156; dilution 1:10,000).

5% BSA in 1x TBST: Dissolve 2.5 g4 bovine serum albumin
(BSA) powder, DNase- and protease-free, in 50 mL of
1x TBST.

Secondary antibodies:

(a) Peroxidase-conjugated AffiniPure Polyclonal Goat Anti-
Rabbit IgG (Jackson ImmunoResearch Laboratories
111-035-144; dilution 1:10,000).

(b) Peroxidase-Conjugated AffiniPure Polyclonal Rabbit
Anti-Mouse IgG + IgM (Jackson ImmunoResearch
Laboratories 315-035-048; dilution 1:10,000).

Chemiluminescent substrate for detection of HRP.

X-Ray films and film developer or western blot imaging system.
Image] software.

Microsoft Excel.

GraphPad Prism software.

3 Methods

3.1 Cell Culture

. Culture A549 cells at 37 °C in DMEM supplemented with 10%

FBS and 1% Pen-Strep.

2. Day 1: Count and seed 1 x 10° cells per well in 6-well plates.

. Day 3: 48 h after seeding, the cells should be approximately

85% confluent (see Note 1).
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3.2 Drug Treatment

3.3 Cell Lysis and
Sample Preparation

—

—

. Aspirate the culture media from the cells.
. Refresh each well with 2 mL of new culture media.

. Treat cells with DPC-inducing drug at the experimental con-

centrations (se¢ Note 2).

. Return the plates to the incubator and incubate the cells

in drug-containing media for the desired length of time
(see Note 3).

. Aspirate the media from the cells.
. Directly lyse the cells in 500 pL of DNAzol® reagent. Pipette

up and down approximately five times to ensure that the cells
are adequately sheared. Transfer the lysate to a 1.5 mL centri-
fuge tube (see Note 4).

. Add 250 pL of ice-cold 200-proof EtOH to each sample to

precipitate the genomic DNA. Thoroughly mix the samples by
inversion. Keep the samples at —20 °C for 15 min. After
chilling, swirl and invert the tubes by hand slowly to spool
the precipitated DNA. Do not vortex. At this stage, the pre-
cipitated DNA may or may not be visible as a loose clump
floating in the tube.

. Centrifuge the samples at 4800 x 4 (7,000 rpm) for 5 min at

4 °C. Slowly decant the supernatant into a discard receptacle.
Do not aspirate. The precipitated DNA does not always collect
at the bottom but may instead be along the side of the tube;
take care not to pour it off (se¢ Note 5).

. Add 500 pL of 70% EtOH to each sample and vortex at

medium-high strength for 2 s. Centrifuge the sample at
7000 rpm for 5 min at 4 °C. Carefully decant the supernatant.
Do not aspirate.

. Repeat the 70% EtOH wash, vortex, and spin as in Subheading

3.3, step 5.

. Decant the supernatant, invert the tube onto a paper towel to

absorb the excess EtOH, and air-dry each sample briefly—less
than 1 min. The samples do not dissolve if they are left to
air-dry for an extended period. A small amount of residual
EtOH in the tube will not affect the solubility of the sample.

. Dissolve each sample in 300 pL of freshly made 8 mM NaOH.

Add the NaOH to the tube and let the sample sit undisturbed
at room temperature for 10 min. Pipette the sample up and
down approximately 15 times with a 200 pL pipette to dissolve
the pellet completely (see Note 6). Once dissolved, store the
samples on ice and proceed to DNA quantification and slot
blotting (see Note 7).



3.4 DNA
Quantification and
Sample Dilution

3.5 Slot Blotting
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. To prepare an aliquot of sample used for DNA quantification,

dilute 50 pL of each DPC sample in 97 pL. of 8 mM NaOH in a
separate tube. Place the undiluted DPC samples back on ice (see
step 4b below).

. To the diluted samples for quantification, add 3 pL of protein-

ase K (final concentration of 0.2 mg/mL), vortex briefly, and
incubate the samples at 55 °C for 45 min (see Note 8).

. Use the Quant-iT™ PicoGreen™ dsDNA assay kit to estimate

the DNA concentration of each sample per the manufacturer’s
instructions (se¢ Note 9). Reserve the remaining volume of
proteinase K-digested samples for immunoblotting the DNA
loading control (see step 4a below). The total DNA yield from
seeding 1 x 10° A549 cells is approximately 3 pg.

. Prepare samples for slot blotting (see Note 10). Dilute samples

for the DNA loading control (set 1) and for DPC immunode-
tection (set 2) as described below. The sample concentration is
determined by the desired amount of DNA to be loaded in a
volume of 200 pL (see Note 11). Vortex diluted samples to
mix. Store diluted samples on ice or at 4 °C while assembling
the slot blotting apparatus.

(a) Sample set 1: The reserved proteinase K-digested samples
(Subheading 3.4, step 3) will be used for the DNA load-
ing control and should be diluted in TE butter, pH 8. In a
clean microcentrifuge tube, prepare 0.5 ng/pL diluted
samples to load a total of 100 ng during slot blotting.

(b) Sample set 2: The DPC samples (Subheading 3.3, step 8)
should be diluted in 25 mM sodium phosphate bufter,
pH 6.5. In a clean microcentrifuge tube, prepare 0.5 ng/p
L and 1.25 ng/pL diluted samples to load totals of
100 and 250 ng, respectively, during slot blotting.

. Begin by slot blotting the proteinase K-digested samples for

the DNA loading control. Cut a piece of positively charged
nylon membrane large enough to cover the entire surface of
the slot blot apparatus and a piece of blotting filter paper of the
same size. Wet the membrane and the filter paper in DNase-free
water for 5 min (see Note 12).

. Assemble the slot blot apparatus per manufacturer’s instruc-

tions, using a single sheet of wetted blotting paper under the
nylon membrane. Ensure that the apparatus is evenly sealed
with the provided screws, but do not overtighten. Attach the
vacuum line to the bottom reservoir and turn the vacuum on
low suction to remove any air bubble or excess liquid. Turn off
the vacuum and disconnect the hose from the apparatus.



142 Megan Perry and Gargi Ghosal

3.6 Immuno-
detection

3.

Load all slots with 200 pL of DNase-free water using a multi-
channel pipette; attach the vacuum and pull the water through
a membrane as a wash. The vacuum should be at medium
strength. Turn off the vacuum and disconnect the hose from
the apparatus when all slots are cleared (see Note 13).

. Individually load 200 pL of the diluted proteinase K-digested

samples (prepared in Subheading 3.4, step 4a) into the slots.
Any unused wells should be filled with TE bufter. Attach the
vacuum and apply the samples to the membrane under suction
as described in Subheading 3.5, step 3.

. Load all slots with 200 pL of TE buffer pH 8.0 using a

multichannel pipette and wash the membrane as described in
Subheading 3.5, step 3.

. Disassemble the slot blot apparatus and carefully remove the

membrane with clean forceps, touching only the edge of the
membrane. Block the membrane in 5% milk in 1x TBST for 1 h
at room temperature with gentle rocking.

. Repeat the slot blotting steps (Subheading 3.5, steps 1-6) for

the sodium phosphate-diluted DPC samples (prepared in Sub-
heading 3.4, step 4b) with the following changes:

(a) Use nitrocellulose membrane (Subheading 3.5, step 1).

(b) Soak the filter paper and membrane in 6% SSC butffer for
10 min (Subheading 3.5, step 1).

(c) Use TE bufter, pH 8.0, for the first wash (Subheading
3.5, step 3).

(d) Use 2x SSC butffer for the second wash (Subheading 3.5,
step 5).

. Following blocking, rinse each membrane thoroughly with

water and submerge each membrane in primary antibody
diluted in 5% BSA in 1x TBST.

2. Incubate overnight at 4 °C with gentle rocking.

. Wash the membranes three times in 1x TBST for 10 min each

at room temperature with gentle rocking.

. Incubate the membranes in secondary antibody diluted in 5%

milk in 1x TBST for 1 h at room temperature with gentle
rocking.

. Wash the membranes three times in 1x TBST for 10 min each

at room temperature with gentle rocking.

. After the final wash, briefly rinse each membrane with water.

Soak each membrane in chemiluminescent substrate. Develop
the membranes using a standard film developer or western blot
imaging system (Fig. 2).
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Fig. 2 Isolation and detection of TOP1-ccs and TOP2-ccs. (a, b) Left panel, A549 cells were treated for 5 min
with CPT (a) or 30 min with VP16 (b) at the indicated concentrations to generate TOP1-ccs and TOP2-ccs,
respectively. DPCs were isolated as described in the protocol. In (@), 100 ng and 250 ng of the sample were
used for slot blotting and TOP1-ccs were detected by immunoblotting with TOP1 antibody. In (b), 250 ng of
sample DNA was used for slot blotting and TOP2-ccs were detected using TOP2 antibody. (a, b) For loading
control, 100 ng of proteinase K-digested sample was used for slot blotting and dsDNA was detected using
dsDNA antibody. The right panel shows quantification of the slot blot. TOP1-cc or TOP2-cc fold change was
determined from the relative abundance of TOP1 or TOP2 normalized to dsDNA (n = 2). Quantification was
done with ImageJ and graphed using GraphPad Prism software

3.7 Data Analysis 1. Quantification of the slot blots is critical to the final interpreta-
tion and presentation of the results. We recommend first quan-
tifying and calculating the fold change of the DPC of interest,
followed by normalization of the results to the DNA loading
control (see Note 14). Begin by opening the scanned image
files of the desired DPC exposure in Image].

2. Change the image to grayscale using the taskbar by clicking
Image > Type >8-bit. Select Image > Adjust > Brightness and
Contrast and use the controls on the pop-up window to adjust
exposure as needed. The brightness and contrast should be
adjusted to clearly define the borders between the sample
signals and the background but should not cause the signals
to appear overexposed.
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3.

10.

Using the *Rectangle* tool, draw a box around a full column
of slots and lock it in place by pressing Ctrl +1. Click and drag
within the rectangle to copy and drag a second rectangle
around the next column. Lock it into place by pressing Ctrl
+2. The software requires all rectangles be the same size and in
the same vertical plane. Repeat the click and drag and Ctrl +2
command until all columns are enclosed in a rectangle. Press
Ctrl +3 to plot the pixel peaks of each selected column, which
will be shown in a new window.

. Standard Image] settings will show each rectangle in a separate

pane in numerical order from top to bottom, and each plotted
peak within those panes corresponds to a single slot, in order
from the top of the column (left peak) to the bottom
(right peak).

. If not already selected, select the *Straight* tool and draw a

line at the base of each peak to fully close and separate them
from one another. When all peaks have been closed, select the
Wand tool and click within each peak. This will measure the
area under the peak and open a separate Results dialogue box.
Be sure to measure the peaks in a uniform order so as to not
confuse the samples.

. When all peaks have been measured, return to the main taskbar

and click Analyze > Gels > Label Peaks. This will add a Percent
column to the Results window, which corresponds to the per-
cent area of each peak relative to the total area of all peaks
measured. Copy and paste the data in the results window into
an Excel sheet.

. To calculate the DPC fold change relative to an untreated

control, set the untreated control to one by dividing the per-
cent value by itself. Divide the treated samples’ percent values
by the untreated percent value.

. Repeat steps 3.7.1-3.7.7 for the desired DNA loading control

exposure. If the samples are accurately quantified and evenly
loaded, the relative values calculated in step 3.7.7 will all be
close to one.

. Normalize the DPC fold change values by dividing each rela-

tive DPC value by its respective relative DNA loading value.

Finally, plot the normalized DPC fold change values using
GraphPad Prism software or similar graphing software
(Fig. 2). Perform the appropriate statistical analyses for the
experimental setup.
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4 Notes

. Any mammalian cell line kept under standard culture condi-

tions can be used. The number of cells seeded to achieve 85%
confluency should be determined individually for each cell line.
The number of wells needed will be determined based on the
experimental conditions. It is recommended to include three
replicates of each condition if space allows on the slot blot
manifold.

. If multiple drug concentrations or treatment times will be

used, it is best to stagger the treatments to minimize variability
from one sample to the next, ensuring all samples are processed
as close to the desired treatment time as possible.

. For repair and recovery experiments, remove the drug-

containing media after the desired treatment time, wash cells
with 1x sterile PBS, refresh with 2 mL of drug-free culture
media, and incubate for the desired recovery time.

. Alternative reagents to the DNAzol® reagent to use for cell

lysis—Buffer RLT Plus (Qiagen) or MB Buffer: 6 M guanidi-
nium isothiocyanate (GTC), 10 mM Tris-HCl, pH 6.5,
20 mM EDTA, 4% Triton X-100, 1% Sarkosyl, 1%
dithiothreitol [26].

. Centrifugation of the samples at higher speeds may result in a

DNA pellet that is more securely collected at the bottom of the
tube, but it will also make the pellet difficult to properly dis-
solve. High-speed centrifugation is not reccommended. A DNA
pellet may not be visible after the first spin; this is not necessar-
ily an indication that the precipitated DNA has been lost—the
DNA pellet will be visible after the washing steps.

. If the sample is viscous after dissolving, it is recommended to

increase the volume of NaOH.

. The isolated DPC samples do not contain any protease inhibi-

tors and are prone to degradation; therefore, we recommend
the whole protocol, from sample isolation through slot blot-
ting, be done on the same day.

. Recommended dilution for DNA quantification samples is 1:3,

but various experimental conditions may affect final yield and
concentration. Any dilution factor can be used as long as it is
appropriately factored into the calculations for DNA quantifi-
cation. If the stock concentration of proteinase K is different
than 10 mg/mL, use an appropriate volume for a final protein-
ase K concentration of 0.2 mg/mL.

. We recommend the following conditions for using the Pico-

Green Kit. DNA standards: 0, 1, 4, 8, 80, 400, 800, and
1400 ng/mL. Use 20 pL of proteinase K-digested sample in
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10.

11.

12.

13.

14.

the experimental samples. Be sure to take all dilution steps into
account when calculating the total yield and stock concentra-
tions of the samples.

This protocol can be modified to analyze posttranslational
modifications of DPCs by immunoprecipitation of the
RADAR samples and to analyze total DPCs via SDS-PAGE
and silver staining, which may be advantageous for studying
nonenzymatic DPCs or the effects of nonspecific crosslinking
agents [23, 29].

Slot blot recommendations provided here are for immunode-
tection of TOP1-covalent crosslinks (TOP1-ccs) and TOP2-
covalent crosslinks (TOP2-ccs), induced by CPT and VP16,
respectively. For DNA loading controls, load 50-100 ng of
sample. We recommend making at least 250 pL of diluted
sample for each technical replicate to compensate for loss of
sample when making dilutions or during slot blotting due to
standard errors in pipetting. A loading control alternative to
immunodetection of DNA is histone H3. Be sure to consider
that any drug treatment or cellular manipulation will not affect
histone H3 levels in the samples. We recommend loading
200 ng of undigested DPC sample for histone H3. Antibody
specifics: anti-histone H3 (Cell Signaling Technology 9715S;
dilution 1:2000).

All wells must be covered with filter paper and membrane to
ensure even vacuum strength across all slots and the filter paper
and membrane should be thoroughly wetted in the indicated
buffers to maximize sample binding [30, 31].

The vacuum must be disconnected from the slot blot apparatus
between each wash or sample loading—turning the vacuum off
but leaving the hose connected is not sufficient. If one or more
wells do not clear on their own even after several minutes,
check the seal of the screws and tilt the apparatus toward the
vacuum attachment to clear the bottom reservoir. Alterna-
tively, there may be a bubble blocking the well from clearing.
Use a clean 200 pL pipette and gently pipette up and down
within the well to release the bubble.

Various experimental setups as well as technical replicates can
affect the details of the quantification. Quantification details
for common experimental variations follow:

(a) For experiments involving technical replicates on the same
membrane, we recommend using the average of the per-
cent values of the untreated control samples as the divisor
in the calculations.

(b) If the experiment involves multiple cell lines or condi-
tions, it may be favorable to use the untreated sample of
each cell line or condition as a separate reference point,
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although it is most common to calculate everything to the
untreated negative control cell line or condition. How-
ever, it is critical that a single exposure is used to quantify
samples that will be graphed together regardless of how
many reference points are used.

For experiments examining DPC repair dynamics, it is

advisable to use the treated sample as the reference point
rather than the untreated. In such a scenario, drug-treated
samples are set to one, and recovery time points are calcu-
lated relative to the treated sample. The fold change will
decrease in the case of DPC recovery.
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Slot Blot Assay for Detection of R Loops

Altaf H. Sarker and Priscilla K. Cooper

Abstract

R loops (DNA-RNA hybrid) are three-stranded nucleic acid structures that comprise of template DNA
strand hybridized with the nascent RNA leaving the displaced non-template strand. Although a pro-
grammed R loop formation can serve as powerful regulators of gene expression, these structures can also
turn into major sources of genomic instability and contribute to the development of diseases. Therefore,
understanding how cells prevent the deleterious consequences of R loops yet allow R loop formation to
participate in various physiological processes will help to understand how their homeostasis is maintained.
Detection and quantitative measurements of R loops are critical that largely relied on §9.6 antibody.
Immunofluorescence methods are frequently used to localize and quantify R loops in the cell but they
require specialized tools for analysis and relatively expensive; therefore, they are not always useful for initial
assessments of R loop accumulation. Here, we describe an improved slot blot protocol to detect and
estimate R loops and show its sensitivity and specificity using the $9.6 antibody. Since specific factors
protecting cells from harmful R loop accumulation are expanding, this protocol can be used to determine R
loop accumulation in research and clinical settings.

Key words R loop, Transcription, Replication, RNase H, Senataxin, $9.6

1 Introduction

Transcription is not a continuous process as transcribing RNAPII
frequently encounters DNA lesions generated by endogenous or
exogenous agents causing RNAPII to pause or stall. Stalled RNA-
PII at a DNA lesion trigger R loop formation [1]. In mammalian
cells transcription—replication conflicts in long genes are associated
with R loop accumulation [2]. Replication fork colloids with stalled
RNAPII induces strand breaks and unrepaired breaks in the
non-template ssDNA of the R loop or the DNA-RNA hybrid
tormed behind the elongating RNAPII restricts transcription and
may block replication forks. Such blocked replication forks generate
replication stress and DSBs are potent sources of genomic instabil-
ity [3]. Cells evolve multiple surveillance mechanisms to restrict R
loop accumulation either preventing R loop formation or removing
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R loops once they formed. The factors that prevent R loop forma-
tion are THO /TREX complex and Topl. The THO/TREX com-
plex is responsible for packaging of pre-mRNA with RNA binding
proteins and prevents R loop formation, thus restricting transcrip-
tion associated hyper-recombination and DNA damage [4]. Topl
relaxes negative supercoiling behind the elongating RNAPII and
suppresses R loop formation [5]. Besides preventing R loop accu-
mulation, the cell uses factors that remove R loops once they are
formed. The nuclear protein RNase H1 degrades RNA in the
RNA-DNA hybrid regardless of sequence specificity [6]. Overex-
pressions of RNase H are widely used to remove transcription-
associated R loops. Senataxin, an RNA/DNA helicase, also
removes R loops and prevents R loop-mediated genomic instability
[7]. Mutations in the helicase domain of senataxin are associated
with progressive degeneration of motor neurons in the brain lead-
ing to neurodegenerative disorders [8].

Despite genomic instability phenotypes associated with unpro-
grammed R loops, recent evidences emerged that these structures
are regulators of gene expression and control several biological
processes [9]. For example, R loop structures control class switch
recombination (CSR) at the Ig heavy chain locus in activated B cells
that are highly repetitive GC-rich sequence and favor R loop for-
mation and stabilization. R loop structures are also implicated in
transcription initiation and termination as evidence for R loop
formation over the 5’ regions downstream from CpG promoters
and also downstream from poly(A) signal at the 3’ region has been
reported [10, 11]. Sequence analysis revealed that both promoters
and 3’ regions are enriched in G-rich sequences predicted to form
the G4 structure that is known to favor R loop formation
[12]. Although R loops are a common feature of transcription
initiation, however, the mechanism how R loops regulate gene
expression remains largely unknown.

Several key DNA repair proteins as BRCA2 and BRCAI are
recently shown to regulate R loops at the promoters and termina-
tors and also at DSBs [13, 14]. Defects in BRCA1 or the nucleotide
excision repair (NER) proteins XPG and XPF lead to the accumu-
lation of R loops indicating several DNA repair pathways contribute
to R loop regulation [15, 16]. Mutations in R loop resolving
senataxin helicase also cause specific neurodegenerative diseases
(ALS4, AOA) and it is recently suggested that senataxin is a DNA
repair protein that resolves R loops in human cells [17-19]. It is
tempting to speculate that these genes may control transcription of
long genes by preferentially resolving R loops in the neuronal cells,
and thus, they are at the crossroad of transcription, DNA repair,
and R loop regulation.

Interest on R loops increases exponentially in recent years to
understand how the altered R loop homeostasis is linked to the
development of diseases. It is not clear how they maintain dual
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functions in cells: prevent/resolve R loops to maintain genome
stability and promote R loop formation to control gene expression;
how do they become pathological? Therefore, abundance of R
loops in different conditions needs to be compared in a quantitative
way which is often done by genome-wide methods [20] or immu-
nofluorescence with RNA/DNA hybrid §9.6 antibody. However,
these methods are always not practical for initial assessments.
Although we found a protocol recently published to detect R
loops [21], here we describe a slot blot protocol to assess R loop
abundance with appropriate controls to ensure specificity.

2 Materials

2.1 Components

2.2 Antibodies

(a) Gel-blotting papers (Bio-Rad cat# 1620161).

(b) Slot blot apparatus (Bio-Rad: Bio Dot SF serial no 160BR).
(c) Blotting membrane (Amersham cat# RPN303N).

(d) Blocking solution, 5% w/v dry power low-fat milk in TBS-T.
(e) ECL Select (GE Healthcare cat# RPN2235) or Supersignal

West pico (Thermo cat#34580) for detection.
(f) Aspirator.

Antibodies for the detection of RNA-DNA hybrids (§9.6) and
dsDNA as described below:

(a) The stock solution of the primary antibody for dsSDNA (abcam
cat# ab27156) was 1 mg/mL and diluted to 1:5000 with
TBS-T prior to use and the stock stored at 4 °C for short-
term storage.

(b) The stock solution of the primary mouse monoclonal anti-
body for the DNA-RNA hybrid (Kerafast cat# ENH001) was
1 mg/mL and diluted to 1:1000 with TBS-T prior to use and
the stock should be stored at 4 °C for short-term storage.

(c) Secondary antibody (for both dsDNA and DNA-RNA hybrid
assay), goat anti-mouse immunoglobulin HRP conjugated
(diluted to 1:5000 with TBS-T).

3 Methods

For the current protocol we used HEK293T and primary skin
fibroblasts (HCA2) as the manipulation protocols are established
in our lab, although other cell types can be used. Both cell types
were grown in DMEM containing 10% fetal bovine serum.
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3.1 Purification of
Genomic DNA

3.2 Digestion of
Genomic DNA with
Restriction Enzyme to
Reduce Viscosity

3.3 Ribonuclease
Digestion to Determine
Specificity of the S9.6
Antibody

(a) Cells were grown in standard tissue culture dish, washed twice
with phosphate-buffered saline (PBS), and were collected by
trypsinization (0.25% trypsin; Gibco cat#15090-046) fol-
lowed by centrifugation at a speed of 1200 4 for 5 min. One
100 x 20 mm dish (Greiner Bio-One cat# 664160) per
biological samples was used.

(b) The cell pellet was washed with ice-cold PBS and was collected
by centrifugation.

(c) Cells were suspended in 2.5 mL of PBS supplemented with
0.5% SDS and mixed several times to ensure compete lysis.
The mixtures were digested with 1 mg of proteinase K (Invi-
trogen) overnight at 37 °C.

(d) Lysates were viscous at this point and extracted twice with an
equal volume of phenol/chloroform/isoamyl alcohol (25:
24:1 pH 8.0) and finally one volume of chloroform.

(e) DNA was precipitated with one volume of isopropanol and by
centrifugation at 6500 g for 15 min.

(f) Discard the supernatant and the DNA pellets were washed
with 1 mL of 70% ethanol and transferred to a sterile
Eppendorf tube.

(g) Centrifuge at 12000 g for 10 min and discard the supernatant
and let the pellet air-dry.

(h) Dissolve the pellet into a buffer containing 1 mM Tris—HCI
(pH 8) and 0.1 mM EDTA.

Dissolved DNA is viscous and digested with restriction enzymes to
reduce viscosity (Alternatively performing low speed sonication to
reduce viscosity).

(a) Digest the DNA at 37 °C overnight with restriction enzyme
cocktail containing EcoRI, HindIIl, Xbal, and BsrGI
(40 units each).

(b) Measure the DNA concentration after digestion using stan-
dard spectrophotometry.

To ensure specific binding of the R loop by §9.6 antibody, RNase H
digestion should be performed.

(a) A fraction of each sample digested with RNase H (NEB;
MO0297S). This can be done empirically; however, 5 units
RNase H per 10 ug DNA at 37 °C overnight is a starting point.
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Crosslink

3.5 Detection of R
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Antibody

(@)

Slot Blot Assay for Detection of R Loops 153

Prepare a dilution series of both RNase H digested and undi-
gested DNA in PBS butffer at a concentration of 500, 250, and
125 ng /200 pL.

Cut a nylon membrane exactly the same size of the blotting
paper (Bio-Rad cat#1620161) that fit into the slot of the
Bio-Rad apparatus (Bio Dot SF serial no 160BR). Sock the
membrane in ammonium acetate (1 M solution) for 30”.

Mark the membrane at one corner for orientation and place at
the top of two filter papers as per instruction manual (https://
www.bio-rad.com /webroot/web /pdf/lsr/literature /M170
6542 .pdf).

Assemble the apparatus and connect the slot blot apparatus to
the vacuum source. Apply 200 pL sample from each dilution
to a slot for probing with §9.6 antibody and another for
dsDNA antibody. The recommended sample volume in this
apparatus is at least 200 pL. Less than 200 pL sample volume
may cause uneven loading and corresponding unevenly shaped
bands making inaccurate quantification.

Gently apply vacuum sufficient to remove solution from the
sample wells. Carefully apply vacuum; otherwise, the mem-
brane may rehydrate and the membrane may cause a hole
around the well.

Place the membrane into the center of a UV Stratalinker
(Stratagene) and crosslink using the auto-crosslink setting.

Prepare 5% milk solution in TBS-T (Tris-buffered saline +0.1%
Tween 20) and incubate the membrane for 1 h in a shaker.

Dilute the §9.6 antibody in TBS-T (1:1000; 1 ug/mL final)
and add in one membrane. The dsDNA antibody was diluted
in TBS-T (1:5000) and added to another membrane. Both
membranes were incubated overnight at 4 °C.

Remove the primary antibody from the membranes and wash
3x with TBS-T (5 min each wash) in a shaker.

Incubate the membrane with secondary antibody (1:5000
dilutions in TBS-T) conjugated with horseradish peroxidase
(HRP) for 1 h in a shaker. Both §9.6 and dsDNA antibodies
were from mouse and we used mouse secondary antibody
(GE Healthcare; NA931V).

Remove the secondary antibody and wash the membrane with
TBS-T for three times (5 min each wash).

Develop the membrane using ECL select (GE Healthcare;
RPN2235) or Supersignal West pico (Thermo cat#34580)

according to the manufacturer’s instructions. Use sufficient
reagent to cover the membrane.


https://www.bio-rad.com/webroot/web/pdf/lsr/literature/M1706542.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/M1706542.pdf
https://www.bio-rad.com/webroot/web/pdf/lsr/literature/M1706542.pdf
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Fig. 1 An overview of the slot blot protocol. Schematics showing different steps performed during the analysis

3.6 Quantification of
R Loops

A

Primary
293T cells B HCAZ2 cells
RNaseH - + RNaseH - +
il
p— 0-S9.6 0-S9.6
. b -
= e
0o-dsDNA T 77| a-dsDNA
L — —
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Fig. 2 Specificity of $9.6 antibody in detecting R loops. Genomic DNA were
purified from HEK293T (a) or primary HCA2 (b) cells followed by restriction
enzyme (EcoRI/Hindlll/Xbal/BsrGl) digestion. The digested genomic DNA was

treate
were

(8)

d with or without RNaseH and 500, 250, and 125 ng of the DNA samples
analyzed by slot blot with the indicated antibodies at the right

Acquire and quantify the signal using the VersaDoc (Bio-Rad)
imaging system. An overview of the protocol and a represen-
tative image are shown in Figs. 1 and 2.

The intensity of each captured band was measured by Quan-
tity One analysis software in the VersaDoc system.

The 8§89.6 signal intensity was normalized by the
corresponding dsDNA signal and plotted. Triplicates were
performed to determine the standard error.
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4 Notes

The purity of the genomic DNA is critical for the success of the
method. The ratio of absorbance at 260 and 280 nm of 1.8 is
generally accepted as pure for DNA. A lower ratio indicates the
presence of contaminants such as proteins that absorb strongly at
280 nm. As a secondary measure, a ratio of 260 and 230 nm
commonly in the range of 2.0-2.2 also indicates pure nucleic
acids. A lower ratio may indicate the presence of contaminants
which absorb at 230 nm such as EDTA, carbohydrates, and phenol
that all have absorbance near 230 nm. Contaminants in the nucleic
acid solutions often inhibit RNaseH digestion and also impact on
the DNA/RNA immunoprecipitation (DRIP) assay which uses
$9.6 antibody for immunoprecipitation.
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Assays with Patient-Derived Organoids to Evaluate
the Impact of Microbial Infection on Base Excision Repair
(BER) Enzymes

Ibrahim M. Sayed, Anirban Chakraborty, and Soumita Das

Abstract

Microbes play an important role in regulating cellular responses and the induction of chronic diseases.
Infection and chronic inflammation can cause DNA damage, and the accumulation of mutations leads to
cancer development. The well-known examples of cancer-associated microbes are Helicobacter pylori in
gastric cancer and Fusobacterium nucleatum (Fn), Bacteroides fragilis, and E.coli NC101 in colorectal
cancer (CRC). These carcinopathogens modify the expressions of the base excision repair enzymes and
cause DNA damage. This chapter will show how Fn can initiate CRC through the downregulation of a
critical enzyme of the base excision repair (BER) pathway that subsequently causes accumulation of DNA
damage. We used the stem cell-based organoid model and enteroid-derived monolayer (EDM) from the
murine and human colon to assess the impact of infection on the expression of BER enzymes on the
transcriptional and translational levels and to develop other functional assays. For example, we used this
EDM model to assess the inflammatory response, DNA damage response, and physiological responses,
where we correlated the level of these parameters to BER enzyme levels.

Key words Colorectal cancer (CRC), Fusobacterium nucleatum (Fn), Base excision repair (BER),
Organoid, Enteroid-derived monolayer (EDM)

1 Introduction

The stem cell-based approaches have recently made significant
progress in the cancer field [1-4]. To understand the impact of
base excision repair (BER) in microbe-associated cancer, we have
developed some new methodology that will be focussed on this
chapter. We will use patient-derived organoids, organoid-derived
monolayers, and CRC-associated microbes (for example, Fusobac-
teriwm nucleatum | Fn] [5-8]) to model CRC-in-a-dish to study
the expressions of base excision repair enzymes and the accumula-
tion of DNA damage.

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_10,
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The published studies showed the development of stem cell-
based 3D organoids from murine and human colon tissues using a
basement matrix membrane [9-11]. In addition, other groups and
we have developed 3D organoids from CRC models, for example,
murine APC (adenomatous polyposis coli)-deficient adenomas and
human CRC samples [8, 10]. Three-dimensional organoids can be
differentiated to 2D polarized epithelial cells (enteroid-derived
monolayers [EDM]) where the colon-specific cells such as entero-
cytes, enteroendocrine cells, goblet cells, Paneth cells, and tuft cells
are proportionally represented [8, 12-14]. The 2D EDM model
named “gut-in-a-dish” resembles the physiological gut lining,
which can be used to assess the effect of various stressors such as
microbes, microbial products, and environmental toxicants, includ-
ing E-cigarette vapor, on the integrity of the gut barrier [8, 12—
17]. Dysbiosis of the gut microbiome is associated with the initia-
tion and progression of CRC [4, 18]. Fusobacterium nucleatum
(Fn) is anaerobic Gram-negative bacteria that drive CRC through
the activation of the Wnt/p-catenin signaling pathway and modu-
lation of autophagy [5, 6, 19, 20]. We recently used the “gut-in-a-
dish” model and showed that Fz infection suppresses the host
DNA repair pathway, precisely the level of BER enzyme NEIL2,
increases the inflammatory response, and accumulates DNA dam-
age in the colonic epithelial cells [8].

In this method, we will describe the development of the murine
and patient-derived 3D organoid, the procedure of 2D colonic
EDM generation from 3D organoid, and the infection of the 2D
EDM with microbe-associated cancers (for example, Fn). We have
optimized the EDM models for the following functional assays:
(a) evaluation of the expression level of BER enzymes at mRNA and
protein levels, (b) determination of the level of cytokines released in
the culture supernatants by multiplex array or by specific ELISAs,
and (c) assessment of DNA double-strand break by immunostain-
ing of YH2AX following Fz infection (Fig. 1). We have also shown
the use of EDM in LA (long-amplicon)-PCR and the measurement
of DNA damage following infection.

2 Materials

2.1 Culture of
Fusobacterium
nucleatum

(1) Fusobacterinm nucleatum (Fn) subsp. nucleatum Knorr
(ATCC-25580).

(ii) Anaerobic jar systems.

(iii) Chopped meat media (Anaerobe Systems, Morgan Hill, CA)
that includes lean ground beef w/v (50%), sodium hydroxide
v/v (2.5%), pancreatic digest of casein w/v (3%), yeast extract
w,/v, other components (< 4%), and deionized water.
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Anaerobic culture of Fn
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Fig. 1 Schematic flow of the protocol design. Crypt-based stem cells are grown as 3D organoids using
Matrigel. Three-dimensional organoids are developed into 2D polarized EDM, and Fusobacterium nucleatum
(Fn) or any other pathogens can be added into the apical part of the EDM. The EDM model (gut in dish) has
several functional assays relevant to base excision repair pathways. The RNA lysate from the EDM can be used
for the transcriptome assay, and protein lysate can be used for immunoblotting application. Supernatant
collected from the apical and/or basolateral side can be used to assess the level of cytokines by ELISA or
proteome array. EDM can be used for immunofluorescence staining or measuring DNA damage by LA-PCR

(iv) Anaero Pack, anaerobic cultivation sets (Mitsubishi Gas
Chemical [MCG], Japan). The main component of this pack
is ascorbic acid (vitamin C).

(v) GeneQuant pro (Biochem LTD, Cambridge, England).

The culture of Fz is verified from time to time (se¢ Note 1).
Other microbes such as H. pylori and B. fragilis are cultured as
described in the previous studies [16, 21].

3D organoids in culture with 50% conditioned media
(CM) (see Notes 2-3). Fifty percent CM is prepared from
L-WRN cells with Wnt3a, R-spondin, and Noggin (ATCC
CRL-3276™) as described before [17].

2.2 The Development (i)
of Enteroid-Derived

Monolayer (EDM)

Advanced DMEM /F12.
Rho-kinase inhibitor (ROCKi, Y-27632).
N-acetyl cysteine.
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(v)
(vi)

(vii)

(vii)

(ix)

(xi)

2.3 Immunoblotting

(i)

2.4 Immuno- i
fluorescence (ii

Ibrahim M. Sayed et al.

Fetal bovine serum.

TrypLE™ Select Enzyme (1x).

Transwell 24-well permeable support with 0.4 pm PET
membrane.

Collagenase, type I (Thermo Fisher Scientific, USA).
Matrigel basement matrix (Corning, USA).

5% CM human monolayer EDM media is prepared from the
ingredients (i—v) as described before [17] and it should be
fresh (see Note 4). Ingredients (vi—ix) are used in the isolation

of organoids from the biopsies (viii) and splitting of organoids
to produce a monolayer (vi, vii, ix) as described before [17].

Lysis of the EDMs is done using RIPA buffer (composition
below), RNA lysis buffer provided with Quick-RNA Micro-
Prep Kit (Zymo Research, USA), or DNA lysis buffer provided
with Gentra Puregene Cell Kit (Qiagen, Hilden, Germany).

RIPA lysis buffer which consists of 50 mM Tris—HCI (pH 7 .4),
150 mM NaCl, 1% (v/v) NP-40, 0.25% (w/v) Na deoxycho-
late, 0.1% (w/v) SDS, and 1 mM EDTA. Protease inhibitor
cocktail (1 tablet/10 ml buffer) was added to the RIPA buffer.

Gradient Bis—Tris gel (4-20%) (Bio-Rad).
Nitrocellulose membrane 0.45 pm pore size.
Transfer buffer (1x) (Bio-Rad).

Blocking buffer: Skimmed milk (5% w/v) in TBST buffer (1x
Tris-buftfered saline and 0.1% Tween 20).

Primary antibodies: Rabbit anti-NEIL-2, rabbit anti-NEIL-1,
rabbit anti-NTH-1, and rabbit anti-OGG-1. All these antibo-
dies are in-house developed.

Washing buffer: 1x TBST buffer.

Secondary antibodies: Anti-isotype secondary antibody conju-
gated with horseradish peroxidase.

ECL™ Western Blotting Detection Reagents.

EDM seeded in transwell and infected or not with Fzn.
Fixation: 4% paraformaldehyde (PFA).

Washing: PBS (1x).

Blocking and permeabilization: 0.1% Triton TX-100, 2 mg/
mL bovine serum albumin (BSA) diluted in PBS.

Primary antibody: Mouse anti-p-Histone H2A.X Antibody
(Ser 139) (sc-517,348, Santa Cruz biotechnology, dilution 1:
500). Antibody is diluted in blocking buffer.
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Table 1

List of primers used for the assessment of the transcriptional level of BER enzymes

Gene Species  Forward primer (5’ — 3) Reverse primer (5" — 3’)

NEIL1  Mouse TCGTAGACATCCGTCGCTTT TGTCTGATAGGTTCCGAAGTACG
NEIL1] Human CCAGGCAGTGGGAAGTCA AGGGAGGGTGGCAGAGTC

NEIL2 Mouse CTGCCGCCTTTCAGTCTCT TCTGGATCAAACCGAAGGAA
NEIL2 Human GGGGCAGCAGTAAGAAGCTA GGAATAATTTCTTTCCATGGACCT
NTHI1 Mouse GCATGAACTCAGGGAAGGAAGA CCTCACCATTAGCCGCTTCA
NTHI1 Human GACAGCATCCTGCAGACAGA TTGATGTATTTCACCTTGCTCCT
OGGl  Mouse TTATCATGGCTTCCCAAACC GTACCCCAGGCCCAACTT

OGGl Human CCAGACCAACAAGGAACTGG CAAATGCATTGCCAAGGA

2.5 Functional
Assays with the EDM
Model

(vi) Alexa Fluor 488-conjugated goat antimouse IgG (Invitrogen

A11001, dilution 1:500). Antibody is diluted in blocking
buftfer.

(vii) Antifade aqueous mounting medium (Biotium, CA, USA) and

coverslips.

(viii) Leica Automated Inverted Microscope Leica Microsystems

(i)

(i)
(iif)
(iv)

(v)

(vi)

Leica CTR4000.

TEER measurement: Epithelial volt/Ohm (TEER) meter and
high-throughput automated TEER measurement (REMS
AutoSampler) as described before [17].

DNA/RNA oxidative damage (Cayman, Clone 7E6.9)
ELISA Kkit.

LA-PCR as described before [8, 22-26].
Bacterial clearance in the EDM as described before [17].

Cytokine level: ELISA, proteome profiler array, or multiplex
cytokine assay.

Transcriptional level of BER enzymes: qScript™ c¢DNA Super-
Mix (Quantabio, USA), 2x SYBR Green qPCR Master Mix
(Biomek, USA), QuantStudio 3 Real-Time PCR Systems
(Applied Biosystems), and primers listed in Table 1.

3 Methods

3.1 CGulture of
Fusobacterium
nucleatum (Fn)

Culture Fusobacterinm nucleatum (Fn) anaerobically in the
chopped meat media in an anaerobic jar system including anaer-
obic gas kit generating system (Anaero Pack).



162

(iv)
v)
3.2 The Development (i)
and Characterization
of 3D Organoids
(ii)
(iii)
(iv)
v)
(vi)
(vii)
(viii)
(ix)
(x)
(xi)
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Incubate the anaerobic jar at 37 °C for 48 h under anaerobic
conditions.

For Fn subculture, transfer 10 pL from the supernatant of old
chopped meat media into a new chopped meat media using the
same anaerobic condition as mentioned in step (a).

On the day of infection, determine the bacterial colony-forming
unit (CFU) by measuring the optical density of the media
supernatant at a wavelength of 600 nm using GeneQuant pro.

The cultured Fn bacteria should be verified from time to time
for the expression of Fn-specific genes (see Note 1).

Culture of other microbes such as H.pylori and B. fragilis
can be performed as described in the previous studies [16, 21].

Crypt-derived stem cells were isolated from the colon biopsies
of mouse, healthy human, and CRC patients using collagenase
digestion as described before [11, 15, 17].

Growth of stem cells as 3D organoids using basement matrix
membrane such as Matrigel.

The growth of 3D organoids and phenotypic characterization
can be performed microscopically (Fig. 2a).

The viability of 3D organoids can be determined using trypan
blue or MTT assay. Also, the phenotypic appearance of the
organoids will determine the health status of the organoids (see
Note 2).

The 3D organoids can be processed to formalin-fixed paraffin-
embedded blocks for histology preparation using Histogel
solution. The processed spheroids can be used for immunoflu-
orescence or immunohistochemistry. The steps of spheroid
processing are described below (steps vi—xii).

The 3D organoids are fixed using 4% paraformaldehyde at
room temperature for 30 min.

Scrap the organoids using PBS, and then precipitate the orga-
noid pellets by centrifuge at 300 g for 3 min.

Ink the spheroids in 15 mL tube using a drop of Gill’s hema-
toxylin, gently agitate, and stand for 5 min.

Place the Histogel at 65 °C in the water bath till it reaches the
melting point.

Dilute the stained spheroids with PBS till the hematoxylin
turns pale purple, and then centrifuge to precipitate the orga-
noid pellets.

Transfer 100200 pL of Histogel quickly to the precipitated
organoids, suspend them well, and then allow to cool down at
room temperature for 10-15 min.

Store the organoids/Histogel preparation in Eppendorf at
4 °C till the time of processing to FFPE blocks.
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WT NEIL2 KO

WT NEIL2 KO

Fig. 2 Morphological characterization of 3D organoids and 2D EDM generated from the colon of wild-type
(WT) and NEIL-2 knockout mice. (a) Microscopic appearance of WT and NEIL-2 KO 3D organoids. (b)
Microscopic appearance of WT and NEIL-2 KO 2D EDM

3.3 The Development (A detailed protocol of EDM development is described before
of 2D Polarized EDMs [17]). Below are the main steps for the generation of EDM:

from 3D Colon (i)
Organoids
(ii)
(iii)
(iv)

Coat the transwell with 50 pL of the PBS-diluted matrigel at a
1:40 ratio. Allow coating the transwell with the PBS-diluted
matrigel for 60 min at room temperature.

Split the 3D organoids (see Note 2) into single cells by incubat-
ing the organoids with TrypLE at 37 °C water bath for
5-10 min. Disrupt the organoids mechanically in the TrypLE
mixture by pipetting the cells up and down up to 15-20 times
(see Note 3). Filter the isolated cells using 70 pm cell strainers.

Count the isolated cells and dissolve them in 5% CM human
monolayer EDM media (se¢ Note 4).

Seed 2 x 10° cells/transwell and add 200 pL of 5% CM in the
apical part and 700 pL of 5% CM in the basolateral part.
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(v) Allow the stem cells to differentiate within 2—3 days into polar-

3.4 Infection of EDMs (i)
with Fn and Functional
Characterization

(i)

(iii)

(vii)

(viii)

ized EDM (Fig. 2b). Several readouts could be used to assess
the efficiency of EDM’s differentiation (se¢ Notes 5-10).

Enteroid-derived monolayer (EDM) is prepared from healthy
growing 3D colonic spheroid as described in the previous
section.

The EDMs are allowed to differentiate for up to 48 h before
inoculation with Fzn infection. Old media should be replaced
by fresh media from the basolateral and apical part of the
transwell after 24 h of the EDM preparation.

On the day of the infection, media in the basolateral part and
apical part of the transwell are replaced with fresh 5% CM
media. EDM is challenged with Fz at a multiplicity of infection
(moi) 1:100 (see Note 11). The bacteria are added at the apical
part of EDM for 8 h (see Note 12).

After 8 h of infection, bacteria is removed, and media is
replaced by fresh 5% CM. The TEER is measured to assess
the invasiveness of Fz to the epithelium.

After 24 h of infection, the supernatants are collected from the
basolateral and apical part of the transwell for proteome array
and cytokine analysis (se¢ Notes 13-14). The cells on the
transwells are lysed using one of the following bufters (steps
vi—viii) according to the design of the experiment.

RNA lysis buffer is provided with Quick-RNA MicroPrep Kit.
Lysis of cells is done by adding 150 pL of lysis buffer, incubat-
ing at room temperature for 2-5 min, and then pipetting the
buffer with cells 10-15 times. The cell lysate is suitable for
RNA extraction according to the manufacturer’s instruction of
the Qucik-RNA MicroPrep Kit (see Note 15). The MicroPrep
Kit gives the best RNA quality and concentration compared to
the MiniPrep Kit due to the smaller volume of elution. The
extracted RNA is used to assess the transcriptional level of BER
enzymes using the primers listed in Table 1 and RT-qPCR
methods as published before.

RIPA lysis buffer as described in Subheading 2.3. Lysis of cells
is done by adding 50 pL of RIPA lysis buffer, incubating at
room temperature for 2-5 min, and then pipetting the buffer
with cells 10-15 times. The cell lysate is suitable for immuno-
blot to test the translational level of BER enzymes.

DNA lysis buffer is provided with Gentra Puregene Cell Kit.
Lysis of cells is done by adding 50 pL of lysis buffer, incubating
at room temperature for 2-5 min, and then pipetting the
buffer with cells 10-15 times. The cell lysate is suitable for
DNA extraction according to the manufacturer’s instruction of
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3.5 Assessment of (1)
the Transcriptional

Level of the BER

Enzymes (ii)
3.6 Assessment of (1)
the Translational Level

of BER Enzymes (i)

(iii)

(v)
(vi)

(vii)

(vii)

Gentra Puregene Cell Kit. The extracted DNA is used for the
analysis of the accumulation of DNA Strand Break using long-
amplicon quantitative PCR (LA-qPCR) assay (se¢ Note 16).

The extracted RNA (750 ng) is converted into cDNA using the
qScript™ c¢cDNA SuperMix in a final volume of 20 pL according
to the manufacturer’s instructions.

The synthesized cDNA is diluted to 80 pL using DNA- /RNA-
free water. Quantitative PCR (RT-qPCR) is performed using 2x
SYBR Green qPCR Master Mix and QuantStudio 3 Real-Time
PCR Systems for measuring the level of BER transcripts. The
cycle threshold (Ct) of each gene is normalized to the Ct of the
housekeeping gene using the AACt method. The primers used
for testing the BER enzymes are listed in Table 1.

Infect the EDMs with Fn, and then lyse cells using RIPA
bufter.

Separate the proteins in the whole-cell extracts from EDMs
(20 pg protein loaded) onto a Bio-Rad 4-20% gradient Bis—
Tris gel, at 125 V until the dye front goes out of the gel for
better separation.

Electro transfer the protein from the Bio-Rad gradient Bis—
Tris gel into the nitrocellulose membrane using 1x Bio-Rad
transfer buffer (overnight transfer at constant 45 V or 2-h
transfer at 100 V both at the cold room).

Block the membranes using 5% w/v skimmed milk in 1x TBST
buffer, and then incubate the membranes with in-house rabbit
developed antibodies (NEIL2, NTH1, and OGG]1; used in 1:
500 dilutions). (All the antibodies are incubated overnight at
4 °C at cold room/for better blocking incubate with 5% w/v
skimmed milk followed by 5% BSA in TBST, or antibody
incubation at 5% skimmed milk in TBST).

Wash the membrane with 1x TBST, each wash at least 10 min.
Repeat the washing step at least three times.

Incubate the membrane with anti-rabbit secondary antibody
conjugated with horseradish peroxidase in 5% skimmed milk
and incubated at room temperature for 1 h.

Wash the membrane again with 1x TBST (10 min/wash).
Repeat the washing step three times.

Develop the membrane using ECL™ Western Blotting Detec-
tion Reagents (RPN2209) (1-2 min) and image immediately
using Kwikquant Imager. The Western blot images were quan-
tified using Image]J automated digitizing system.
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3.7 Immuno-
fluorescence of yH2AX
Phosphorylation (Fig.
3a)

3.8 Measurement of
DNA/RNA Oxidative
Damage by ELISA

(i)
(i)
(i)
(iv)

(i)

(iii)

Infect the EDMs with Fzn, and then remove the media from the
apical and basolateral compartments of the transwell.

Wash the EDMs gently using PBS at room temperature (see
Note 17) three times.

Fix the EDMs with 4% paraformaldehyde (PFA) at room tem-
perature for 15 min.

Remove the PFA, wash with cold PBS (see Note 17), and then
block the EDMs using blocking buffer.

Incubate the permeabilized EDM with the primary antibody—
mouse anti-p-Histone H2A.X Antibody (Ser 139) (diluted 1:
500 in blocking buffer)—at 4 °C overnight.

Remove the primary antibody and wash the EDMs (see
Note 18) with PBS three times (10 min/wash).

Add the secondary antibody—Alexa Fluor 488-conjugated
goat antimouse IgG (diluted 1:500 in blocking buffer) and
DAP (diluted 1:500 in blocking buffer)—for 1 h at room
temperature in the dark.

Remove the secondary antibody and wash the EDM three
times (10 min/wash) with PBS.

Dry the membrane and mount it in gel /mount antifade aque-
ous mounting medium with coverslips.

Images are acquired using a confocal microscope using a 40x
and a 63x objective lens (Fig. 3a).

Z-stack images were acquired by successive 1 pm-depth
Z-slices of EDMs in the desired confocal channels. Fields of
view that were representative of a given transwell were deter-
mined by randomly imaging three different fields. Z-slices of a
Z-stack are overlaid to create maximume-intensity projection
images; all images were processed using Image ] software.

The supernatant from the basolateral part can be used for
measuring the level of damaged bases such as
8-hydroxyguanosine,  8-hydroxy-2’-deoxyguanosine, and
8-hydroxyguanine using DNA/RNA oxidative damage
ELISA kit.

For quantitative measurement of the oxidized base, a standard
curve is developed from a serial dilution of
8-hydroxyguanosine. The assay ranges at 0.15-20 ng/mL,
and the assay’s sensitivity (defined as 80% B/B0) is 0.45 ng/
mL.

The standards and samples were prepared using the same cul-
ture media of the EDM to minimize the media background as
suggested by the manufacturer’s instructions.
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Fig. 3 (a) Immunofluorescence of yH2AX phosphorylation: The level of double-strand breaks was determined
by immunofluorescence (IF) staining of yH2AX (green); DAPI was used for nuclei staining (blue). (b) LA-qPCR
assay to measure the level of DNA strand breaks in APC Min/+ EDM following Fn infection. Amplification of
polp and p-globin genes was assessed in uninfected and Fn-infected EDM

(iv) The concentration of damaged bases is determined by the
following:

% B/B0 (% bound /maximum bound): Ratio of the absorbance
of a sample and/or standard to the maximum binding
(BO) well.

BO (maximum binding): Maximum amount of the tracer that
the antibody can bind in the absence of free analyte

The standard curve is developed by plotting % B/BO values
versus  concentrations of a  known amount of
8-hydroxyguanosine.
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4 Notes

. Fn strains were verified from time to time for the expression of

Fn-specific genes such as 16syRNA, FadA, FN1527, FN1529,
and FN1792 as reported before [27, 28]. Extract DNA from
the cultured bacterial pellets and the detection of these genes
was performed by PCR.

. Healthy 3D organoids are required to develop polarized 2D

EDMs. Black organoids, disintegrated organoids, or organoids

with  black centers are not good sources for
differentiated EDMs.

. Mechanical disruption of the organoids should be done with

TrypLE and the pipetting should be continued until no cell
clumps/aggregates appear to develop good homogenized
EDM.

. The human monolayer media (5% CM) should be prepared

fresh. It should be kept at 4 °C for up to 1 week. Longer
storage of the media will reduce the efficiency of
polarized EDMs.

. The stem cells are differentiated into polarized EDM with

apical and basolateral sides. The colon-specific cells such as
enterocytes, enteroendocrine cells, tuft cells, goblet cells, and
Paneth cells are proportionately represented. The EDM model
physiologically mimics the in vivo gut [8, 12—-14].

. Several methods are used for quality control (QC) and to assess

the efficient differentiation of stem cells into polarized EDMs,
such as measurement of transepithelial electrical resistance
(TEER), testing the transcript levels of stemness (such as
Lgr-5) and differentiation markers (such as carbonic anhydrase,
mucin2, chromogranin, etc.), and/ or testing the expression of
the differentiation markers by immunofluorescence. The dif-
ferentiated EDMs should show a gradual increase in the TEER
value with time compared to undifferentiated stem cells. The
increase in TEER value is due to the formation of tight junc-
tions among the epithelial cells. Also, the differentiated EDMs
should show an increase in the expression of differentiation
markers and a decrease in the stemness markers [8,9, 12].

. Poorly differentiated EDMs are not a good option for Fn

infection, since Fz infects the epithelial cells through the inter-
action with FadA and E-cadherin that is expressed on the
epithelial cells, not in the stem cells.

. For the stem cells to differentiate into polarized EDMs, the

amount of stem cell-enriched WRN conditioned media (WNT
3a, R-spondin, and Noggin) should be reduced. Therefore, the
50% CM is diluted to 5% CM and the many growth factors
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10.

11.

12.

13.

14.

required for the growth of the stem cells are omitted from the
5% CM EDM monolayer media. The reduction in the WRN
and growth factors is crucial to the differentiation process of
the stem cell [9-11]. Change in the concentration of WRN
and/or growth factors could affect the development of polar-
ized EDM.

The 2D EDM model cannot be passaged and propagated.
However, 3D organoids can be passaged and cultured up to
30-50 passages. The 3D organoids are the sources of
2D EDM:s.

The multiplicity of infection (moi) is determined by measuring
the CFU of bacteria and counting the number of cells seeded.
For Fn infection in the colon EDM model, moi 1:100 works
well. However, moi can be varied from one cell line to another
and according to the Fz strains used in the infection experi-
ments. Changing the moi could affect the readouts of the
experiments.

Fnis added to the apical part of the transwell, not the basolat-
eral part. Since the apical part of polarized EDMs represents
the side of epithelium facing the internal gut, the basolateral
side of EDMs represents the side of gut epithelium facing the
bloodstream. To mimic the gut exposure to the microbiome,
we challenge the apical part of EDM with Fa.

Supernatant collected from the basolateral part can be used to
assess the level of inflammatory cytokine released and /or used
in other functional assays such as measurement of the cell death
and evaluation of the level of the damaged oxidative bases. The
supernatant should be centrifuged first at 4000 rpm for 10 min
to precipitate cell debris and/or bacteria pellets that could
interfere with the functional assays.

For the determination of the relative levels of selected cyto-
kines and chemokines induced following infection, a
membrane-based antibody array/proteome profiler array
could be used. This assay is validated to determine the cytokine
levels in the cell culture supernatant, cell lysates, tissue lysates,
serum, plasma, saliva, urine, and human milk. The detection of
cytokines in the basolateral supernatant of EDM should be
done following the manufacturer’s instructions and as
described in our previous study [8].

The supernatant from the basolateral part can be used for
measuring the degree of cell cytotoxicity by measuring the
level of lactate dehydrogenase (LDH) released from the dam-
aged cells using a LDH Glo™ Cytotoxicity Assay kit. Briefly,
supernatants need to be diluted using LDH storage bufter, and
then, LDH detection reagent is added to each sample and the
samples need to be loaded in white opaque 96-well plate.
Incubate the plate for 60 min at room temperature, and then
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15.

16.

17.

18.

measure the degree of luminescence (relative luminescence
unit [RLU]). The standard curve is developed by doing serial
dilutions of LDH-positive control (purified lactate dehydroge-
nase from rabbit muscle) in 5% CM EDM media. Using 5%
EDM CM as a diluting agent for the LDH-positive control is
to eliminate the cultural background; also the same media is
used a medium background. The standard curve ranged from
32 t0 0.5 mU/mL.

Lyse the cells by adding 150 pL of RNA lysis buffer, and the
cell lysate can be saved at —80 °C il the process of RNA
extraction. RNA extraction should be done using the RNA
MicroPrep Kit, where the elution should be done with a
small elution volume (15 pL). Elution of RNA using a larger

volume of water leads to low RNA concentration and /or poor-
quality RNA.

Lyse the cells by adding 50 pL of DNA lysis buffer; the cell
lysate can be saved at —80 °C till the process of DNA extrac-
tion. The DNA extraction is based on precipitation of the cell
protein and then precipitating the DNA from the supernatant
using isopropanol. The precipitated DNA is washed using 70%
ethanol and precipitated again. The DNA threads are dissolved
in 50 pL. of DNA hybridizing solution at 65 °C for 1 h The
extracted genomic DNA can be used to assess the accumula-
tion of DNA strand break in the transcribed genes (such as polf
and globin) following the protocol described previously
(Fig. 3b).

In IF of yH2AX phosphorylation, PBS is used for washing
(steps b and d). In step b, PBS should be at room temperature
since the EDM is incubated at 37 °C. In step e, PBS should be
cold since this washing step comes after fixation of EDM with
cold methanol at —20 °C for 20 min. Changing the tempera-
ture of PBS, especially in the first washing step (b), can lead to
the detachment of cells from the transwell.

It is also possible to microinject the gut pathogens into the
lumens of 3D organoids, as done previously [29-32].

Acknowledgments

This work was supported by the National Institutes of Health
(NIH) grants DK107585 and AG069689 (to S.D.). S.D. is sup-
ported by the Leona M. and Harry B. Helmsley Charitable Trust.
We thank Amer Ali Abdel- Hafeez, Pradipta Ghosh, and Tapas K
Hazra for consultation in some of the immunofluorescence and
DNA damage assay. We are grateful to the UC San Diego
HUMANOID Center of Research Excellence (CoRE) for
providing organoid media.



Assays with Patient-Derived Organoids to Evaluate the Impact of Microbial. . .

References

1

10.

11.

12.

13.

. Larsen BM, Kannan M, Langer LF et al (2021)

A pan-cancer organoid platform for precision
medicine. Cell Rep 36(4):109429

. Azar J, Bahmad HF, Daher D et al (2021) The

use of stem cell-derived organoids in disease
modeling: an update. Int J Mol Sci 22(14):
7667

. Idris M, Alves MM, Hofstra RMW et al (2021)

Intestinal multicellular organoids to study
colorectal cancer. Biochim Biophys Acta Rev
Cancer 1876(2):188586

. Sayed IM, El-Hafeez AAA, Maity PP et al

(2021) Modeling colorectal cancers using mul-
tidimensional organoids. Adv Cancer Res 151:
345-383

. Rubinstein Mara R, Wang X, Liu W et al

(2013) Fusobacterium nucleatum promotes
colorectal carcinogenesis by modulating E-cad-
herin /B-catenin signaling via its FadA Adhesin.
Cell Host Microbe 14(2):195-206

.Yu T, Guo F, Yu Y et al (2017) Fusobacterium

nucleatum promotes chemoresistance to colo-
rectal cancer by modulating autophagy. Cell
170(3):548-563.¢16

. Geng F, Zhang Y, Lu Z et al (2020) Fusobac-

terium nucleatum caused DNA damage and
promoted cell proliferation by the Ku70,/p53
pathway in Oral cancer cells. DNA Cell Biol
39(1):144-151

. Sayed IM, Chakraborty A, Abd El-Hafeez AA

etal (2020) The DNA glycosylase NEIL2 sup-
presses fusobacterium-infection-induced
inflammation and DNA damage in colonic epi-
thelial cells. Cell 9(9):1980

.Sato T, Vries RG, Snippert HJ et al (2009)

Single Lgr5 stem cells build crypt-villus struc-
tures in vitro without a mesenchymal niche.
Nature 459(7244):262-265

Jung P, Sato T, Merlos-Sudrez A et al (2011)
Isolation and in vitro expansion of human
colonic stem cells. Nat Med 17(10):
1225-1227

Miyoshi H, Stappenbeck TS (2013) In vitro
expansion and genetic modification of gastro-

intestinal stem cells in spheroid culture. Nat
Protoc 8(12):2471-2482

Sayed IM, Sahan AZ, Venkova T et al (2020)
Helicobacter pylori infection downregulates
the DNA glycosylase NEIL2, resulting in
increased genome damage and inflammation
in gastric epithelial cells. ] Biol Chem
295(32):11082-11098

Sharma A, Lee ], Fonseca AG et al (2021)
E-cigarettes compromise the gut barrier and
trigger inflammation. iScience 24(2):102035

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

171

Roodsant T, Navis M, Aknouch I et al (2020)
A human 2D primary organoid-derived epithe-
lial monolayer model to study host-pathogen
interaction in the small intestine [original
research]. Front Cell Infect Microbiology 10:
272

Sayed IM, Suarez K, Lim E et al (2020) Host
engulfment pathway controls inflammation in
inflammatory bowel disease. FEBS J 287(18):
3967-3988

Sayed IM, Sahan AZ, Venkova T et al (2020)
Helicobacter pylori infection down-regulates
the DNA glycosylase NEIL2, resulting in
increased genome damage and inflammation

in gastric epithelial cells. ] Biol Chem
295(32):11082-11098

Sayed IM, Tindle C, Fonseca AG et al (2021)
Functional assays with human patient-derived
enteroid monolayers to assess the human gut
barrier. STAR Protocols 2(3):100680

Sayed IM, Ramadan HK-A, El-Mokhtar MA
et al (2021) Microbiome and gastrointestinal
malignancies. Curr Opin Physio 22:100451

Kostic AD, Gevers D, Pedamallu CS et al
(2012) Genomic analysis identifies association
of fusobacterium with colorectal carcinoma.
Genome Res 22(2):292-298

Kostic AD, Chun E, Robertson L et al (2013)
Fusobacterium nucleatum potentiates intesti-
nal tumorigenesis and modulates the tumor-
immune microenvironment. Cell Host
Microbe 14(2):207-215

Chung L, Thiele Orberg E, Geis AL et al
(2018) Bacteroides fragilis toxin coordinates a
pro-carcinogenic inflammatory Cascade via tar-
geting of colonic epithelial cells. Cell Host
Microbe 23(2):203-214.¢5

Chakraborty A, Wakamiya M, Venkova-Canova
Tetal (2015) Neil2-null mice accumulate oxi-
dized DNA bases in the transcriptionally active
sequences of the genome and are susceptible to
innate inflammation. J Biol Chem 290(41):
2463624648

Chatterjee A, Saha S, Chakraborty A et al
(2015) The role of the mammalian DNA
end-processing enzyme polynucleotide kinase

3’-phosphatase in spinocerebellar ataxia type
3 pathogenesis. PLoS Genet 11(1):¢1004749

Chakraborty A, Tapryal N, Venkova T et al
(2016) Classical non-homologous end-joining
pathway utilizes nascent RNA for error-free
double-strand break repair of transcribed
genes. Nat Commun 5(7):13049

Gao R, Chakraborty A, Geater C et al (2019)
Mutant huntingtin impairs PNKP and ATXN3,



172

26.

27.

28.

29.

Ibrahim M. Sayed et al.

disrupting DNA repair and transcription. elife
17:8

Chakraborty A, Tapryal N, Venkova T et al
(2020) Deficiency in classical nonhomologous
end-joining-mediated repair of transcribed
genes is linked to SCA3 pathogenesis. Proc
Natl Acad Sci U S A 117(14):8154-8165
Gupta S, Ghosh SK, Scott ME et al (2010)
Fusobacterium  nucleatum-associated  beta-
defensin inducer (FAD-I): identification, isola-
tion, and functional evaluation. J Biol Chem
285(47):36523-36531

Liu P, Liu Y, Wang J et al (2014 ) Detection of
fusobacterium nucleatum and fadA adhesin
gene in patients with orthodontic gingivitis
and non-orthodontic periodontal inflamma-
tion. PLoS One 9(1):¢85280

Engevik MA, Engevik KA, Yacyshyn MB et al
(2015) Human Clostridium difficile infection:

30.

31.

32.

inhibition of NHE3 and microbiota profile.
Am ] Physiol Gastrointest Liver Physiol
308(6):G497-G509

Forbester JL, Goulding D, Vallier L et al
(2015) Interaction of salmonella enterica sero-
var typhimurium with intestinal organoids
derived from human induced pluripotent stem
cells. Infect Immun 83(7):2926-2934

Leslie JL, Huang S, Opp JS et al (2015) Persis-
tence and toxin production by clostridium dif-
ficile within human intestinal organoids result
in disruption of epithelial paracellular barrier
function. Infect Immun 83(1):138-145
Williamson IA, Arnold JW, Samsa LA et al
(2018) A high-throughput organoid microin-
jection platform to study gastrointestinal
microbiota and luminal physiology. Cell Mol
Gastroenterol Hepatol 6(3):301-319



®
i Chapter 11

Characterizing the Repair of DNA Double-Strand Breaks:
A Review of Surrogate Plasmid-Based Reporter Methods

Arijit Dutta, Joy Mitra, Pavana M. Hegde, Sankar Mitra,
and Muralidhar L. Hegde

Abstract

DNA double-strand breaks (DSBs) are the most lethal genomic lesions that are induced endogenously
during physiological reactions as well as by external stimuli and genotoxicants. DSBs are repaired in
mammalian cells via one of three well-studied pathways depending on the cell cycle status and/or the
nature of the break. First, the homologous recombination (HR) pathway utilizes the duplicated sister
chromatid as a template in S/G; cells. Second, the nonhomologous end-joining (NHE]) is the predomi-
nant DSB repair pathway throughout the cell cycle. The third pathway, microhomology-mediated/
alternative end-joining (MME]/Alt-EJ), is a specialized backup pathway that works not only in the S
phase but also in Go/G; cells that constitute the bulk of human tissues. In vitro experimental methods to
recapitulate the repair of physiologically relevant DSBs pose a challenge. Commonly employed plasmid- or
oligonucleotide-based substrates contain restriction enzyme-cleaved DSB mimics, which undoubtedly do
not mimic DSB ends generated by ionizing radiation (IR), chemotherapeutics, and reactive oxygen species
(ROS). DSBs can also be indirectly generated by reactive oxygen species (ROS). All such DSBs invariably
contain blocked termini. In this methodology chapter, we describe a method to recapitulate the DSB repair
mechanism using 27 cellulo and in vitro cell-free systems. This methodology enables researchers to assess the
contribution of NHE] vs. Alt-EJ using a reporter plasmid containing DSB lesions with non-ligatable
termini. Limitations and challenges of prevailing methods are also addressed.

Key words DNA double-strand breaks, Homologous recombination, Non-homologous end-joining,
Microhomology-mediated alternative end joining, Reporter assay

1 Introduction

DNA double-strand breaks (DSBs) constitute the most lethal dam-
age in the mammalian genome, and their repair is essential for the
maintenance of genomic stability and prevention of cell death.
Nonhomologous end-joining (NHE]), the predominant DSB
repair pathway, is active throughout the cell cycle, while homolo-
gous recombination (HR) takes place preferentially in the S/G,
phase (Fig. 1) [1]. Although the minor alternative end-joining

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_11,
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Fig. 1 Schematics of DNA double-strand break (DSB) repair pathways. The image on the left illustrates the
relative contributions of the three DSB repair pathways, namely, homologous recombination (HR), nonhomol-
ogous end-joining (NHEJ), and microhomology-mediated end-joining (MMEJ), in various cell cycle stages. The
HR pathway involves template-dependent repair of DSBs but limited to the S-phase in dividing cells.
Microhomology-mediated end-joining (MMEJ) is a form of alternative end-joining (Alt-EJ) that operates in
the GO/G1 and early S-phases exploiting short stretches of DNA microhomologies flanking DSB ends. This
repair process leads to larger deletion of the genomic regions, particularly at repetitive DNA. The image on the
right outlines the key repair steps in each of these three pathways, indicating canonical repair factors, such as
BRCA1-BARD1, BARC2, RAD51, and long-range end-resection factors MRN, DNA2, BLM, and EXO1 in the HR,
end-processing factors MRN and PNKP, damage sensors like Ku70-Ku80 heterodimer, DNA-PKcs, 53BP1, and
repair proteins XRCC4, XLF, and DNA ligase 4 in the NHEJ, and PARP1, MRN, and the ligation complex XRCC1-
DNA ligase 3 in the MMEJ/Alt-EJ pathway

(Alt-EJ) pathway was initially considered to function as a backup to
NHE], current studies underscore its significant role in maintaining
genomic integrity both in dividing and nondividing cells
[2, 3]. The key components of the classical NHE] and HR machin-
ery have been linked to the Alt-EJ repair process, based on notable
genetic and biochemical studies. For example, Pfeiffer and Vielmet-
ter first showed that linearized plasmids could be recircularized
in vitro by incubating with cell-free Xemopus egg extract
[4]. These results were subsequently repeated by North et al.,
using human cell extracts [5]. Additional studies documented
in vitro DSB repair via end-joining of duplex oligonucleotides
and in plasmid DNA containing either enzymatically cleaned
DSBs or radiomimetic drug-induced dirty-ended DSBs. Such
DSB repairs were carried out using cultured human cells and Xeno-
pus egg extracts [6, 7]. The methods for the detection of the
repaired products involved Southern blotting with radiolabeled
oligonucleotide probes, followed by ethidium bromide (EtBr)
staining, autoradiography of radiolabeled substrate, or
B-glycosidase-dependent bacterial mutagenesis assays using bacte-
rial transformation of in vitro repaired plasmid in E. coli. Other
methods for the detection of DSB repair, such as asymmetric field
inversion gel electrophoresis (AFIGE) and quantitative PCR assays,
have been subsequently developed [8-10]. Furthermore, DSB
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substrates with chemically incompatible, non-ligatable DSB ter-
mini, including  5'-hydroxyl, = 3’-phosphate, and  3-
'-phosphoglycolate, were generated in vitro mimicking
physiologically relevant complex DSBs induced by ionizing radia-
tion (IR) or radiomimetic drugs, revealing the importance of
end-processing enzymes like polynucleotide kinase/phosphatase
(PNKP) in DSB repair [11, 12].

Although several key factors of the DSB repair pathway were
characterized using end-joining assays with cell-free extracts, such
approaches could not recapitulate the repair of DSBs generated in
chromatin. However, genomic DSBs produced by rare-cutter
meganucleases, for example, I-Sce I, not only allowed iz cellulo
monitoring of DSB repair but also led to the identification of
several regulatory factors as well as relative contributions of
NHE] and HR factors to the DSB repair at the chromatin level
[13-15]. Presently, I-Sce I-based repair assays have been routinely
employed to measure the mutagenic NHE] and Alt-EJ processes
[16, 17]. Although this tool provided a significant advantage in
analyzing various DSB repair pathways acting on the chromatin,
I-Sce I-generated DSBs do not mimic the complexity of
IR-induced damages. Due to the technical challenge of generating
blocked DSBs at the chromatin level, we designed linearized plas-
mids with blocked termini, whose in-cell repair could reveal the
underpinning of the DSB repair pathway choice in irradiated
human cells. Here, we describe the design of the substrate, assay
details, methods of readouts, and technical challenges of various
DNA repair assays.

2 Materials

1. pEGFPNI (Addgene).

. NEB enzymes: EcoRI, Xhol, UDG, FpG, T4 DNA ligase, Nt.
BbvCI, Nb.BbvClI.

. Max Efficiency E. coli DH5a competent cells (Invitrogen).

[\

. XL10 E. coli ultracompetent cells (Agilent).
. Qiagen PCR purification Kkit.
. Qiagen plasmid isolation Kkit.

. Phenol /chloroform /isoamyl alcohol mixture, 25:24:1 (v/v),
Sigma.

N QN Uk W

. Agarose.

O oo

. Gel electrophoresis apparatus with power unit.
10. Heat blocks.

11. Temperature-controlled shaker.

12. Lipofectamine 2000.
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13. Dulbecco’s Modified Eagle Medium (DMEM), Gibco.
14. Fetal bovine serum, Gibco.

15. Dulbecco’s phosphate-buftered saline (DPBS), Gibco.
16. Fluorescence microscope.

17. Flag M2 resin, Sigma.

3 Methods

3.1 Reporter Plasmid
Preparation

3.1.1 Generation of a
Plasmid Construct, Named
PNt.Nb, Containing a Pair of
Microhomology
Sequences, GTGAGG and
CCTCAGC, Site for Nicking
Endonuclease (Nt.BbvCl/
Nb.BbvCl)

The following protocol generates a linearized reporter plasmid
containing a 3’-phosphate (P) terminus that mimics a 3’-P blocked
DSB substrate. Introduction of microhomology sequences of
desired length flanking the DSB generation site allows for semi-
quantitative and comparative estimation of NHE] vs. Alt-EJ in
cellulo and in vitro, which will be discussed in the following sections
(Subheadings 3.2 and 3.3). A DNA single-strand break with 3'-P
and 5-P termini could be generated at the uracil (U) base by
treating with uracil DNA glycosylase (UDG), which excises
the U, followed by strand scission of the abasic site by FapyG
DNA glycosylase (Fpg). Thus, using this strategy, a DSB with
3’-P and 5'-P termini could be generated in a circular plasmid
DNA containing two closely spaced “U”s in opposite strands. We
describe below a method to introduce two closely spaced “U”s in a
reporter plasmid backbone, such as pEGFP-N1, and then lineariz-
ing it with UDG and Fpg to generate a plasmid with 3’-P and 5'-P
termini (Fig. 2). Because direct ligation of a U-containing duplex
oligonucleotide in a linearized vector is inefficient, a two-step
method of nicking followed by ligation of a U-containing oligonu-
cleotide is a highly efficient approach to introducing two closely
spaced “U”s in opposite strands, as discussed below.

Anneal oligonucleotides NB2 and NT2 to generate a duplex by
mixing them in equimolar ratio (1 pM each) in a 20 pL buffer
containing 10 mM Tris-HCI (pH 7.5), 50 mM NaCl, and 1 mM
EDTA (pH 8.0), followed by incubation at 37 °C for 1 h.

NB2: 5 P- TCGAGGCTGAGGTACCTCACTTACCTCACGTG
CTGAGGG-3' OH, and

NT2: 5 P- AATTCCCTCAGCACGTGAGGTAAGTGAGGTAC
CTCAGCC-3' OH.

Linearize 1 pg of pEGFP-N1 with EcoRI and BamHI and gel
purify the vector backbone. Ligate linearized pEGFP-N1 and NT2.
NB2 duplex by setting a ligation reaction with T4 DNA ligase
(NEB) in 1x ligase reaction buffer (NEB), per the manufacturer’s
protocol. Use 1 pL of the ligation mixture to transform into E. coli
DHb5a competent cells. Screen clones to confirm integration of
NT2.NB2 in pEGFP-NI (named pNt.Nb) by Sanger sequencing.
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Fig. 2 Schematics of the generation of the reporter plasmid substrate. Step 1: Introduction of microhomology
sequence containing duplex DNA oligonucleotide into pEGFPN1 at the EcoRI and BamHI sites by molecular
cloning to generate pNt.Nb. Step 2: Generation of a gapped plasmid intermediate via nicking with the enzyme
Nt.BbvCl and partial denaturation. Step 3: Annealing and ligation of the first U-containing complementary
oligonucleotide with the gapped plasmid. Step 4: Generation of the second gapped plasmid intermediate via
nicking with the enzyme Nb.BbvCl and partial denaturation. Step 5: Annealing and ligation of the second
U-containing complementary oligonucleotide with the gapped plasmid, to generate pNtU.NbU. Step 6:
Generation of pNtU.NbU with UDG and Fpg to generate linearized pNS with 3’-P and 5’-P unligatable DNA
ends. The figure is adapted and modified from the original article, by Dutta et al. [18]

3.1.2 Generation of the
U-Containing Circular
Plasmid, pNtU.NbU

Incubate 100 pg of pNt.Nb with 5 pL of the nicking endonuclease
Nt.BbvCI (NEB) in 1x rCutSmart buffer (NEB, USA) in 50 pL
reaction volume. Purify the nicked pNt.Nb vector by removing the
residual enzyme utilizing the Qiagen PCR purification kit, as per
the manufacturer’s protocol. Mix 100 molar-fold excess of the
U-containing oligonucleotide NtU (5" P- TCAGCACGTGAG
GUAAGTGAGGTACC -3’ OH) with nicked pNt.Nb in 45 pL
reaction volume in a buffer containing 10 mM Tris—-HCI
(pH 7.5) and 50 mM NaCl, and then incubate at 65 °C for
10 min in a heat block, followed by slow cooling to room tempera-
ture. Add 1 pLL T4 DNA ligase and 5 pL. 10x T4 DNA ligase buffer
in a final volume of 50 pL and incubate overnight (15 h)at 16 °C to
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3.1.3 Generation of
Linearized Reporter
Plasmid, pNS with 3 -P and
5 -P Termini

3.2 In-Cell NHEJ/AIt-
EJ Repair Assay

3.2.1 Transfection of
Mammalian Cells with pNS
(Fig. 3)

3.2.2 Extraction of
Recircularized Plasmid
Using the Modified Hirt
Method

3.2.3 Recircularized
Plasmid Enrichment and
Sequencing

allow ligation of the NtU with pNt.Nb; the product was named as
pNtU.Nb. The next day, incubate pNtU.Nb with 5 pL nicking
endonuclease Nb.BbvCI (NEB) in 1x rCutSmart buffer (NEB)
in 50 pL reaction volume. Purify the nicked plasmid utilizing the
Qiagen PCR purification kit, as was done earlier. Anneal 100 molar-
fold excess of oligonucleotide NbU (5" P-TGAGGTACCTCACU
TACCTCACGTGC-3' OH) with nicked pNtU.Nb in 45 pL reac-
tion volume in a buffer containing 10 mM Tris-HCI (pH 7.5) and
50 mM NaCl, as before, by incubating at 65 °C for 10 min in a heat
block, followed by slow cooling to room temperature. Add 1 pLL T4
DNA ligase and 5 pL. 10x T4 DNA ligase buffer in a final volume of
50 pL and incubate overnight (15 h) at 16 °C to allow ligation of
NbU. Gel purify the final ligation product, pNtU.NbU, with U’s
on opposite strands. Check pNt.Nb and the intermediate products,
like nicked pNt.Nb, pNtU.Nb, nicked pNtU.NB, and the final
product pNtU.NbU via resolution in 1% TAE agarose gel.

Incubate 10 pg of pNtU.NbU with 2 pL UDG (NEB) in 1 x UDG
buffer in a 20 pL reaction volume at 37 °C for 1 h. Add 2 pL of Fpg
(NEB) enzyme and incubate for another 1 h. Check the product on
1% agarose gel by running along with pNtU.NbU. Gel purify the
product, as named pNS, by carefully excising only the band
corresponding to the linearized plasmid.

Culture human cells, such as U20S (osteosarcoma) or A549 (lung
carcinoma) in recommended medium, such as DMEM with 10%
fetal bovine serum (FBS). Grow cells on a 60 mm tissue culture dish
to 40-50% confluence. On the next day, transfect the cells with
100 ng of pNS using 1 pL Lipofectamine-2000 reagent, as per the
manufacturer’s protocol, and incubate overnight (15 h). Check
transfected vs. untransfected cells for GFP fluorescence using a
fluorescence microscope (Fig. 3).

Extract the plasmids from cells using a Qiagen plasmid isolation kit.
Add 100 pL of resuspension buffer P1, followed by 100 pL of lysis
buffer P2 directly on the 60 mm plates, and finally 100 pL of
neutralizing buffer P3. Transfer the entire content to a microcen-
trifuge tube with an air-lock cap and centrifuge for 10 min at
16,000 g. Remove the proteins via phenol/chloroform extraction
and finally precipitate the DNA by adding 750 pL of ice-cold
ethanol along with 10 pg of glycogen, and then incubate at
—80 °C for 1 h. Next, remove the ethanol and wash the precipitate
with 70% ethanol. Air-dry the precipitate and resuspend it in 20 pL
of TE bufter (10 mM Tris—-HCI, pH 8.0, 1 mM EDTA).

Transform XL10-gold ultracompetent E. coli cells (Agilent) with
5 pL of the plasmid extracts, as per the manufacturer’s protocol,
and spread on LB agar plates supplemented with 50 pg/mL of
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IN CELL ASSAY

Transfection in Human Cells and
monitor GFP expression

Isolation of HIRT supernatant
containing repaired plasmid

Blocked Termini

AN

N/

Microhomology

GFP

pNS
(DSB repair
Substrate)

IN VITRO ASSAY

DSBR reaction using cell extract or
immunopreciptate complex

Isolation of repaired plasmid via
ethanol precipitation

Transformation of E. coli with repaired
plasmids and colony sequencing to
characterize MMEJ vs. NHEJ repair
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Fig. 3 In cellulo and in vitro reporter assay: Linearized reporter substrate pNS could be introduced in human
cell lines via transfection, after desired treatment such as oxidative stress, ionizing radiation, etc., in
combination with inhibition or siRNA-mediated deletion of specific DNA repair/DNA-damaging signaling
factors. Repair of the plasmids could be monitored via GFP expression, only after recircularization of the
plasmid, followed by isolation of the episomal DNA. In vitro repair of pNS could be performed via biochemical
reconstitution assays with purified proteins, cell extract, or immune complex isolated from human cells. After
purification, the repaired plasmids are amplified in £ colivia transformation and individual colonies are sent for
sequencing. Repaired regions of the plasmid DNA were subsequently sequenced for assessing the relative
contribution of NHEJ vs. MMEJ/AIt-EJ pathways to this in vitro repair system
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3.3 InVitro NHEJ/AIt-
EJ Repair Assay

3.3.1 Nuclear Extract
Preparation and Co-
immunoprecipitation

3.3.2 In Vitro Plasmid
Recircularization Assay

kanamycin sulfate. Pick 40-50 colonies for colony sequencing with
the CMV-F primer. Analyze the sequencing results by aligning with
the original target sequence in pNt.Nb. Mark sequences with
14 nt(s) deletion with intact microhomology sites as the NHE]
outcome, and mark those with a single stretch of deletion of
nucleotides extending to the microhomology sequences as the
Alt-EJ product.

Transfect exponentially growing U20S cells with Flag-tagged
XRCCI (Alt-EJ factor) or XRCC4 (NHE] factor) plasmid using
Lipofectamine-2000 transfection reagent. After 48 h, treat cells as
per experimental requirements, such as with small-molecule inhi-
bitors or DNA-damaging agents (e.g., IR or neocarzinostatin).
Harvest the cells by scraping and resuspending them in cytoplasmic
extraction buffer containing 10 mM Tris-HCI (pH 7.9), 0.34 M
sucrose, 3 mM CaCl,, 2 mM MgCl,, 0.1 mM EDTA, 1 mM DTT,
and 0.1% Nonidet P-40 with protease inhibitors. Briefly vortex the
cell suspension and centrifuge at 3500 g for 15 min at 4 °C. Collect
the nuclear pellet and resuspend it in the lysis buffer containing
20 mM Tris-HCI (pH 7.5), 150 mM NaCl, and 1% Triton-X100
with protease inhibitors. Vortex at 4 °C for 15 min and centrifuge at
14,000 rpm to obtain the nuclear extract. For
co-immunoprecipitation (co-IP) of Flag-tagged XRCCl or
XRCC4 complex, mix 50 pL of anti-Flag M2 resin beads (Sigma)
with 200-300 pL of the nuclear extract at 4 °C for 1-2 h. Add
0.15 U/uL of benzonase (EMD Millipore) during co-IP to prevent
DNA binding-mediated nonspecific pulldown of DNA repair pro-
tein complexes.

After incubation, centrifuge the tubes (2000 g) for 2 min at
4 °C. Discard the supernatant and wash the beads three times with
the lysis buffer. After the third wash, resuspend the anti-Flag resin
beads in a buffer containing 2 mM MgCl,, 60 mM NaCl, 50 mM
HEPES, 2 mM DTT, and 50 pg/mL bovine serum albumin (BSA).

Incubate 20 pL of resuspended co-IP eluate or anti-Flag M2 resin
beads as control with pNS in a reaction mixture containing 1 mM
ATP and 1 mM dNTDPs with gentle shaking at 30 °C for 1 h. Spin
down the resin beads and use 5 pL of the supernatant to transform
XL10-gold ultracompetent E. coli cells. Pick colonies and perform
DNA sequencing as discussed earlier in Subheading 3.2.3.

4 Notes and Final Summary

There are some limitations in the described protocols, such as
moderate efficiency in the repaired plasmid recovery and
low-throughput quantitative readout. Nevertheless, its biggest
advantage over the prevailing methods is that the DSB terminus
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in the substrate closely represents the endogenously generated
broken genome ends under various biological and /or pathological
conditions. This approach could further be utilized to generate
linearized reporter plasmids with varying lengths of microhomolo-
gies and/or different types of blocked ends such as 3-
'-phosphoglycolate, peptide-conjugated ends, etc. It is also
possible to perform multiplex assays to monitor the repair of differ-
ent types of blocked ends in the same cells exploiting different
fluorescent reporter proteins, including cyan or red fluorescent
protein for each type of reporter plasmids [19]. Moreover, this
method could be improvised into a high-throughput assay with a
DNA barcoding approach and via the use of next-generation
sequencing of the cell extracts [20].
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Interactome Profiling of DNA Damage Response (DDR)
Mediators with Immunoprecipitation-Mass Spectrometry

Henry C. -H. Law, Dragana Noe, and Nicholas T. Woods

Abstract

Immunoprecipitation-mass spectrometry (IP-MS) is a versatile tool to probe for global protein—protein
interactions (PPIs) in biological samples. Such interactions coordinate complex biological processes, such as
the DNA damage response (DDR). Induction of DNA damage activates signaling networks where post-
translational modifications cause PPI that facilitate DNA repair and cell cycle coordination. Protein inter-
actome profiling of DDR sensors, transducers, and effectors has the potential to identify novel DDR
mechanisms that could advance our understanding and treatment of diseases associated with DDR defects,
such as cancer. The protocol described here is a routine PPI analysis procedure that can be performed on
samples stimulated with DNA damage. All processes and reagents are optimized for maximum sensitivity on
the interactome and minimal contamination for the mass spectrometer.

Key words Immunoprecipitation, Mass spectrometry, DNA damage response, Protein-protein inter-
actions, Posttranslational modifications, BRCA1 C-terminal

1 Introduction

Cancer is a disease that can arise from a failure to accurately repair
DNA damage, while at the same time DNA-damaging treatments
are the most common form of cancer therapy. Therefore, delineat-
ing the molecular mechanisms regulating the DDR is essential to
understanding the origins and determining the optimum treat-
ments for this disease. The DDR promotes numerous PPI due, in
part, to posttranslational modifications (PTMs) of proteins that act
to recruit other proteins into complexes that facilitate DNA repair.
For instance, in response to DNA damage, specialized kinases
ATM, ATR, and DNAPK phosphorylate target proteins that can
act as ligands for phospho-epitope binding domains, such as the
BRCAl C-terminal (BRCT) domain [1, 2] and the forkhead-
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associated (FHA) domain [3, 4] which are found in a subset of
specialized DDR proteins, such as BRCAl, NBN, and CHK2.
Additional PTMs, including ubiquitination, can also act as PPI
recruitment and repair signals in the DDR [5, 6]. These protein
complexes can form at the sites of DNA damage and promote their
processing and repair. In addition, emerging evidence from PPI
analysis indicates that DDR proteins and domains interact with
additional non-DDR proteins to coordinate repair and identifies
additional proteins that function in the DDR that may not have
been previously recognized [7-9]. Thus, protein—protein interac-
tions can reveal new features of the DDR that may be important to
the etiology and treatment of cancer. This protocol describes an
immunoprecipitation (IP) procedure that is compatible with mass
spectrometry proteomic analysis. The reagents and cleanup proce-
dure in this protocol are optimized to profile the interactome
without compromising the sensitivity of the instrument. There
are two workflows included in this protocol. The in-gel digestion
protocol is suitable for routine interactome analysis. When there is a
limited amount of input lysate, or the study’s focus is on posttrans-
lational modifications of proteins, the on-bead digestion protocol is
recommended.

2 Materials

. 293FT cells.

. Mitomycin C.

. NP-40 (nonyl phenoxypolyethoxylethanol).
. BCA assay Kkit.

. Dynabeads® Antibody Coupling Kit (Thermo Fisher Scien-
tific). The kit contains 2.8 pm magnetic M-270 Epoxy beads
and all the reagents for coupling and washing (solutions C1,
C2, HB, LB, and SB).

6. Antibody specific for the target protein for coupling with

Dynabeads®.

7. Normal IgG antibody (same species as the specific antibody)
for coupling with Dynabeads®. This will be used as the nega-
tive control.

92N N I S

8. Glacial acetic acid.
9. Ammonium bicarbonate (NH4HCO3; AmBic).
10. Tris(2-carboxyethyl)phosphine (TCEP).
11. Dithiothreitol (DTT).
12. Todoacetamide (IAA).
13. Trifluoroacetic acid (TFA).
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2.2 Reagents
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14.
15.
16.

17.
18.
19.
20.
21.
22.
23.

Sequencing-grade trypsin.

10% Criterion™ XT Precast Bis—Tris gel (Bio-Rad).

XT MOPS (3-(N-morpholino)propanesulfonic acid) running
bufter (Bio-Rad).

XT sample buffer 4x (Bio-Rad).

XT reducing agent 20x (Bio-Rad).

Coomassie Brilliant Blue G-250 dye.

HPLC MS-grade acetonitrile (ACN, 100%).

HPLC MS-grade water.

HPLC MS-grade trifluoroacetic acid (TFA, 100%).
Pierce® C18 tips, 100 pL bed (Thermo Fisher Scientific).

500 mM ethylenediaminetetraacetic acid (EDTA).
1 M Tris—HCl pH 8.0.

. 1 M HEPES pH 7 4.

. 5 M sodium chloride (NaCl).

. 1 M potassium chloride (KCl).

. 1 M magnesium chloride (MgCl,).

2.5 M calcium chloride (CaCl,).

. DNA damage response induction and cell lysis.

1. Phosphate-buffered saline (PBS).
2. DMEM with 10% FBS, supplemented with penicillin and
streptomycin.

3. Mitomycin C stock solution (0.4 mg/mL; prepare freshly
before the experiment).

4. NETN buffer (0.5% NP-40, 0.5 mM EDTA, 20 mM Tris—
HCI pH 8.0, 150 mM NaCl).

. Dynabeads conjugation and immunoprecipitation.

1. SWB-A (sample washing buffer A): 10 mM HEPES pH 7 4,
10 mM KCI, 50 mM NaCl, 1 mM MgCl,, 0.05% NP-40.

2. SWB-B (sample washing buffer B): 10 mM HEPES pH 7 4,
10 mM KCI, 0.07% NP-40.

. In-gel digestion.

1. SEB (sample elution buftfer): 0.5 M NH,OH, 0.5 mM
EDTA, pH 11.0.

2. Destain solution: 10% methanol /5% glacial acetic acid /85%
water (v/v/V).

3. Ammonium bicarbonate (AmBic) solutions: 50 mM and
100 mM.
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2.3 Consumables

2.4 Equipment

4. Reducing reagent: 20 mM TCEP in 100 mM AmBic (pre-
pare freshly before experiment).

5. Alkylating reagent: 375 mM IAA in 100 mM AmBic (pre-
pare freshly before experiment).

6. Digestion enzyme: MS-grade trypsin, 20 ng/pL in
water (Promega).

7. Peptide extraction buffer (XB): 50% ACN/49.9%
water/0.1% TEA (v/v/v).

. On-bead digestion.

1. SWB-C (sample washing buffer C): NETN buffer supple-
mented with 20 mM Tris—-HCI pH 8 and 2 mM CaCl,.

. 20 mM Tris—HCI pH 8.0.

. 100 mM DTT in 20 mM Tris—HCI pH 8.0.
. 100 mM IAA in 20 mM Tris—HCI pH 8.0.
. 1 pg/pL trypsin in Milli-Q water.

[S2 NN - NEIS I ]

1.1.2. Sample cleaning prior to LC-MS/MS.
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1. Wetting solution: 50% ACN /50% water (v/V).

2. Equilibration solution: 0.1% TFA in water.

3. Rinse solution: 5% ACN /94.9% water,/0.1% TFA (v/v/v).
4

. Peptide elution solution: 60% ACN /39.9% water/0.1%
TFA (v/v/V).

. 0.1% formic acid in water.

ul

. Cell scraper.

. 1.5 mL Safe-Lock tubes (Eppendorf).

. 2.0 mL Safe-Lock tubes (Eppendorf).

. pH strips (pH 0-14).

. 10% Criterion™ XT Bis—Tris Protein Gel.

. Feather™ Disposable Scalpel Set #11 (Electron Microscopy

Sciences).

. Autosampler 11 mm snap-it caps, 6 mm opening, pre-slit

(Thermo Fisher Scientific).

. Mag]JET Separation Rack, 12 x 1.5 mL tube (Thermo Fisher

Scientific).

. Sample tip-to-end rotator.
. Analytical balance.
. Cell culture incubator.

. Criterion™ Cell and PowerPac™ Basic Power Supply

(Bio-Rad).
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. Criterion staining/blotting trays (Bio-Rad).
. Lab rocking shaker for gel trays.

. ThermoMixer (Eppendort).

. SpeedVac.

10.

NanoDrop.

. Mobile phase A: 0.1% formic acid in water.

2. Mobile phase B: 80% ACN/19.9% water/0.1% formic acid.

. Nanoflow liquid chromatography: UltiMate 3000 UHPLC

system (Thermo Fisher Scientific), with a trap C18 LC column
(Acclaim PepMap 100, 75 pm x 2 cm, nanoViper, Thermo
Fisher Scientific) and an analytical C18 LC column (Acclaim
PepMap RSLC, 75 pm x 50 ¢cm, nanoViper, Thermo Fisher
Scientific).

. Mass spectrometer: Orbitrap Fusion Lumos (Thermo Fisher

Scientific) or other high-resolution mass spectrometry system.

. A standalone workstation with the following minimal specifica-

tion: 2 GHz processor, 2GB RAM, video card and monitor
capable of 1280 x 1024 resolution, screen resolution of 96 dpi,
75 GB available on the C drive, NTES formatted hard disk,
Windows 10 operating system with the latest service pack.

. Proteome Discoverer 2 .4.

3 Methods

3.1 Induction of DDR
on 293FT Cells

. Seed the 293FT at 30% confluency and incubate the cells at

37 °C overnight. Assign one plate of 100 mm plate for each of
the treatment and antibodies to be used in the experimental
design (see Note 1).

. Dissolve 2 mg of mitomycin C in 5 mL PBS (se¢ Note 2).
. Add the mitomycin C stock solution to the 293FT cells to a

final concentration of 10 pg/mL and incubate the cells at 37 °C
for 4 h.

. Rinse the cells with 10 mL of PBS and add 200 pL NETN

buffer.

. Scrap the plate and collect the lysates.
. Spin the cells at 16,00 g at 4 °C for 3 min and collect the

supernatant.

. Measure the concentration of the protein lysate with BCA

assay Kkit.

. Proceed to Subheading 3.2 immediately.
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3.2 Dynabeads
Conjugation and
Immunoprecipitation

1.

2.

10.

11.

12.

13.

14.

15.
16.

17.

Weigh out 3 mg of Dynabeads® M-270 Epoxy beadsina 1.5-
mL microcentrifuge tube, for each planned reaction.

Wash the beads with 1 mL of C1 by pipetting up and down.
Make sure to pipette gently and slowly up and down, at least
ten times.

. Place the tube on a magnet, wait for 1 min, and carefully

remove the supernatant.

. Pipette 50 pg of the antibody for the protein of interest into the

tube. Additionally, pipette the same amount of plain IgG in a
different tube, as this will be used as a negative control (see
Note 3).

. Add the appropriate volume of Cl to each of the tubes from

step 4, which includes either the specific antibody or the
negative control, to a final volume of 150 pL, and add to the
beads from step 3.

. Add 150 pL of C2 to the bead solution from step 5.
. Incubate with rotation at 37 °C overnight.

. Place the tube on a magnet, wait for 1 min, and carefully

remove the supernatant.

. Wash the beads with HB buffer by adding 800 pL of HB to the

beads, pipette up and down gently at least ten times, place the
beads on magnet for 1 min, and remove the supernatant.
Wash the beads with LB buffer by adding 800 pL of HB to the
beads, pipette up and down gently at least ten times, place the
beads on magnet for 1 min, and remove the supernatant.
Wash the beads with SB by adding 800 pL of SB to the beads,
pipette up and down gently at least ten times, place the beads
on magnet for 1 min, and remove the supernatant.

Add 800 pL of SB to the beads and incubate on a rotator for
15 min at room temperature.

Place the tube on a magnet, wait for 1 min, and carefully
remove the supernatant. The beads are now covalently coupled
with the antibody and ready for Co-IP.

Add the cell lysate containing 2.5 mg of the total proteins to
the antibody-coupled beads from step 13.

Incubate overnight with rotation, at 4 °C.

Wash the beads four times with SWB-A (10 mM HEPES
pH 7.4, 10mM KCI, 50 mM NaCl, 1 mM MgCl,, 0.05%
NP-40). Pipette up and down gently at least ten times, place
the beads on magnet for 1 min, and remove the supernatant.

Wash the beads with SWB-B for 5 min, with rotation (10 mM
HEPES pH 7.4, 10 mM KCl, 0.07% NP-40). Place the beads
on magnet for 1 min and remove the supernatant.
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1.

2.

Protein elution: Add 500 pL of the SEB (0.5 M NH,OH,
0.5 mM EDTA, pH 11.0) to the beads and rotate for 10 min.

Collect the supernatant and, using a SpeedVac, concentrate the
volume to around 50 pL.

. Check the pH of the concentrated supernatant containing the

protein pulldown and neutralize with acetic acid, if necessary.

. Mix 40 pL of the protein pulldown sample with 10 pL of XT

sample buffer (with added XT reducing agent).

Incubate for 7 min at 95 °C using a ThermoMixer.

6. Load 45 pL on a 10% Criterion XT Bis—Tris gel and run the

10.
11.

12.

13.

14.

15.

16.

17.
18.

19.
20.

electrophoresis.

. Run the electrophoresis until the dye front moves around

2 inches from its start, and then stop the electrophoresis.

. Carefully transfer the gel into the staining/blotting tray filled

with HPLC-grade water, do a quick wash, and discard the
liquid.

. Cover the gel with around 50 mL of the Coomassie Brilliant

Blue G-250 stain solution and shake for 2 h.
Destain overnight.

Cut out the 2-inch lane into 3 or more bands with a disposable
scalpel, and transfer into 1.5 mL Eppendorf tubes. Wash the
scalpel with water, then methanol, and then water again,
between each band excision.

Cut each excised band into around five equal-size gel squares,
as this will increase the total gel surface area.

Add 100 pL of HPLC-grade water, shake for 10 min, and
remove.

Add 100 pL of ACN, to shrink gel pieces, incubate for
5-10 min, remove.

For every sample mix 10 pL of 20 mM TCEP with 90 pL of
100 mM AmBic. Add 100 pL of TCEP solution to a sample
and shake at 37 °C for 30 min on a ThermoMixer.

Add 100 pL of ACN and continue shaking for 15 min. If gel
pieces are still blue, continue shaking for another 15 min, and
remove.

Add 100 pL of ACN, incubate for 5 min, and remove.

For every sample mix 10 pL of 375 mM IAA with 90 pL of
100 mM AmBic. Add 100 pL of TAA solution to a sample and
shake in the dark at room temperature for 20 min, and remove.

Add 100 pL of ACN, incubate for 10 min, and remove.

Add 15 ng/pL trypsin to cover gel cuts (20-50 pL) and
incubate on ice for 30 min, and remove excess trypsin.
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3.4 Workflow B: On-
Bead Digestion

3.5 Sample Cleaning
Prior to LC-MS/MS

21.

22.

23.

24.

25.

26.
27.
28.

Add 100 pL of 50 mM AmBic to gel cuts (it should cover it
completely) and incubate overnight at 37 °C. Check after
15 min if AmBic still covers the gel pieces; if not, add more
AmBic.

Prepare fresh XB (50% ACN /49.9% water,/0.1% TFA).

Label and clean new tubes with 100 pL. of XB. These tubes will
collect the peptide extracts that were incubated overnight in
the tubes from step 20.

Transfer peptide extracts to newly labeled tubes. Make sure not
to transfer any gel piece to a new tube.

Add 50 pL of XB to gel cuts, and incubate with shaking on a
ThermoMixer, for 15 min at room temperature.

Transfer peptide extracts to corresponding tubes.
Repeat steps 24-25.

Dry samples down using SpeedVac until it looks like a white
pellet.

. Using the beads from Subheading 3.2 step 17, wash the beads

twice with SWB-C (NETN buffer supplemented with 20 mM
Tris—HCI pH 8 and 2 mM CaCl,).

. Resuspend the beads in 9 pL. 20 mM Tris—HCI pH 8.0.
. Add 0.4 pL of 100 mM DTT and incubate at room tempera-

ture for 30 min at 500 rpm.

. Add 0.6 pL of 100 mM IAA at room temperature for 10 min at

500 rpm.

. Add 500 ng of trypsin and incubate on a tip-to-end rotator at

37 °C overnight.

. Pellet the beads with the magnetic stand and collect the

supernatant.

. Add another 500 ng of trypsin in 20 mM Tris—HCI pH 8 to the

beads and incubate at 37 °C for 4 h.

. Pool the supernatant from steps 5 and 7 and add 50% formic

acid to a final concentration of 2%.

. Proceed to Subheading 3.5.

. Add 100 pL of the equilibration solution (0.1% TFA) to the

peptide pellet.

. Pipette up and down, vigorously, until the pellet is completely

dissolved.

. Wet the C18 tip by aspirating and discarding 100 pL of the

wetting solution. Repeat.
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4.

11.
12.

1.

1.

Equilibrate the C18 tip by aspirating and discarding 100 pL of
the equilibrating solution. Repeat.

. Slowly aspirate 100 pL of the peptide sample into the C18 tip.

Dispense and aspirate the sample around ten times, to increase
the binding efficiency.

. Rinse the C18 tip by aspirating and discarding 100 pL of the

rinse solution. Repeat.

. Label a new set of 1.5 mL Eppendorf tubes.
. Slowly aspirate 50 pL of the peptide elution solution and

dispense into the new tube.

. Dry samples down using SpeedVac.
10.

Resuspend the peptide pellet (by either vortexing or vigorous
pipetting up and down) with 0.1% formic acid (same as our
mobile phase A for HPLC system) so the final concentration of
the peptides is around 500 ng/pL (measure with NanoDrop).

Centrifuge for 2 min at 12,000 x g, at 4 °C.

Transfer the supernatant to an autosampler vial for nano
LC-MS/MS.

Around 1 pg of the peptides is analyzed by UltiMate 3000
UHPLC system equipped with 50-cm-long C18 analytical
LC column, directly connected to Orbitrap Fusion Lumos
mass spectrometer (Thermo Fischer Scientific). After injection,
peptides are loaded onto a trap C18 column and washed with
mobile phase A, at a flow rate of 4 pL./min. Next, peptides are
separated on the analytical C18 column, using a step gradient
of 4-25% mobile phase B from 10 to 100 min and 25-45%
mobile phase B from 100 to 130 min, at the flow rate of
300 nIL/min and 50 °C.

. Eluted peptides are then analyzed by a high-resolution mass

spectrometer, in a data-dependent acquisition mode (DDA). A
survey full-scan MS is set for acquiring in the Orbitrap mode,
for a scan range from 350 to 1800 m/z and a resolution of
120,000. The automatic gain control (AGC) target for MS1 is
set to 4 x 10°, with the ion filling time of 100 ms. The most
intense ions with charge states 2—6 are selected to be isolated in
3-s cycles, fragmented using HCD fragmentation with 35%
normalized collision energy, and detected at a mass resolution
of 30,000 at 200 m/z. The AGC target for MS2 is set to
5 x 10*, with the ion filling time of 60 ms. Dynamic exclusion
is set for 30 s with a 10-ppm mass window.

Transfer the .raw files from the data acquisition workstation to
the database searching workstation.
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2.

10.

11.

Open Proteome Discover 2.4 and create the study with the
specified file location (see Note 4).

Download, install, and activate the protein sequence database
of the species corresponding to the sample from the Uniprot
website (usually human, mouse, or rat; https://www.uniprot.

org/).

Select the database search method required. If quantitative
analysis is required, specify MS1 quantitation in the method.

Specify the database to be searched against, as prepared in step 3.

. If posttranslational modification mapping is required, add the

ptmRS node to the processing workflow.

In the Sequest node of the processing workflow, set the search
the parameters as follows: MS1 precursor mass tolerance,
10 ppm; MS2 fragment ion mass tolerance, 20 mmu; fragmen-
tation method, HCD; and ion series, &-, - ions.

To look for posttranslational modification on the bait protein,
specify the required modifications (e.g., phosphorylation) and
the residue (e.g., S, T, and Y) in the data search parameter.

. Submit the job with the specified search parameters. The search

is usually completed within 1-4 h.

Proteins with a “high” FDR confidence and two unique
mapped peptides are considered as a positive identification
from the sample.

Export the protein and peptide list to evaluate the biological
significance in DNA damage response (see Note 5).

4 Notes

. Experimental: Setting up a proper control is essential to accu-

rately determine the interactome. If the control serves to iden-
tify adventitious proteins that could represent false-positive
interactions, an isotype antibody (usually normal mouse or
rabbit IgG) should be used as control. Unconjugated beads
can also be added as a control. It is important to run the
controls in at least triplicate samples to build an adequate
library of potential false-positive interactions. Because the
expression and/or affinity of adventitious proteins could
change between experimental conditions, such as in the pres-
ence or absence of DNA damage, appropriate controls should
be used for each experimental condition tested.

. DNA damage induction: Mitomycin C stocks can be stored in

the dark at 4 °C for no more than 2 weeks. It is best if the
mitomycin C stock solution is freshly prepared. Other methods
such as ionizing radiation, ultraviolet, and hydroxyurea can also
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Fig. 1 Overview of the interactome profiling workflow

be used to introduce DNA damage response to the cells. Dif-
ferent types of DNA damage can induce specific signaling net-
works and PPI, and some PPI can be early, mid-, or late events
in the repair process. Therefore, the DNA damage conditions
used for each study need to be carefully determined and opti-
mized by the end user (Fig. 1).

. Titration of the control antibody: In our experience, the con-

centration of antibodies often deviate from that reported by the
vendors. In many instances, the normal IgG antibodies used as
negative controls contain much more antibody than those
targeting specific proteins. It is preferable that the amount of
antibody used as a negative control is comparable to that of the
targeted antibody. We routinely perform a serial dilution of the
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Fig. 2 Western blot image of control antibody titration. The antibodies are
directly loaded onto the gel and probed with a secondary antibody to evaluate
the abundance of the heavy chain

control and targeted antibodies analyzed by western blot for
the intensity of the heavy chain to select the appropriate

amount of control antibody to be used in the experiment
(Fig. 2).

. Choice of database search engine: Proteome Discoverer is sug-

gested in the protocol because it is available in most proteomics
core facilities with Thermo Fisher mass spectrometers. Other
search engines, such as Mascot, Peptide Shaker, and Max-
Quant, can be used as substitutes. The MS and the MS/MS
tolerance will be set the same as shown in the protocol.

. Determination of the interactome: The proteins uniquely iden-

tified in the target protein IP are considered as the potential
interactors. The common repository of adventitious proteins
(cRAP) is a good resource to identify common contaminants
from the identified proteins [10]. There are also software
packages such as the Significance Analysis of INTeractome
(SAINT) that can further estimate the confidence of the inter-
action and identify the high-confidence interactors [11]. Visu-
alization of the interaction networks and additional pathway
enrichment analyses and differential networks dependent upon
DNA damage stimulus can be achieved with Cytoscape and the
suite of applications available (cytoscape.org).
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Using Affinity Pulldown Assays to Study Protein—Protein
Interactions of Human NEIL1 Glycosylase

and the Checkpoint Protein RAD9-RAD1-HUS1 (9-1-1)
Complex

Drew T. McDonald, Pam S. Wang, Jennifer Moitoza Johnson,
and Miaw-Sheue Tsai

Abstract

Affinity pulldown is a powerful technique to discover novel interaction partners and verify a predicted
physical association between two or more proteins. Pulldown assays capture a target protein fused with an
affinity tag and analyze the complexed proteins. Here, we detail methods of pulldown assays for two high-
affinity peptide fusion tags, Flag tag (DYKDDDDK) and hexahistidine tag (6xHis), to study protein—
protein interactions of human NEIL1 glycosylase and the checkpoint protein complex RAD9-RAD1-
HUS1 (9-1-1). We uncover unique interactions between 9-1-1 and NEIL1, which suggest a possible
inhibitory role of the disordered, phosphorylated C-terminal region of RAD9 in regulating NEILI1 activity
in base excision repair through lack of physical association of 9-1-1 and NEILI.

Key words Protein-protein interactions, Affinity pulldown, Flag pulldown, Ni pulldown, Human
NEIL1, Human RAD9-RAD1-HUS1

1 Introduction

Approximately tens of thousands of oxidative/alkylated base
lesions occur daily in the human genome. Most oxidative damage
is efficiently repaired by base excision repair (BER) and single-
stranded break repair (SSBR) to prevent mutations and maintain
the genomic integrity. DNA repair pathways, including BER, are
complicated by sub-pathways and alternative pathways, as well as
their cross talks with other DNA processes such as replication and
transcription. These DNA transactions involve multiprotein com-
plexes and dynamic macromolecular assemblies of both canonical
proteins and noncanonical accessory factors [ 1]. These megadalton
assemblies are highly coordinated and regulated in a temporal and
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Fig. 1 Schematic of affinity pulldown for direct protein—protein interactions. In the left panel, proteins of
interest X and Y are incubated together and bound to an affinity column specific to the affinity tag on protein X
(e.g., the bait protein). If both proteins X and Y are detected in the eluted fractions after affinity pulldown,
protein Y interacts with protein X. If only protein X is present in the eluted fractions, the two proteins either do
not physically interact with each other or the interaction of the two proteins is not stable to be detected by this
method. The right panel depicts a negative control pulldown that should always be performed to ensure the
prey protein (e.g., protein Y) does not bind to the affinity column nonspecifically to prevent any false-positive
interaction with the bait protein (e.g., protein X)

spatial manner, often driven by specific protein—protein interac-
tions. To gain insights on how DNA repair machines work, it is
necessary to understand the architecture and functional interac-
tions of proteins in these machines.

Recent development in cutting-edge techniques with increased
throughput has enabled qualitative and quantitative analysis of
protein—protein interactions and established protein interactome
networks. The emerging findings help define the role of the inter-
actions in complex biological processes, shape the molecular basis
for human diseases that may arise from dysregulated protein—pro-
tein interactions, and facilitate the mechanistic understanding and
potential therapeutic discovery to human diseases. An array of
genetic, cell biological, biochemical, and biophysical methodolo-
gies are available to validate, characterize, and confirm protein—
protein interactions [2]. Among those methods, affinity pulldown
or affinity co-purification (Fig. 1) is a classical, low-to-medium
throughput, but powerful technique to identity direct protein—
protein interactions and functional associations of proteins by
providing a qualitative analysis for both stable and transient protein
complexes. Specifically, affinity pulldown are (1) robust to set up
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in vitro by mixing purified proteins of interest or using cell extracts
containing co-expressed proteins from recombinant hosts, such as
E. coli or insect cells; (2) readily adaptable for multi-protein inter-
action studies, in addition to binary interactions; (3) useful for
mapping interaction domains and screening for interaction-
defective mutations; (4) easy to adjust assay stringency to increase
specificity or detect weak interactions; and (5) affordable by using
common reagents and inexpensive laboratory equipment. To
increase throughput of affinity pulldown, spin columns, magnetic
beads, and magnetic microplates are applicable options.

The checkpoint sliding clamp RAD9-RADI-HUS1 (9-1-1)
interacts with and stimulates enzymes involved in base excision
repair (BER), such as NEIL1, MYH, TDG, FEN-1, and DNA
LIGASE I, thus linking BER activities to checkpoint coordination
[3, 4]. Here we describe a general method of pulldown assays to
confirm physical associations between NEIL1 glycosylase and the
heterotrimeric 9-1-1 complex. We found that NEIL]1 interacts with
full-length 9-1-1 and a truncated 9-1-1 (9A-1-1) that lacks a
C-terminal tail of RAD9, when 9-1-1 proteins were expressed and
purified from E. cols (Fig. 2a, b), consistent with previous reports.
When 9-1-1 was expressed and purified from insect cells, surpris-
ingly, NEIL1 does not interact with full-length 9-1-1 (Fig. 2c)
while retaining interaction with truncated 9A-1-1 (Fig. 2d).
Although the C-terminal region of RAD9 is dispensable for inter-
acting with NEIL1, the absence of the C-terminal RAD9 leads to
hyperactivation of NEILI in vivo [5]. Our finding suggests that the
disordered and phosphorylated C-terminal region of RAD9 might
regulate NEILI activity in human cells by destabilizing or inhibit-
ing interaction of 9-1-1 with NEILI.

2 Materials

2.1 Purified Proteins

Prepare all reagents using deionized ultrapure water and molecular
biology grade reagents. Store all reagents at 4 °C, unless indicated
otherwise. Filter sterilize buffers and reagents for long-term usage.
Follow all waste disposal and safety regulations when disposing
waste materials.

Avoid repeated freezing and thawing of purified proteins. All pur-
ified proteins are stored in the presence of 5-10% glycerol in small
aliquots at —80 °C. Proteins tagged with an affinity tag are high-
lighted in bold text.

1. Untagged human NEILI: Purified from E. coli as described
in[6].

2. Flag-tagged full-length human 9-1-1 (Flag-RAD9-RADI1-
HUSI1): Expressed and purified from insect cells as described
in[7, 8].
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Fig. 2 Physical interaction studies of NEIL1 glycosylase and the 9-1-1 sliding clamp by affinity pulldown.
Selected affinity resins, either anti-Flag M2 resin or Ni-NTA resin, were used to pull down Flag- or 6xHis-
tagged 9-1-1 proteins and detect if NEIL1 was co-purified with 9-1-1. NEIL1 was pulled down by Ni-NTA resin
with 6xHis-tagged (a) full-length 9-1-1 and (b) truncated 9A-1-1, when the 9-1-1 proteins were purified from
E. coli. NEIL1 was not pulled down with full-length, Flag-tagged 9-1-1 by anti-Flag M2 resin, when the 9-1-1
complex was purified from insect cells (¢), but was co-purified by Ni-NTA resin with 6xHis-tagged truncated
9A-1-1 that was purified from insect cells (d). The affinity pulldown fractions were analyzed by SDS-PAGE
with Coomassie staining, as follows: in lane 1, 9-1-1 or 9A-1-1: protein load for full-length or truncated 9-1-
1; lane 2, NEIL1, protein load for NEIL1; lane 3, M, protein molecular weight markers, from top to bottom,
including 250-, 150-, 100-, 75-, 50-, and 37-kDa standard markers; lane 4, FT, flow-through fractions; lane
5, W5, last wash fractions; lane 6, E1, eluted fraction 1; lane 7, E2, eluted fraction 2; and lane 8, B, leftover
resin fractions. RAD9, RAD1, HUS1, and NEIL1 with or without an affinity tag are indicated on the Coomassie-
stained polyacrylamide gels

3. 6xHis-tagged truncated human 9A-1-1 lacking the C-terminal
region of RAD9 (RAD9AC-6xHis-RADI-HUSI):
Expressed and purified from insect cells as described in [7, 8].

4. Human O6xHis-tagged full-length 9-1-1 (RAD9-RADI1-
6xHis—-HUS1) and truncated 9A-1-1 complex (RAD9AC-
RADI1-6xHis—-HUS1): Expressed and purified from E. coli as
described in [9].
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2.2 Buffers and
Affinity
Chromatography
Resins

2.3 Equipment

1.

o N O u

10.
. SimplyBlue SafeStain solution (Thermo Fisher).

B W N

Column binding buffer: 50 mM Tris-HCI, pH 7.5, 300 mM
NaCl, 10% glycerol, 50 pg/mL BSA, and 1 mM DTT.

. Column washing buffer: 50 mM Tris—-HCIL, pH 7.5, 300 mM

NaCl, 10% glycerol, and 1 mM DTT.

. Ni elution buffer: 300 mM imidazole in the column washing

buffer.

. Flag elution buffer: 200 pg/mL 3x Flag peptide in the column

washing buffer.

. Glycine bufter: 100 mM glycine, pH 3.5.

. Anti-Flag M2 resin (Sigma Millipore).

. Ni-NTA Fast Flow resin (Qiagen).

. 5% lane marker reducing sample buffer: 0.3 M Tris—HC1, 5%

SDS, 50% glycerol, 100 mM DTT, and proprietary pink track-
ing dye (Thermo Fisher).

. 1x Tris—glycine SDS running bufter for protein gel electropho-

resis: 25 mM Tris, 192 mM glycine, and 0.1% SDS, pH 8.3.
12% Tris—glycine SDS polyacrylamide gels.

. Rotator.
. High-speed microcentrifuge.
. Heat block.

. Protein electrophoresis apparatus.

3 Methods

3.1 Column
Equilibration

3.1.1  Column
Equilibration for Anti-Flag
M2 Column

Carry out all steps of affinity pulldown at 4 °C, unless otherwise
specified.

1.

2.

3.

Gently mix and fully resuspend the anti-Flag M2 resin. Pipette
25 pL column volume (CV) of anti-Flag M2 resin into a 1.5-
mL microtube (see Note 1).

Add 1 mL of column binding bufter to the microtube to wash
the resin and get rid of 50% glycerol in the resin storage
medium. Use low-speed centrifugation at 500 x g4 for 1 min
to collect the resin by packing the resin at the bottom of the
tube. Remove and discard the supernatant using a micropipette
(see Note 2).

Wash one more time with column binding buffer as described
in step 2.
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3.1.2 Column
Equilibration for Ni-NTA
Column

3.2 Column Batch
Binding

3.3 Column Batch
Washing

3.4 Column Batch
Elution

3.5 SDS-PAGE
Analysis

4.

Add 1 mL of glycine buffer to the microtube to resuspend and
wash the resin. Repeat glycine buffer wash two more times (see
Note 3).

. Then wash three times with 1 mL of column binding buffer to

equilibrate the resin.

. Gently swirl the Ni-NTA Fast Flow bottle and thoroughly

resuspend the resin before use. Pipette 25 pL. column volume
(CV) of Ni-NTA Fast Flow resin into a 1.5 mL microtube.

. Wash the Ni-NTA resin two times with 1 mL of distilled water

to remove 20% ethanol in the resin storage medium.

. Wash the resin three times with 1 mL of column binding buffer

to equilibrate the resin.

. Thaw aliquots of purified proteins on ice. Sample protein load

fractions (L) for each protein and save for SDS-PAGE analysis.

. Mix purified full-length 9-1-1 or 9A-1-1 proteins (~10 pg)

with purified NEIL1 (~12 pg) at a 1:3 molar ratio in column
binding buffer to final 200 pL. Incubate mixed proteins on ice
for 1 h and gently tap the tube every 15 min to mix.

. Transfer mixed proteins into the microtube containing the

equilibrated column resin and tap the tube to resuspend the
resin (see Note 4). Incubate for 1 h while mixing gently on a
rotator at 4 °C (see Note 5).

. Centrifuge at 4 °C for 1 min at 500 x g to collect the resin.

Remove and save the supernatant as column flow-through
fractions (FT) for SDS-PAGE analysis.

. Add 0.5 mL of column wash buffer to the microtube to resus-

pend and wash the resin. Pack the resin by centrifugation and
discard the supernatant (wash buffer).

. Wash the resin four more times as in step 1, and sample the last

wash (W5) and save for SDS-PAGE analysis (se¢ Note 6).

. Add 1 column volume (CV) of elution bufter to the resin, and

incubate on ice for 15 min for anti-Flag M2 resin and 5 min for
Ni-NTA resin. Pack the resin by centrifugation and collect the
supernatant as elution 1, E1.

. Repeat step 1 one more time and collect the supernatant as

elution 2, E2 (see Note 7).

. Sample 20 pL from the affinity pulldown fractions as described

in Subheadings 3.2, 3.3, and 3.4, including load (L), flow-
through (FT), last wash (W5), and eluted fractions 1 and
2 (El and E2). Add 5 pL of 5% lane marker reducing sample
buffer to each sample. Add 1 CV of 5% lane marker reducing
sample buffer to the leftover column beads (B) (se¢ Note 8).
Denature all samples for 5 min at 95 °C.
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2.

Load 20 pL of each denatured sample to 12% Tris—glycine SDS
polyacrylamide gels and electrophorese in 1x Tris—glycine SDS
running buffer at 200 V for 1 h and 15 min.

. After electrophoresis, rinse polyacrylamide gels three times for

5 min with 100 mL of distilled water with gentle shaking. Add
sufficient SimplyBlue SafeStain solution (~20 mL) to cover the
polyacrylamide gel, and then incubate at room temperature for
1 h with gentle shaking (se¢ Note 9).

. Discard the staining solution. Wash with 100 mL of distilled

water for 1-3 h to destain the polyacrylamide gel. Perform
more washes until the background of gels is clear.

4 Notes

. Cutting the end of the micropipette tip is recommended if

pipette tip opening is too narrow. Ni-NTA and anti-Flag
M2-Flag resins are stored as 50% slurry in the storage medium.
Pipette double the desired column volume of the resin slurry to
get the working column volume of resin. For example, pipette
50 pL of resin slurry to have the column volume of 25 pL resin
for experiments. Equilibration may be done at room
temperature.

. When removing buffer from the resin after centrifugation, use a

micropipette to carefully remove the supernatant and leave a
small volume of buffer (15-20 pL) above the resin to minimize
loss of the resin. Add buffer with force to the microtube to help
dislodge and resuspend the packed resin. Then gently invert
the tube several times to wash the resin. Remove the last wash
completely from the resin without leaving any residual buffer.

. Glycine washes remove protein contaminants from antibody-

conjugated affinity resins, such as anti-Flag M2 resin. Skip this
step if the affinity resin is not antibody-based. The anti-Flag M2
resin can be regenerated and reused by glycine washes as well.
Make sure that there is no residual glycine buffer in the final
wash, because leftover glycine buffer may denature proteins
due to its low pH.

. Always include a negative control pulldown to ensure that the

complexed protein does not bind nonspecifically to the target-
ing affinity resin that may result in false-positive interactions.
When feasible, perform a reciprocal pulldown using an affinity
resin targeting the other protein(s) to confirm interactions.

. Batch binding is carried out with constant mixing of the resin

and proteins in the microtube. Fasten the tube to a rotator and
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mix gently in a 4 °C cold room. Make sure that the resin and
proteins are fully mixed on the rotator before beginning the
1-h binding.

6. Remove the final wash buffer from the resin completely before
adding the elution buffer. Leftover wash buffer dilutes the
elution buffer and results in inefficient elution. Tap the tube
to mix every 5 min during each elution step to resuspend the
resin to ensure complete elution.

7. Most published pulldown assays do not elute proteins from the
affinity resin, but interpret proteins bound or not bound on the
resin as positive or negative interactions. We routinely carry out
two runs of elution to ensure complexed proteins, when
expressed and purified recombinantly, are properly folded, sol-
uble, non-aggregated proteins to minimize false-positive inter-
actions. In addition, the ability of eluting complexed proteins
from the affinity resin warrants subsequent biochemical, physi-
cal, and structural analysis.

8. The 5x lane marker reducing sample buffer contains DTT as a
reducing agent and is stored at —20 °C for long-term stability,
but SDS in the sample buffer tends to precipitate at low tem-
peratures. Warm up the 5x sample buffer at 37 °C for 5-10 min
to dissolve SDS before use. Do not heat the sample buffer for
more than 15 min, because DTT may get oxidized.

9. A water-based, nonhazardous SimplyBlue SafeStain is used to
visualize protein bands on polyacrylamide gels. It is important
to have thorough water rinse to remove SDS and buffer salt;
otherwise, they interfere with binding of the Coomassie dye to
proteins and reduce staining sensitivity. Stain polyacrylamide
gels in SimplyBlue SafeStain for up to 3 h, but sensitivity
decreases after 3 h. Add 2 mL of 20% NaCl (w/v) for every
20 mL of stain, when leaving polyacrylamide gels overnight in
the stain.
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Tandem Affinity Purification and Mass-Spectrometric
Analysis of FACT and Associated Proteins

Amala Kaja, Priyanka Barman, Shalini Guha, and Sukesh R. Bhaumik

Abstract

Isolation of a protein/complex is important for its biochemical and structural characterization with
mechanistic insights. TAP (tandem affinity purification) strategy allows rapid isolation of cellular pro-
teins/complexes with a high level of purity. This methodology involves an immuno-affinity-based purifica-
tion followed by a conformation-based isolation to obtain a highly homogeneous protein/complex. Here,
we describe the TAP-mediated isolation of endogenous FACT (facilitates chromatin transcription; a
heterodimer), an essential histone chaperone associated with BER (base excision repair). However, it is
not clearly understood how FACT regulates BER. Such knowledge would advance our understanding of
BER with implications in disease pathogenesis, since BER is an evolutionarily conserved process that is
linked to various diseases including ageing, neurodegenerative disorders, and cancers. Using isolated FACT
by TAP methodology, one can study the mechanisms of action of FACT in BER. Further, isolated FACT
can be used for studies in other DNA transactions such as transcription and replication, as FACT is involved
in these processes. Furthermore, TAP-mediated isolation strategy can be combined with mass spectrometry
to identify the protein interaction partners of FACT.

Key words TAP, FACT, Pob3

1 Introduction

Proteins play essential roles in cellular processes via their interac-
tions with other molecules including proteins [1]. Thus, the study
of the protein interactions and their biochemical and structural
characterization with mechanistic insights becomes crucial for deli-
neating their roles in the maintenance of cellular health. Such
studies require purified proteins/complexes. A tandem affinity
purification (TAP) approach allows a rapid two-step affinity-based
isolation of proteins/complexes with a high degree of purity [2]. In
this methodology, the protein of interest is tagged with
calmodulin-binding protein (CBP) and protein A that flank a
tobacco etch virus (TEV) cleavage site. Cells expressing such
TAP-tagged protein of interest are grown, harvested, and lysed to

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_14,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023
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obtain the whole cell extract (WCE), which is incubated with
matrix-bound IgG (immunoglobulin G) to retain the TAP-tagged
protein of interest via the interaction of protein A with IgG. Subse-
quently, the matrix is washed and incubated with a buffer contain-
ing TEV protease to elute the protein of interest. Eluted protein
containing the CBP tagis then incubated with calmodulin-attached
resin in the presence of calcium to allow the binding of CBP with
calmodulin. Following washing of the resin, the protein of interest
is released in the presence of EGTA [ethylene glycol-bis
(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid] that chelates
calcium for altering the conformation of calmodulin to impair
calmodulin—CBP interaction. Such TAP-mediated isolation meth-
odology and other TAP variants can be used for numerous proteins
and multi-protein complexes [e.g., 3-9]. Here, we describe how
this methodology can be used for isolation of FACT (facilitates
chromatin transcription; a heterodimer) and identification of its
interaction partners in deciphering cellular functions.

FACT is the first identified histone chaperone involved in
chromatin regulation associated with transcription [10-18]. Later
on, it was also found to regulate other DNA transactions [13, 19—
25]. Recently, FACT is shown to be involved in base excision repair
(BER) [26, 27]. BER deals with the DNA base lesions resulting
from base oxidation, deamination, methylation, etc. caused by
intrinsic (e.g., reactive oxygen species) as well as extrinsic (e.g.,
alkylating, methylating, and deaminating agents) factors. BER
begins with the recognition and excision of the damaged base
from the ribose sugar moiety to generate abasic (apurinic/apyrimi-
dinic [AP]) site via the catalytic action of DNA glycosylase [28—
30]. The AP site, thus generated, is subsequently recognized by AP
endonuclease (APE) that specifically cuts (or hydrolyzes) the
phospho-ester bond 5’ to the AP site, generating a nick with
3’-OH and 5’-deoxyribose phosphate. Such nick recruits DNA
polymerase that copies information from the other strand incorpor-
ating the correct nucleotide at the place of the damaged base. This
is followed by the removal of the displaced DNA strand containing
the AP site by flap endonuclease with subsequent sealing of the
ends by DNA ligase. BER can also occur without flap endonuclease
[30]. Malfunction or misregulation of the BER machinery impairs
BER, which leads to genomic alteration and is associated with
premature ageing, neurodegenerative disorders, and cancers [28—
30].

FACT has been recently implicated in BER at the levels of
recognition/excision of damaged bases and nick generation at the
DNA backbone via DNA glycosylase and APEl, respectively
[26, 27]. However, it is not clearly understood how FACT controls
BER. Therefore, it is important to isolate FACT for biochemical
studies to understand its role in BER and identify its interaction
partners in response to DNA base lesions. We describe below the
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detailed protocol for TAP-mediated isolation of FACT from Sac-
charomyces cevevisine, which can be used to study biochemical
mechanisms of FACT in BER. We have used this protocol in our
laboratory to isolate FACT (using TAP-tagged Pob3 component of
FACT) from S. cerevisine to study FACT in transcription [18]. Our
methodology is based on different protocols (e.g., 5, 8,9, 31, 32)
used for the TAP-mediated isolation of FACT and other proteins/
complexes. This TAP-mediated isolation strategy can also be used
to identify the protein interaction partners of FACT following the
induction of the base damages (or under different conditions),
which would provide functional and mechanistic insights regarding
FACT’s role in BER. This can be achieved by carrying out the
above TAP-mediated FACT isolation under different washing con-
ditions followed by mass-spectrometric analysis of FACT-
interacting proteins. In addition, FACT interaction partners in
response to the induction of the base damages can be trapped in
living cells by formaldehyde-based in vivo crosslinking followed by
TAP-mediated isolation of FACT and interacting proteins under
high-stringency washing conditions with subsequent mass-
spectrometric analysis [33]. The FACT interaction partners, thus
identified, can be further validated /verified genetically, biochemi-
cally, and physiologically /cytologically. This approach can be gen-
erally used for other proteins/complexes/processes.

2 Materials

2.1 Equipment

* BeadBeater (BioSpec; Cat no. 1107900-101).

» BeadBeater chamber (BioSpec; Cat no. 110803-50SS): 50 mL.
» Benchtop orbital shaker (Bellco Biotechnology).

* Cell culture roller drum (New Brunswick Scientific TC-7).

* Centrifuge bottles (Thermo Fisher Scientific™; Cat
no. 75006443): 750 mL.

» Freezer (—80 °C).

* Incubator shaker (New Brunswick Scientific C25 incubator

shaker).
» Low-temperature incubator (Thermo Fisher Scientific).
* Microcentrifuge (Eppendorf 5415C and 5424).
* Microcentrifuge tube stands.
*  Microscope.
* Micropipettor,/Pipetman.
* Pipet-Aid (VWR; Cat no. 75856458).

* Refrigerated centrifuge machines (Sorvall® Legend RT and
Beckman J-6B).
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2.2 Reagents and
Buffers

2.3 Consumables
and Other Items

Rotisserie shaker (Barnstead Labquake).

Spectrophotometer (Hitachi U-2000).

Acetic acid, reagent grade (Fisher; Cat no. BP1185).

Buffer E: Lysis buffer (see below), 1 mM benzamidine, 25 pug/
mL tosyl-L-lysyl-chloromethyl ketone (TLCK), 50 pg/mL tosyl
phenylalanyl chloromethyl ketone (TPCK), 20 pg/mL antipain,
10 pg/mL aprotinin, 1 pg/mL leupeptin, and 1 pg/mL
pepstatin.

Calmodulin-Sepharose®  4B/resin  (Sigma;  Cat  no.
GE17052901).

Calmodulin buffer for binding: 10 mM Tris-HCI (pH 8.0),
150 mM NaCl, 1 mM magnesium acetate, ]| mM imidazole,
2 mM calcium chloride, and 10 mM f-mercaptoethanol
(B-ME). Note: Stove buffer without f-ME (which is added before
use).

Calmodulin buffer for elution: 10 mM Tris=HCI (pH 8.0),
150 mM NaCl, 1 mM magnesium acetate, 1| mM imidazole,
10 mM EGTA, 0.02% NP-40, and 10 mM B-ME. (se¢ Note 1).

Coomassie (Bradford) protein assay reagent (Fisher; P123200).

IgG-Sepharose® 6 Fast Flow (GE Healthcare; Cat no.
17096901).

Lysis buffer: 40 mM HEPES (pH 7.5), 150 mM NaCl, 0.1%
Tween-20, and 10% glycerol.

Methanol, reagent grade (Fisher; Cat no. A433P).
PMSF (phenylmethylsulfonyl fluoride): 250 mM.

TEV cleavage buffer: 10 mM Tris—-HCI (pH 8.0), 150 mM
NaCl, 0.5 mM EDTA, 0.1% NP-40, and 1 mM dithiothreitol
(DTT). Note: Store buffer without DTT (which is added before
use).

TEV protease (Sigma; Cat no. T4455).

Tris-buffered saline: 10 mM Tris—HCI (pH 8.0), 1 mM EDTA,
and 150 mM NaCl.

YPD (yeast extract and peptone plus dextrose): 1% yeast extract,
2% Bacto-peptone, and 2% dextrose.

Acid-washed glass beads (425-600 pm) (Sigma; Cat
no. G8772).

Amicon® ultra-0.5 centrifugal filter device kit (Sigma,/Millipore,
Cat no. UFC500308).

Cell culture flasks.

Cell culture tubes.
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Column stand.

Cryogenic dewar flask.

Disposable cuvettes (Fisher; Cat no. 14955127).
Duct tape.

Falcon tubes (50 mL).

Falcon tube stands.

Glass beakers.

Glass slides.

Ice buckets.

Liquid nitrogen.

Microcentrifuge tubes (1.5 mL).
Micropipettor,/Pipetman tips.

Paper towels.

Screw.

Stand clamps.

Sterile needles: 21G x 1 (Fisher; Cat no. REF305165).
Sterile pipets.

Poly-Prep®  chromatography columns (Bio-Rad; Cat
no. 7311550).

Silver staining kit (Bio-Rad; Cat no. 1610449).

3 Methods

3.1 Growing Culture

. Inoculate a single colony of yeast cells expressing TAP-tagged

Pob3 in 5 mL YPD medium in a cell culture tube and put in a
rotating drum (with a step of 56 rpm) in an incubator (30 °C)
overnight.

. Next day, transfer the whole 5 mL yeast culture (in log phase)

into a 500 mL cell culture flask containing 95 mL YPD
medium, and put in an incubator shaker (New Brunswick
Scientific C25) with a speed of 196 rpm at 30 °C overnight.

. Next morning, transfer 10 mL of the 100 mL culture (with an

ODggg of ~1.5-2.0) to 990 mL YPD growth medium in a cell
culture flask with a minimum capacity of 4 L. Transfer another
10 mL of the 100 mL culture into the second 4-L cell culture
flask containing 990 mL YPD medium. Put these two 4-L
flasks in the incubator shaker with a speed of 150 rpm at
30 °C overnight.

. On the next day, measure the ODgq of the yeast culture in the

4-1 flask in a spectrophotometer and harvest the cells when the
ODygqp is about 2-2.5 (see Note 2).
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3.2 Harvesting Cells

3.3 WCE Preparation

All

the steps are «carried out on ice and/or in cold

temperature (4 °C).

1.

10.

11.

12.

Transter the 2 L cell culture into four pre-chilled 750 mL
centrifuge bottles, and then balance these bottles by weighing
in a lab weighing machine prior to centrifugation.

. Spin down cells in a pre-chilled centrifugation machine (Sor-

vall) at 3500 rpm for 20 min at 4 °C. (see Note 3).

. Immediately put the four centrifugation bottles with cell pellets

in an ice bucket, and cover with ice till the neck.

. Carefully decant supernatant from each bottle (by slowly tilt-

ing) and leave about 15 mL supernatant (medium) to suspend
the cell pellet in the next step.

. Suspend the cell pellet by the residual medium in each of the

four centrifugation bottles (by slowly pipetting in and out
using a 10 mL pipet and Pipet-Aid), and transfer the cell
suspension of each bottle to a 50 mL pre-chilled Falcon tube.

. Spin down cell suspension of four 50 mL Falcon tubes in the

pre-chilled centrifugation machine (Sorvall) at 3500 rpm for
5 min at 4 °C.

. Immediately transfer the Falcon tubes in an ice bucket. Decant

the supernatant, and then put the Falcon tubes back on ice.

. Add 25 mL pre-chilled Tris-buffered saline (TBS) to each of

the four Falcon tubes, and resuspend cells using a pre-chilled
25 mL pipet (by slowly pipetting in and out with the help of
pipet and Pipet-Aid).

Falcon tube with cell pellet is kept mostly covered with ice
Auring resuspension.

. Spin down cell suspension in four Falcon tubes in the

pre-chilled centrifugation machine (Sorvall) at 3500 rpm for
5 min at 4 °C.

Transfer the Falcon tubes to an ice bucket, decant supernatant,
and put the Falcon tubes back inside the ice.

Repeat the above steps 8,9, and 10 to wash the cells one more
time (see Note 4).

Close the Falcon tubes and immerse in liquid nitrogen (about
2 min) to quickly freeze cells. Store these Falcon tubes with
frozen cell pellets in —80 °C freezer.

All steps for WCE preparation are performed in the cold room.

1.

Take out the four Falcon tubes containing cell pellets from the
—80 °C freezer, and put in an ice bucket. Completely cover the
Falcon tubes with ice, and let the cell pellets thaw.
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2. While the cell pellets are thawing, put BeadBeater and acces-
sories, glass- and plasticwares, glass beads, and buffers in the
cold room to chill. Also, prepare butfer E (for WCE prepara-
tion) by adding all protease inhibitors except PMSF to the lysis
buffer (see Note 5).

When cell pellet is thawed in the Falcon tube, add 15 mL
buffer E each to two of the four Falcon tubes with thawed cell
pellet. Suspend the cells gently with a pre-chilled 25 mL pipet
until they are homogenous suspensions (by slowly pipetting in
and out with the help of pipet and Pipet-Aid). Transfer each of
the homogenous cell suspensions to one other Falcon tube
with thawed cell pellet and continue to suspend cells. These
homogenously suspended cells are pooled into one of the four
Falcon tubes.

3. Wash the other three Falcon tubes thoroughly with 2 mL of
buffer E each, and transfer to the fourth Falcon tube contain-
ing the pooled cell suspension. (sec Note 6).

4. Add 45 mL-equivalent glass beads (measured using a 50 mL
Falcon tube) to the 50 mL BeadBeater chamber followed by
the cell suspension. There may be ~13 mL space left in the
BeadBeater chamber after adding glass beads and cell suspen-
sion. Fill it up by adding 10 mL buffer E. Then, keep adding
1 mL butffer E several times (~3 times), and check whether the
chamber is full (feel by lightly touching the surface of the cell
suspension in the chamber with the white plastic lid that fits
under the black cover of the chamber). A few drops of cell
suspension will be or about to be spilled out if the chamber is
full (see Note 7).

5. Add 400 pL of 250 mM PMSF to the cell suspension in the
BeadBeater chamber. Pipet in and out a few times to mix PMSF
with the cell suspension, and immediately close the BeadBeater
chamber.

6. Place the filled 50 mL BeadBeater chamber upright inside the
ice chamber and then put on the rotor of the BeadBeater. Make
sure the grooves of the rotor and chamber fit well. Then, fill the
ice chamber with ice (completely cover the BeadBeater cham-
ber by ice).

7. Connect the BeadBeater to the power outlet, using an adaptor
(15A and 250 V). Hold tight the cap of the BeadBeater cham-
ber (pressing downward) on the rotor of the BeadBeater, and
then turn the BeadBeater on for 15 s (see Note 8).

8. Wait for 30 s. Repeat another 11 pulses (15 s each) with a pause
of at least 30 s in between pulses. Perform a total of 12 pulses
(15 s each) of bead-beating (i.c., a total of 3-min bead-beat-
ing). At the end of 12 pulses, cell lysis can be monitored by
transferring 10 pL cell extract from the BeadBeater chamber to
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3.4 Incubation of
WCE with IgG-
Sepharose Beads

10.

11.

12.

13.

14.

15.

16.

17.

a glass slide and visualizing under the microscope (lysed cells
appear dark in comparison to refractile intact cells) (see
Note 9).

Transfer the WCE and glass bead suspension from the Bead-
Beater chamber to two 50 mL Falcon tubes (approximately
equal volume) using a 25 mL pipet. The little leftover wet glass
beads in the BeadBeater chamber can be transferred to these
two Falcon tubes using a clean spatula.

Close the Falcon tubes and invert them on a flat surface to
allow the cell suspension and glass beads to move towards the
cap/lid. Then make three equidistant dents at the bottom of
each Falcon tube using a screw or nail to facilitate easy punch-
ing of holes by a needle in the next step.

Using a 21G x 1 needle, make the three holes over the dents
made in the above step.

Place a new Falcon tube (without its cap /lid) over the inverted
tube. Firmly join them using duct tape at and around the
junction of these two tubes so that they can be placed vertically
upright in the pre-chilled centrifuge machine (Beckman) for
quick spin to collect WCE. Put this assembly in the upright
position in the centrifuge machine.

Spin down at 1000 rpm for 1 min at 4 °C to collect the WCE in
the bottom Falcon tube.

Take out the bottom Falcon tube in upright position
(by carefully peeling off the duct tape), close it with its lid,
and put on ice. WCE, thus collected, is in two 50 mL Falcon
tubes.

Put the Falcon tubes containing WCE in the pre-chilled cen-
triftuge machine (Sorvall) at 3500 rpm for 5 min at 4 °C.

Carefully collect supernatant or WCE (without disturbing the
cell debris at the bottom) into two new 50 mL Falcon tubes
using a 25 mL pipet.

Spin these two Falcon tubes in the centrifuge machine (Sorvall)
at 3500 rpm for 5 min at 4 °C to remove the last traces of cell
debris. Carefully collect the supernatant (WCE) into one new
50 mL Falcon tube and put on ice for use in the next step
(C3.4). The total volume of the WCE is about 50 mL (see
Note 10).

. Transfer 500 pL of IgG-Sepharose suspension to a sterile

1.5 mL Eppendorf tube using a Pipetman (P-1000) and
1000 pL Pipetman tip (which is cut at the tip by clean scissors),
and spin it down at 3000 rpm for 2 min at room temperature in
a microcentrifuge (Eppendorf 5415C). Caretully discard the
supernatant (without disturbing the beads) using a P-200
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Pipetman. Add around 200 pL of lysis buffer using a P-200
Pipetman to the IgG-Sepharose beads in the Eppendorf tube,
and put in the rotor (rotisserie shaker) for 2 min at room
temperature for equilibration of the IgG-Sepharose beads
with lysis buffer. Then spin down the IgG-Sepharose beads in
a microcentrifuge (Eppendorf 5415C) at 3000 rpm for 2 min.
Carefully discard supernatant (without disturbing the beads)
by P-200 Pipetman (see Note 11).

. Transfer the equilibrated IgG-Sepharose beads to the 50 mL

Falcon tube containing the WCE (Use ~400 pL of WCE to
suspend IgG-Sepharose beads in the Eppendorf tube prior to
transferring to the 50 mL Falcon tube containing WCE). Close
the Falcon tube and wrap it with parafilm. Then, rotate it on
the rotisserie shaker for 3 h in a cold room to allow the binding
of TAP-tagged protein with the IgG-Sepharose beads.

. Break the snap-oft seal (by rotating anticlockwise) at the bot-

tom of the Poly-Prep column, and clamp it to a column stand.
Place a beaker under the Poly-Prep column for the collection of
flow-through.

. Transfer the incubated suspension of IgG-Sepharose beads and

WCE (from step C3.4.2) into the Poly-Prep column, using a
5 mL pipet (se¢ Note 12).

. Completely transfer the suspension of IgG-Sepharose beads

and WCE to the Poly-Prep column and collect the flow-
through in the beaker at the bottom of the column. Let
IgG-Sepharose beads settle down on the polyethylene bed in
the Poly-Prep column. Allow the last trace of flow-through to
come out at the bottom of the Poly-Prep column prior to
washing.

. Wash the IgG-Sepharose beads in the Poly-Prep column three

times with 10 mL of lysis buffer each time. Wait until the last
drop of lysis buffer comes out at the end of the first wash before
proceeding to the second wash, but also ensure that the beads
are not completely dried out (follow the same at the end of the
second wash). A small portion of the third wash can be stored
in a —80 °C freezer for WB analysis, if needed (se¢ Note 13).

Proceed to equilibrate the IgG-Sepharose beads in the
Poly-Prep column with TEV cleavage bufter (TCB) by passing
10 ml TCB through the column.

. After the TCB buffer is completely dripped out from the

bottom of the column, close the column bottom with the
yellow cap (provided with the Poly-Prep column by the ven-
dor), wrap it with parafilm, and then proceed to the next step
(C3.6) for TEV cleavage.
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3.6 TEV Cleavage

3.7 Incubation of TEV
Eluate with
Galmodulin-Sepharose
Beads

. Add 1 mL TCB to the IgG-Sepharose beads in the Poly-Prep

column followed by 400 units (U) TEV protease (40 pL of
10 U/pL TEV protease stock provided by the vendor).

. Close the top of the column with the flat cap (provided with the

Poly-Prep column by the vendor) and wrap parafilm around
the cap.

. Take out the Poly-Prep column from the column stand and put

on the Labquake Rotisserie shaker to rotate for 1.5 h at 16 °C
(using low-temperature incubator), and then for 8 h in the
cold room.

. After the above 9.5-h incubation, remove the parafilm from the

bottom of the above Poly-Prep column, carefully remove the
yellow cap in an inverted position of the Poly-Prep column and
put a 1.5 mL Eppendorf tube over the outlet of the inverted
column, and then carefully attach the column in an upright
position to the column stand with Eppendort tube at the
bottom on an Eppendorf tube stand (all these are carried out
in the cold room).

. Remove the top flat cap from the above Poly-Prep column and

carefully collect the flow-through from the column into the
Eppendort tube. After the last drop of the flow-through comes
out, close the Eppendorf tube and put it on ice. Label this
Eppendorf tube as E1-TEV (this contains eluted proteins).

. Close the bottom of the Poly-Prep column with a yellow cap

and add 1 mL TCB to the IgG-Sepharose beads in the column.
Close the top of the Poly-Prep column. Parafilm both ends of
the column securely. Then, put the Poly-Prep column on the
Labquake Rotisserie shaker to rotate for 3 min in the cold
room. Collect the flow-through as done in step 5 above into
a new 1.5 mL Eppendorf tube and label it E2-TEV. Put this
Eppendort tube on ice.

. Measure the volumes of the above two eluates (E1-TEV and

E2-TEV) before proceeding to the next step (C3.7) for incu-
bation with calmodulin-Sepharose beads.

. Aliquot 300 pl of calmodulin-Sepharose bead suspension into a

1.5 mL Eppendorf tube, using a Pipetman (P-1000) and
1000 pL Pipetman tip (which is cut at the tip by clean scissors),
and spin it down at 3000 rpm for 2 min at room temperature in
a microcentrifuge (Eppendorf 5415C). Caretully discard the
supernatant (without disturbing the beads) using a P-200
Pipetman. Add 1 mL calmodulin buffer for binding (CB-B)
using a P-1000 to the calmodulin-Sepharose beads in the
Eppendorf tube (use this buffer without p-ME for this equili-
bration step), and put in the rotator (Labquake) for 1 min at
room temperature. Then spin down calmodulin-Sepharose
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beads in microcentrifuge (Eppendorf 5415C) at 3000 rpm for
2 min. Carefully discard supernatant (without disturbing the
beads) by P-200 Pipetman (see Note 14).

Repeat the above equilibration step using 1 mL CB-B, and
then, put the Eppendorf tube containing calmodulin-
Sepharose beads on ice until use in the next step (step 3).

. Attach a new Poly-Prep column to the column stand in the cold

room (do not break the snap-off seal at the bottom). Suspend
calmodulin-Sepharose beads (in the Eppendort tube of step
2 above) in E1-TEV and transfer to the Poly-Prep column
(using a 1000 pL pipet tip that is cut at the tip by clean
scissors). Add E2-TEV to the same Eppendorf tube to resus-
pend the leftover calmodulin-Sepharose beads, and then trans-
fer to the Poly-Prep column.

. Add CB-B-containing f-ME (three times the total volume of

E1-TEVand E2-TEV) to the Poly-Prep column (e.g., for 2 mL
TEV eluate [E1-TEV + E2-TEV], use 6 mL CB-B containing
p-ME).

. Add 1 M CaCl, ([three times the total volume of E1-TEV and

E2-TEV]/1000) to the Poly-Prep column (e.g., for 2 mL TEV
eluate [E1-TEV + E2-TEV], use 6 pL of 1 M CaCl,).

. Close the top of the column with the flat cap, wrap it with

parafilm, and then put the column on the Labquake Rotisserie
shaker to rotate for 3 h in the cold room.

All steps during elution are performed in the cold room.

1. After a 3-h incubation in the above step (i.e., C3.7.5), remove

the parafilm and break the snap-off seal from the bottom of the
above Poly-Prep column. Then, attach the Poly-Prep column
to the column stand, and remove the top flat cap of the column
to drain the flow-through into a beaker. Wait until the last drop
comes out from the bottom of the column.

. Wash the calmodulin-Sepharose beads in the Poly-Prep column

three times with 10 mL CB-B (containing f-ME) each time. A
portion of the third wash can be stored in a —80 °C freezer for
WA analysis, if needed.

. Elute the protein from the calmodulin-Sepharose beads into

ten fractions (E1-E10) using calmodulin buffer for elution
(CB-E). Close the bottom of the Poly-Prep column with the
yellow cap (with parafilm wrap), add 500 pL of CB-E (which
contains 10 mM EGTA) to the column, close the top of the
column with the flat cap (and wrap it with parafilm), and rotate
on the Labquake Rotisserie shaker for 10 min (for the first five
elutions) and 5 min (for last five elutions). After each incuba-
tion, remove the yellow cap in an inverted position, put a 1.5-
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3.9 Protein
Quantification by
Bradford Assay

3.10 Concentrating
Eluted Proteins from
the Calmodulin-
Sepharose Beads

mL Eppendorf tube over the outlet of the inverted column,
carefully attach to the column stand in an upright position with
the Eppendorf tube at the bottom, remove the top flat cap, and
collect flow-through in the Eppendort tube. Put the Eppen-
dorf tube containing the eluate (~500 pL) on ice. Take out the
10 pL eluted protein for measuring protein quantity by Brad-
ford assay (C3.9). The remaining ~490 pL eluate in the Eppen-
dorf tube is put in liquid nitrogen for quick freezing and then
transferred to a —80 °C freezer for storage.

. Label ten 1.5 mL Eppendortf tubes as E1-PQ through E10-PQ

and another one as “Blank.” Arrange these tubes in the Eppen-
dorf tube rack.

. Add 790 pL of MilliQ water to all 11 Eppendorf tubes. Subse-

quently, add 10 pL of purified protein (from the above ten
clutions from step C3.8.3) to first ten Eppendorf tubes
(E1-PQ to E10-PQ) and 10 pLL CB-E to the Eppendorf tube
labeled as “Blank.” Then, add 200 pL of Coomassie (Bradford)
protein assay reagent to all 11 Eppendorf tubes.

. Invert the tubes several times and incubate in the dark for

5 min.

. Set the spectrophotometer to 595 nm, blank it with the solu-

tion in the Eppendorf tube labeled as “Blank.” Measure the

absorbances of the solutions in the Eppendorf tubes labeled as
E1-PQ through E10-PQ.

. Use the absorbance values to calculate the protein concentra-

tion with the help of a standard curve generated in the next
step 6.

. Standard curve: Using the BSA (bovine serum albumin) stock

provided with Coomassie (Bradford) protein assay reagent,
prepare six BSA solutions with concentrations between 1 and
6 pg/mL (in 2 ml or above). Mix 800 pL of BSA solution with
200 pL. Coomassie (Bradford) protein assay reagent, incubate
in the dark for 5 min, transfer to cuvettes to record absorbance
at 595 nm. The plot of absorbance vs BSA concentration will
generate the standard curve (see Note 15).

. Thaw frozen protein eluate on ice.

. For concentrating protein solution, use two collection tubes

and one filter device that are provided with Amicon® ultra-0.5
centrifugal filter device kit with 3 K NMWL (nominal molecu-
lar weight limit). Transfer the protein solution to the filter
device, and then, place it in collection tube 1 and close the
filter’s mouth with the lid.
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Note: The lower NMWL is used for retention of smaller
proteins, while the higher NMWL will ensure filtering out the
smaller proteins.

. Put collection tube 1 and filter the device assembly in the

microcentrifuge machine (Eppendorf 5424) in the cold
room, and spin at 14000 g for 30 min.

. After the centrifugation, the concentrated protein is retained in

the filter device and the filtrate in collection tube 1. Place the
filter upside down into collection tube 2, and spin down at
1000 g for 2 min in Eppendort 5424 microcentrifuge machine
in the cold room. The concentrated protein solution from
collection tube 2 is transferred to a 1.5 mL Eppendorf tube
for SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel
electrophoresis), mass spectrometry, and other analyses. The
remaining concentrated protein solution is put in liquid nitro-
gen for a minute to freeze quickly prior to storage in a —80 °C
freezer.

Put about 5 pg concentrated protein solution (that was origi-
nally eluted from above calmodulin-Sepharose beads in step
C3.8.3)ina 1.5 mL Eppendorftube on ice. Add equal volume
of 2x SDS-PAGE dye and put in the heat block at 95 °C for
5 min.

. After heating the protein sample for 5 min, vortex it and spin

down at 13000 rpm for 2 min in a microcentrifuge machine
(5415C). Then, load the protein sample for SDS-PAGE (12%)
and run at a constant volt of 120 till the dye front reaches the
buffer at the bottom of the gel.

The Silver Stain Plus™ kit (Bio-Rad) is used for silver staining with
the following four steps.

I. Fixative Step.

1. Prepare fixative enhancer solution (400 mL).

(a) Measure 120 mL deionized distilled water in a cylinder
and put in a glass tray.

(b) Measure 200 mL methanol in a cylinder and put in the
same tray.

(c¢) Add 40 mL of reagent-grade acetic acid (using 25 mL
pipet) to the same tray.

(d) Add 40 mL of fixative enhancer concentrate of the
Silver Stain Plus™ kit (using a 25 mL pipet) to the
same tray and mix well with the same pipet (as well as
by swirling).
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II.

2.
3.

Place the gel in the fixative enhancer solution carefully.

Put the tray on a platform shaker keeping at a low speed
(benchtop orbital shaker, 2.8 speed) for 20 min.

Gel Rinsing Step.

1.

After 20 min of the fixation step, carefully decant the fixative
enhancer solution from one corner of the tray into the
methanol waste container in the chemical hood.

. Rinse the gel in 400 mL deionized distilled water for a

minute.

. Decant water, and transfer the gel to a new glass tray. Add

400 mL deionized distilled water and put it on the shaker
(benchtop orbital shaker, 2.8 speed) for 10 min. Repeat this
step two more times (a total of three washes) (se¢ Note 16).

. Staining solution:

(a) Put 35 mL decionized distilled water in a beaker
(250,/300 mL) and stir with a stir bar (PTFE coated).
Add the following reagents to the beaker in the same
order:

* 5 mL silver complex solution of the Silver Stain
Plus™ kit

* 5 mL reduction moderator solution of the Silver
Stain Plus™ kit

* 5 mL of image development reagent of the Silver
Stain Plus™ kit

(b) Keep stirring for 5-10 min.

. Stop solution: Put 95 mL of deionized distilled water and

5 mL of reagent-grade acetic acid in a 100 mL cylinder.
Close the cylinder with multiple parafilm layers (about
three), and invert the cylinder several times (by putting
one hand on the parafilm).

. Developing solution:

(a) Measure 2.5 g of the development accelerator powder
of the Silver Stain Plus™ kit in a 50 mL Falcon tube
and add water to make up 50 mL volume. Close the
Falcon tube, cover with aluminum foil (as the solution
is light sensitive), and vortex to mix.

(b) When the third wash of the gel is complete, quickly
add 50 mL of the above development accelerator solu-
tion to the beaker stirring the staining solution. Stir
well for 2 min. The solution will start turning cloudy.
Then, put this solution on the glass tray with gel in the
next step for staining and development (se¢e Note 17).
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ITII. Staining and Developing Step.

1. Decant the water from the glass tray after the third wash,
and carefully transfer the gel to a new glass tray.

2. Immediately add the content of the above beaker (i.e.,
developing solution from step 6b of the above gel rinsing)
to the glass tray with gel. Put the tray on the shaker (bench-
top orbital shaker, 2.8 speed) for ~15-20 min until the
desired staining intensity is reached. It may take around
10-15 min for bands to be visible. When the gel starts
getting blackish, stop gel staining and development in the
next step (stop step) (see Note 18).

IV. Stop Step.

* Decant the staining and developing solution from the glass
tray into the waste container and place the gel in the stop
solution in a new glass tray for a minimum of 15 min. After
stopping the reaction, rinse the gel in deionized distilled
water for 5 min. The gel is then ready to be photographed
in the gel documentation system (iBright FLL100). Put the
gel on white screen of the gel documentation system, and
capture image.

TAP-mediated isolation of a protein/complex may pull down its
interacting protein partner(s), depending on the stringency of
washing conditions (e.g., NaCl concentration). These interactions
can be weak, strong, or nonspecific. To identify protein interaction
partner(s), one can carry out the above TAP-mediated isolation of a
protein/complex at the physiological and higher concentrations of
NaCl during washing of the IgG-Sepharose and calmodulin-
Sepharose beads, and then perform mass-spectrometric analysis to
identify the protein(s) associated with the TAP-tagged protein/
complex. Mass spectrometry is not described here, as it is per-
formed with analysis at the instrumentation facility/center.
A strong protein interactor(s) is likely to be found in TAP with
washing at the physiological as well as higher concentrations of
NaCl. Weak protein interactor(s) would be found in TAP with
washing at the physiological concentration of NaCl, but not at
higher concentration. The weak protein interactor(s), thus identi-
fied, could be nonspecific. Therefore, the above TAP and mass-
spectrometric analysis can identify strong protein interactor(s), but
the identified weak protein interactor(s) can be dubious. Further,
the identified strong protein interactor(s) may not be physiologi-
cally relevant, but rather shows the propensity to interact with the
TAP-tagged protein/complex in the WCE. Further, physiologi-
cally relevant protein interactor(s) may not be identified by the
combined TAP and mass-spectroscopic analyses, as the above
TAP-mediated pull-down identifies the interaction of a protein/
complex with other protein(s)/complex(es) in the WCE, but not in
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the living cells in real time. Moreover, the identification of the
protein interactor(s) from the above combined methods of TAP
and mass spectrometry can be varied by changing the stringency of
washing of IgG and calmodulin-Sepharose beads in TAP-mediated
pull-down from the WCE, leading to dubious results/conclusions.

To overcome the above limitations in identifying protein inter-
action partner(s) of a protein/complex, one can trap the protein
interactions in living cell in real time (or during biological pro-
cesses) by formaldehyde-based in vivo crosslinking, prepare WCE,
and then perform the TAP-mediated isolation of a protein/com-
plex under high-stringency washing conditions. Such high-
stringency washing would eliminate noncovalent interactor(s),
but not the interactor(s) that got covalently linked to the pro-
tein/complex of interest by formaldehyde during biological pro-
cesses in living cells. The in vivo protein interactor(s) will be
identified by mass-spectrometric analysis of TAP-mediated pull-
down of a protein/complex following formaldehyde-based in vivo
crosslinking, but all nonspecific interactors will be washed out
during TAP. The protein interactor(s), thus identified, would be
physiologically /functionally relevant, which can be validated /ver-
ified by various experiments including the analysis of the above
identified interaction(s) in a purified system as well as in vivo [1]
and genetic/mutational studies. Using this experimental strategy,
one can identify FACT-interacting protein(s) with functional
analysis.

4 Notes

1. Store buffer without p-ME (which is added before use).

2. Dilute the yeast culture two- to tenfold by the YPD growth
medium to have an ODggg between 0.1 and 0.5, which is then
multiplied by the dilution factor to obtain the final ODggg of
the culture.

3. Around 80% of the cells are pelleted under the above centrifu-
gation conditions. However, longer spinning would help to
recover more cells.

4. After decanting the supernatant, the tubes are gently inverted
over a bunch of paper towels in a cold room to get rid of the last
trace of TBS.

5. PMSF has a short half-life in the aqueous solution, and there-
fore, PMSF is added to the yeast cell suspension just before
bead-beating.

6. The total volume of cell suspension is ~43.5 mL.

7. Make sure the chamber is full. Otherwise, the presence of air
bubble will generate froth which can denature proteins/
complexes.
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. Make sure the blade in the 50 mL BeadBeater chamber (plastic)

is moving (when the BeadBeater is on). If not, appropriately fit
the grooves of the rotor and chamber, and run again.

. As the BeadBeater generates heat that denatures proteins, it is

critical that the outer chamber be filled completely with ice and
the on time be short. The off time between pulses can be
extended beyond 30 sec.

While slowly collecting supernatant (WCE) by pipet in an
inclined position, leave ~2 mL supernatant at the bottom to
avoid cell debris, if any (usually, cell debris is not visible in this
step). This remaining supernatant can be stored in a —80 °C
freezer for WCE analysis.

Mix IgG-Sepharose beads by inverting the IgG bead container
multiple times before use to ensure homogenous suspension.

Even though the use of a 5 mL pipet would require multiple
rounds to transfer the suspension of IgG-Sepharose beads and
WCE in comparison to using a 25 mL pipet, it will have lesser
surface area in the inner wall for the beads to stick, thus
ensuring minimal loss of the beads during the transfer.

For the first wash, the same 5 mL pipet from step C3.5.2 can
be used, as this would help retrieve the beads stuck to the inner
wall of the pipet. The same 5 mL pipet can also be used in the
second and third washes using 20 mL lysis buffer aliquoted in a
Falcon tube. Each wash takes about 25 min.

Invert gently the calmodulin-Sepharose container multiple
times before use to ensure homogenous suspension.

Dilute protein to get absorbance at 595 below 0.5.

During step 3, prepare solutions for staining, developing, and
stop steps.

Prepare the developing solution just before the staining and
developing step of the gel.

The staining time depends on the protein and quantity. It takes
about 10-15 min for 5 pg of protein.
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Abstract

Cells experience increased genome instability through the course of disease development including cancer
initiation and progression. Point mutations, insertion/deletions, translocations, and amplifications of both
coding and noncoding regions all contribute to cancer phenotypes. Copy number variation (CNV), i.e.,
changes of the number of copies of nuclear DNA, occurs in the genome of even normal somatic cells.
Studies to understand the effects of CNV on tumor development, especially aspects concerning tumor
aggressiveness and the influence on outcomes of therapeutic modalities, have been reignited by the
breakthrough technologies of the molecular genomics. This section discusses the significance of analyzing
CNVs that cause simultaneous increase/decrease of clusters of genes, using the expression profile of
XRCC1 with its neighbor genes LIG1, PNKP, and POLD]1 as an example. Methods for CNV assay at the
individual gene level on formalin-fixed, paratfin-embedded (FFPE) tissues using the NanoString nCounter
technology will then be described.

Key words Copy number variation (CNV), DNA base excision repair, XRCC1, Formalin-fixed
paraffin embedded tissues (FFPE), NanoString nCounter

1 Introduction

1.1 Significance of Before describing protocols for copy number variation (CNV)
Examining Copy assay, it is worth discussing why evaluating CNV at the individual
Number Variation of gene level is important to understand resilience of tumors against
Individual Genes the therapeutic use of DNA-damaging reagents. Genome stability

is continuously threatened not only by endogenously and exoge-
nously generated DNA damage, but also by irregular reactions of
DNA replication and recombination [1, 2]. The genomic alteration
hence includes not only point mutations and insertion/deletions,
but structural changes such as chromosomal translocations and
copy number variations (gene amplification) [1, 3]. Evidently,
point mutations profoundly contribute to cellular transformation
and tumorigenesis, with missense mutations in the tumor suppres-
sor TP53 gene as one of the most extensively studied examples

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_15,
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Table 1

Relative locations of the XRCC1, LIG1, PNKP, and POLD1 genes based on the GRC38 genome
coordinate and expressional correlations. Relative distance and expression correlations of LIG1,
PNKP, and POLD1 genes are compared with those of XRCC1.

Gene Start position Relative Expression correlation in  Expression correlation in
symbol (GRC38) distance (Mbp) normal tissues tumor tissues

XRCC1 43,543,311 0 - =

LIGl 48,115,445 4.59 0.29 0.81*

PNKP 49,859,882  6.30 0.31 0.51*

POLD1 50,384,204 6.84 0.17 0.72*

Asterisks (*) show p < 2.2e-16 based on the evaluations using the cor.test function in R [7]. Number of head and neck
cancer tissues for analyzing RNA expressions and their correlations (TCGA): 44 (normal tissues) and 522 (tumor tissues)

[4]. On the other hand, copy number variation (CNV) may not
necessarily lead to functional alterations of affected genes, but can
change their expressions due to the altered gene dosage. Because
CNVs occur in regions large enough to contain multiple genes,
there is likely a similar pattern of expressional alterations of genes in
the neighborhood sharing the same CNV.

Let us explore the human XRCCI1 gene locus as an example.
XRCC1 functions in DNA base excision repair (BER) as well as in
DNA single-strand break repair (SSBR) [5]. XRCC1 has no known
enzymatic activities; it interacts with APE1 (AP-endonuclease),
PNKP (polynucleotide kinase/phosphatase), POLB (DNA poly-
merase beta), and LIG3 (DNA ligase I1I) and facilitates the “short-
patch” BER [5, 6]. The XRCCI gene is 37 kbp long at chrl9:
43,543,311-43,580,473, according to the Genome Reference
Consortium genome assembly GRCh38 (Table 1). Interestingly,
the LIG1 (DNA ligase I), PNKP (polynucleotide kinase /phospha-
tase), and POLD1 (DNA polymerase 6 subunit 1) genes are in the
vicinity, distancing from the XRCC1 gene by 4.6, 6.3, and 6.8
Mbp, respectively. PNKP is a key partner of XRCCI in the SSBR
and also functions in the repair of tyrosine-derived DNA adducts
generated by immature reaction attenuation of DNA topoisome-
rases [8]. POLD and LIGI1 are key components of “long-patch”
BER, which functions separately from the “short-patch” BER
[6, 9]. Therefore, the XRCC1 locus contains genes that are critical
for the two main BER pathways.

Tumor-associated expressional correlations of XRCCI1 with
these genes were analyzed using RNAseq data of head and neck
squamous cell carcinoma tissues based on the data from the Cancer
Genome Atlas (TCGA) (Fig. 1a). It is apparent that expression of
XRCCI is highly correlated with those of PNKP, LIGI, and
POLDI (Fig. la and Table 1). The SNP array data set of TCGA
was used to examine CNV at the transcription initiation sites of
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Fig. 1 Correlation of expression and CNV of XRCC1 with PNKP, LIG1, and POLD1 genes. (a) Gene expression
correlation of XRCC1 with PNKP, LIG1, and POLD1. Normalized RNAseq intensities are blotted for XRCC1
(X-axis) vs. PNKP1 (left), LIG1 (middle), and POLD1 (right) on the Y-axis. (b) Correlation of CNV at the XRCC1
gene (X-axis) with PNKP, LIG1,and POLD1. RNAseq (a) and SNP array (b) data of 521 head and neck squamous
cell carcinoma tissues from TCGA were used

these genes (Fig. 1b). The plots clearly indicate that the CNV
values are almost identical among these genes, which is predicted
from the fact that these genes are localized closely to one another.
In addition, RNA expression levels of these genes are highly corre-
lated with the extents of CNV (Fig. 2). Together, these data indi-
cate that expressions of XRCC1, PNKP, LIGI, and POLDI are all
co-regulated in tumor tissues as a result of almost identical CNV in
the genomic region.

It is known for a long time that XRCC]1 can facilitate the overall
BER /SSBR reactions in vitro and in cell culture studies [5, 10]. In
vivo, high expression of XRCCI has been associated with the poor
outcome of chemoradiotherapies in patients with head and neck
cancer [11]. Similar results were reported for LIG1 [12, 13]. The
CNV /transcript profiles above suggest that simultaneous expres-
sional alterations of these genes caused by CNV may synergistically
affect the therapeutic outcome. Thus, accurate evaluation of CNV
at the individual gene level in cancer tissues should illuminate the
mechanism of resistance of tumors against therapeutic reagents and
should help in improving diagnosis accuracy and treatment sup-
ported by modern genomics.
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Fig. 2 Correlation between the extent of CNV (X-axis) and RNAseq (Y-axis) of the XRCC1, PNKP, LIG1, and

POLD1 genes

2 Materials

2.1 NanoString
Probe Gode Set

First described in 2008 as a tool to digitally quantify RNA in
biological samples [14], NanoString extended its capability to
CNV determination [15, 16]. NanoString nCounter technology
has advantage in that (1) the technique does not involve amplifica-
tion of the genome DNA by PCR. (2) The assay is highly sensitive
and can detect a subfemtomolar range of nucleic acids, to quantify
the CNV of small amounts of DNA prepared from formalin-fixed,
paratfin-embedded (FFPE) tissues. It provides digital values with
high quality and reproducibility, realizing a replicate correlation of
0.999 [14]. (3) It has a lower cost compared to the massively
parallel sequencing (aka next-generation sequencing). The princi-
ple of the analysis, which utilizes fluorescence-based bar codes, was
described by Geiss et al. [14]. Each investigator needs to have
access to a facility equipped with a NanoString nCounter system
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2.2 Genome DNA
Preparation from FFPE
Slides

2.3 Alul Digestion of
the Genomic DNA

(either Sprint, Max, or Flex). There are facilities that accept assay
request outside of their institutes, such as Transcriptomics and Deep
Sequencing Core at the Johns Hopkins University. The PanCancer
CNV panel, available from NanoString, is a preset of probe codes
that covers 770 genes prone to CNV in carcinogenesis
[17, 18]. However, investigators need to generate their own
probe code sets for their own research interests with the technical
assistance by NanoString. Three independent probes for a gene
should be generated to avoid misleading results due to a bias of
one probe.

Pinpoint slide DNA isolation system (D3001, Zymo Research,
Irvine, CA).

Pinpoint solution (blue solution).

Extraction buffer.

Binding bulffer.

Washing buffer.

Spin columns.

Proteinase K.

5 or 10 pm FFPE slides.

Xylenes (laboratory grade, e.g., Thermo Fisher X4-4).

Ethanol (molecular biology grade, 99.5%, e.g., Sigma Aldrich
E7023).

Genomic DNA extracted from FFPE tissues: 320 ng.
Reagents provided by NanoString.

Alul.

Alul digestion buffer.

x10 CNV control probe (for Alul digestion efficiency).
Genome DNA.

Up to 11 genome DNA extracted from FFPE.

A batch of human diploid genomic DNA as a control.

3 Methods: Analysis of CNV Using NanoString Sprint

3.1 Determination of
Region of Interest
(ROI) in FFPE Tissues

FFPE tissues are mixtures showing a variety of pathological fea-
tures. These include normal, low to severe dysplasia, carcinoma in
situ, and invasive carcinomas [19]. Obtaining genome DNA from
these regions separately provides opportunities to examine patho-
logical stage-specific CNV development. Although advanced algo-
rithms have enabled effective use of artificial intelligence [20, 21] or
simply computer-associated tissue analyses [19], experienced
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3.2 Genome DNA
Preparation from FFPE
Slides

3.2.1 Removal of Paraffin
from FFPE Tissues

Fig. 3 An example of the FFPE tissue slide. The pinpoint solution (blue paste) was
applied directly on the surface of tumor tissues with the ROIs marked (T1, T2,
and T3)

pathologists dedicated to the specific cancer types is the most
rigorous approach to determine ROI in the FFPE, e.g., benign
epithelia vs. invasive carcinoma. With a pathologist with a long-
time experience on specific type of cancers, CNV analysis can be
expanded to precancerous regions such as carcinoma in situ, mod-
erate to severe dysplasia, and difference between stroma and carci-
noma tissues.

There are many commercially available kits for extracting geno-
mic DNA from FFPE tissues. Snow et al. reported a quality control
study comparing QIAamp FFPE (Qiagen, Valencia, CA) and Pin-
point FFPE isolation kit (Zymo Research) and found that there was
not a significant difference between the preparations using the two
kits (with the former performing a slightly better yield) [22]. We
tested both kits in our hand and found that there was not much
difference in the quality and the quantity of the purified genome
DNA (data not shown). However, we find the pinpoint isolation kit
helpful to determine the region of interest (ROI) in FFPE tissues
on slides. FFPE tissues are always in mix of the ROI and nontarget
areas (e.g., benign vs. invasive carcinoma regions). The blue viscous
pinpoint solution makes tissue regions thin filmlike materials after
being dried, which are easy to peel off from the slides with a scalpel
or blade (Fig. 3). The following protocol is based on the pinpoint
isolation Kit.

Fill a glass staining jar (such as Thermo Fisher 08-816) with
xylene, and dip FFPE slides. Incubate for 30 min at room
temperature.

Place the slides in a jar containing 90%, 70%, and 50% ethanol
sequentially each for 10 min.
*  Wash the slides in H2O.

* Dry the slides completely. The slides can be left at room temper-
ature overnight in a drawer.
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3.2.2 Marking ROIs on
the Tissue Slides

323 Lysis

Mark ROIs on the back of the FFPE slides (Fig. 3). H&E slides
with ROI marked by pathologists, such as invasive carcinoma,
should be used as references.

Put the pinpoint (blue) solution on the FFPE slides. The solu-
tion is quite viscous and difficult to pipet in/out. Instead,
directly scoop the solution using P200 tips to paste it on to
the marked regions.

Dry the solution completely by leaving them for 3 h to overnight
at room temperature.

The blue solution dries to a thin film. Peel off the blue region
from the slides using a blade. If only a portion of the tissue
should be obtained, first make cutting lines along the borders
with the blade first, to peel off only the necessary region easily.

Put the pieces of filmlike tissue into microtubes. Handle the
materials carefully as they are easily lost in the air from tubes
due to electrostatic force. Having the lysis solution (below) in
the microtubes prior to this step helps to put the tissue safely.

The following protocol is based on the vendor’s instruction
manual.

Prepare the extraction buffer of the kit by mixing the 50 pL
pinpoint extraction buffer with 5 pL of proteinase K solution
provided in the kit. Alternatively, the generic proteinase K at
10 mg/mL concentration can also lyse the tissue sufficiently.

Incubate the tissues in the extraction buffer at 55 °C for 3 h.
Alternatively, the tubes can be incubated in a 55 °C chamber
overnight.

Confirm the tissues are lysed thoroughly. Should the thin film-
like tissues be still visible, dissolve by a few strokes of pipetting.

Add the 100 pL pinpoint binding solution in the lysed tissues,
and apply on to the spin columns.

Centrifuge the columns for 30 s at 12,000 rpm in a microcen-
triftuge. Discard the flow-through, and replace the columns.

Wash the columns with 150 pL pinpoint wash buffer. Repeat the
washing step once.

Remove any residual solution by centrifuging for 1 min at
10,000 rpm.

Replace the columns on new microtubes, and put elution 20 pLL
bufter.

Elute the DNA by spinning briefly (30 s at 12,000 rpm in a
microcentrifuge).



238 Tadahide Izumi

3.2.4 Confirmation of
DNA

3.3 Alul Digestion of
Extracted DNA

3.4 Assay Using
NanoString Sprint and
the Interpretation of
Results

* Determine DNA concentration by measuring absorbance at
260 nm and 280 nm in a UV spectrophotometer (NanoDrop).

The genomic DNA needs to be fragmented to the average approxi-
mate size of 200-300 bp. A controlled DNA sheering process with
the Covaris AFA system (e.g., Covaris E220) has advantage in both
precision and flexibility of the size adjustment, while the ideal
condition has to be preliminarily determined. A simple and eftective
method for fragmentation is to digest the genomic DNA with A/ul
restriction enzyme. The Alul enzyme and the reaction buffer,
provided by the NanoString, generate reproducible complete
digestion, generating DNA fragments of approximately 500 bp
that is appropriate for the CNV assay. A CNV assay can process
12 samples at a time. It is strongly recommended to include a
diploid genomic DNA as a control (e.g., human genomic DNA
G1521,/G1471, Promega). Therefore, consider preparing up to
11 test samples (and a diploid control) for a CNV assay.

* Mix DNA (320 ng) in 7.5 pLL. H,O in microtubes.
* Add 1 pL Alul bufter.

* Add 1 pL x10 CNV control probe.

* Add 1 pL Alul.

* Incubate the samples at 37 °C for 2 h, and then place the tubes
onice or at 4 °C. It is convenient to use a temperature controller
such as a PCR thermocycler.

* Run 0.5 pL of reactants in 1-2% agarose gel to confirm the
fragmentation.

» Store the reactants in —20 °C.

CNV assays are typically done at a core facility equipped with a
NanoString nCounter system (Sprint, Max, or Flex). The protocol
of the CNV assay can be found in the manufacturer’s website
(https: //www.nanostring.com/support/support-documenta
tion/). Here, interpretation of the probe signals is described.

Data: In addition to data for the DNA to be examined, there
are presets of probes for quality controls as followings.

C1: Controls for assessing A/ul digestion efficiency.

A set of four probes are always analyzed to check the efficiency of
Alul reaction. Probes A and B detect genome regions con-
taining an A/lul site, and thus, signals from these probes
should be as low as the baseline (C2) when A/xl digestion
was successful. The C and D probes do not contain A/ul
sites, and so the signals at C and D probes should be much
higher than those of A and B.
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3.5 Quality Control
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Fig. 4 An example of intensities of control probes determined with NanoString
nCounter. The concentration and the corresponding intensity values were plotted
on the X- and Y-axis, respectively. The correlation coefficient (R2 = 0.972) by
the linear regression evaluation assures the high quality of the NanoString
assay run

C2: Negative control probes.

There are eight probes always analyzed as negative controls that
do not hybridize to human genomic DNA, and thus, neither
of these probes should generate baseline signals near zero.

C3: Positive control probes.

Each CNV assay contains six positive control probes that are at
different concentrations (0.125; 0.5, 2.0, 8.0, 32.0, and
128.0 femtomolar). Plotting the signal intensities of these
probes over the concentration will provide the coefficient of
determination R? that should be higher than 0.95 (Fig. 4).

C4: Invariant controls.

Each code set contains ten probes that do not contain genome
regions prone to common CNV. The signals from these
probes will be used to normalize values of the probes to be
examined.

C5: Diploid genomic DNA.

Unlike C1-C4, investigators need to include this control, i.e.,
genomic DNA from normal human cells (see the Alul
digestion step). C5 is used to provide signal intensities for
diploid genomic DNA.

Basic quality control examination should be performed using the
control probes Cl and C2, which are described above. Evaluate
correlation curves from the C3 positive controls, which must be
done for all the samples individually. A low coefficient (R* < 0.95)
of a particular sample implies issues in the sample preparation (low
concentration, impurity, etc.). Low R? of all samples, particularly
with the control genomic DNA C5, may imply a systematic failure
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of the assay. Check whether the right barcode file for the probes is
used during the evaluation. Each NanoString code set needs a
specific barcode file, and using incorrect probe files generates unan-
alyzable results.

For normalization, the diploid genome DNA control (C5) is

used to evaluate the copy numbers into biologically meaningful
units, i.e., making values from the normal diploid genome DNA
2.0 by the following workflow.

1.

2.
3.
4.

Obtain mean probe intensities of invariant controls (Mc4) for
all samples.

Normalize each probe intensities by Mcy.
Multiply M4 by the corresponding M4 of C5.
Multiply by 2.0.

4 Notes

. RNA contamination will cause overestimation of the concen-

trations of the genomic DNA from FFPE. The quality of DNA
can be monitored by Abs260,/Abs280 that should be in the
range of 1.7 to 1.9. Alternatively, fluorescence probes specific
to duplex DNA, e.g., PicoGreen (Invitrogen) and QuantiFluor
(Promega) [23, 24 ], can be used to quantify DNA. Aliquots of
samples can also be treated with/without RNase A and ana-
lyzed in an agarose gel, to examine whether the samples mainly
contain DNA and not RNA.

. There are other methods for determination of the genome

CNV. These include traditional in situ hybridization [25 ], Taq-
man Copy Number Assay [26], OncoScan [27], array-
comparative genomic hybridization (aCGH), Affymetrix SNP
array [28], or deep sequencing results [29]. Merits using
NanoString technology are described above.

. Transcriptome data such as RNAseq or qRT-PCR panels, if

available, can directly assess the expression profiles of a cluster
of genes [30] such as XRCC1/LIG1/PNKP/POLDI for
studying prognostic markers. The CNV assay described here
has advantage over RNA analysis for genomic DNA is more
stable than RNA particularly those from archived FFPE slides.
CNV determination may also be necessary to study the mecha-
nism of alteration of transcript expressions of a cluster of gene
which may be determined by RNA analyses.
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Genome-Wide Binding Analysis of DNA Repair Protein APE1
in Tumor Cells by ChiP-Seq

Mason Tarpley, Yingling Chen, and Kishor K. Bhakat

Abstract

The base excision repair (BER) is the primary damage repair pathway for repairing most of the endogenous
DNA damage including oxidative base lesions, apurinic/apyrimidinic (AP) sites, and single-strand breaks
(SSBs) in the genome. Repair of these damages in cells relies on sequential recruitment and coordinated
actions of multiple DNA repair enzymes, which include DNA glycosylases (such as OGGI),
AP-endonucleases (APE1), DNA polymerases, and DNA ligases. APE1 plays a key role in the BER pathway
by repairing the AP sites and SSBs in the genome. Several methods have been developed to generate a map
of' endogenous AP sites or SSBs in the genome and the binding of DNA repair proteins. In this chapter, we
describe detailed approaches to map genome-wide occupancy or enrichment of APE] in human cells using
chromatin immunoprecipitation followed by next-generation sequencing (ChIP-seq). Further, we discuss
standard bioinformatics approaches for analyzing ChIP-seq data to identify APE1 enrichment or binding
peaks in the genome.

Key words Chromatin immunoprecipitation, Cross-linking, APE1, Next-generation sequencing

1 Introduction

Cellular DNA is under constant attack from endogenous sources of
DNA-damaging agents. The primary source of endogenous DNA
damage is reactive oxygen species (ROS) which are generated from
normal cellular metabolism [1]. The apurinic/apyrimidinic sites,
also known as AP sites, are the most prevalent type of endogenous
DNA damage in cells [2, 3]. AP sites are primarily generated either
by spontaneous hydrolysis of nucleobases or after removal of oxi-
dized or alkylated damaged bases from DNA by glycosylases in the
BER pathway [2,4-7]. Thousands of such AP sites are generated in
every cell per day [2]. Repair of AP sites is essential because these
are mutagenic and block transcription [3, 8]. Methods to detect
formation and location of AP sites in the genome by tagging AP
sites in vitro and in live cells (AP-seq) using aldehyde-reactive probe
(ARP) have been described [9, 10].

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_16,
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APE] is the primary enzyme responsible for repairing the
endogenous AP sites in the genome [4, 5]. APE1 recognizes the
AP site and cleaves the DNA backbone [4, 5]. This results in the
formation of one nucleotide gap flanked by the 3’-hydroxyl and
5’-deoxyribose-phosphate (5’-dRP) end, which is recognized by
the downstream enzyme DNA polymerase f (pol p) [11-
13]. Besides BER, APEI also regulates transcription [ 14-16]. Stud-
ies by us and others show that APE1 itself can act as a trans-acting
factor, binding to promoters and forming regulatory complexes to
modulate gene expression including many genes [17-20]. We dis-
covered earlier that chromatin-bound APEl can be acetylated
(AcAPEL) at multiple lysine residues in cells [21]. We have recently
mapped genome-wide binding or occupancy of APE1 or AcAPE1
in the genome of multiple cell lines by immunoprecipitation of
chromatin-bound AcAPEl with specific antibodies followed by
next-generation sequencing [22]. Genome-wide mapping studies
revealed that AcAPE] is highly enriched in gene promoters and
putative enhancer regions [22, 23]. In this chapter, we provide a
detailed methodology for mapping genome-wide binding or occu-
pancy of APE] in cells by ChIP-seq analysis [24]. This method can
also be used to compare the formation of DNA damage and bind-
ing of other BER enzymes after induction of DNA damages. Fur-
ther, we discuss about the standard bioinformatics approaches for
analyzing the ChIP-seq data to identity enrichment or binding
peaks in the genome [25-32].

2 Materials

2.1 Laboratory
Equipment

2.2 Reagents

. Bioruptor sonicator.

. Magnetic stand.

. qPCR machine.

. Fluorometer or Qubit.

. Microcentrifuge.

. Heat block and 37 °C water bath.
. Rocker at 4 °C.

. Rocker at room temperature.

O 0 N O\ Ul B W N

. Agarose gel running apparatus.

. Hydrogen peroxide (H,0O,).

. Methylmethane sulphonate (MMS).
. Formaldehyde.

. Glycine.

PBS.

U o W



0o *® N

10.
. 10 mg/mL RNase A.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
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Protein A or protein G magnetic beads.
SPRI beads.

15 mg/mL proteinase K.

20 mg/mL RNA-grade glycogen.

3 M sodium acetate (pH 5.2).

PIPES, pH 8, 1 M.

2 M KCl.

Nonidet P40 (NP40), 20%.

Protease inhibitors.

1 M Tris—HCI, pH 8.1.

0.5 M EDTA.

20% SDS.

Triton X-100.

5 M NaClL

4 M LiCL

Sodium deoxycholate (SDC) or deoxycholic acid (DOC).
1 M NaHCO:s;.
Phenol/chloroform/isoamyl alcohol (PCI) (25:24:1).
80% ethanol.

70% ethanol.

100% ethanol.

SYBR Green.

EB butffer.

10x NEB end repair reaction buffer.
NEB end repair enzyme mix.

10x NEB bufter 2.

1 mM dATPD.

NEB Klenow 3’-5’ exo minus.

2x NEB Quick ligase reaction buffer.
1 pM universal adapters.

NEB T4 ligase 3’-5’ exo minus.

10 pM PrimerU.

10 pM index primers.

ChIP antibodies.
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2.3 Buffers and
Solutions

1.

Cell lysis bufter: 5 mM PIPES (pH 8.0), 85 mM KCl, 0.5%
NDP40, water, protease inhibitors.

Nuclear lysis buffer: 50 mM Tris—HCI, 10 mM EDTA, 1%
SDS, water, protease inhibitors.

1P dilution buffer: 0.01% SDS, 1.1% Triton X-100, 1.2 mM
EDTA, 16.7 mM Tris-HCI, 167 mM NaCl, water, protease
inhibitors.

Low-salt IP wash buffer: 0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris—=HCI, 150 mM NaCl, water, protease
inhibitors.

. High-salt IP wash buffer: 0.1% SDS, 1% Triton X-100, 2 mM

EDTA, 20 mM Tris—=HCI, 500 mM NaCl, water, protease
inhibitors.

LiCl buffer: 10 mM Tris—HCI, 1 mM EDTA, 0.25 M LiCl, 1%
NP40, 1% SDC or DOC, water, protease inhibitors.
TE buffer: 10 mM Tris-HCI, 1 mM EDTA, water, protease

inhibitors.
IP elution buffer: 0.1 M NaHCOj3, 1% SDS, water.

3 Methods

3.1 CGell Culture and
DNA Protein Cross-
Linking

Our ChIP protocol is modified from Bowman et al. [24].

1.

For ChIP, enough cells were plated the day before starting the
procedure to ensure 20 x 10° cells are present. The next
morning media was removed, and PBS was added. For cells
treated with H,O, or MMS, this was done before removing
media and replacing with PBS. Cells were treated with 0.5 mM
H,0, for 30 min in a 37 °C incubator. MMS treatment was
done with 0.5 mM MMS for 30 min in a 37 °C incubator.

. Cells were scraped and pipetted into suspension and counted.

Then 1% formaldehyde was added directly to the suspended
cells and rocked for 10 min at room temperature (see Notes 1
and 2).

. Following cross-linking reaction, 0.125 M glycine is added to

quench the reaction and rocked for 5 min at room temperature.

4. Pellet the cells and remove the supernatant.

. Wash the pellet two times with cold PBS, spinning down

between washes.

. Resuspend the pellet in 1 mL cell lysis buffer plus protease

inhibitors and incubate for 15 min on ice.

. Collect the nuclei by spinning the cells at 4000 rpm for 8 min

at 4 °C.



3.2 Checking
Fragmentation Size

3.3 DNA
Immunoprecipitation

11.

11.
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. Resuspend the nuclei in 200 pL ice-cold nuclei lysis buffer plus

protease inhibitors and incubate on ice for 20 min.

. Add 100 pL of cold IP dilution buffer plus protease inhibitors.
10.

Using a Bioruptor, set the pulsations for 30 s on, 60 s off for
28 cycles on low power to achieve fragmented DNA in the
300-500 bp range (see Note 3).

Centrifuge the fragmented DNA at max speed for 10 min
at 4 °C to pellet cellular debris. Transfer supernatant to new,
clean tubes.

. Remove 15 pL of supernatant to run as quality control of

sonication fragment size.

. Add 185 pL of IP dilution buffer to get a final volume of

200 pL and then add 0.5 pLL 10 mg/mL RNase A.

. Reverse cross-linking by heating at 95 °C for 15 min (or 65 °C

overnight) (see Note 4).

. Add 4 pL of 10 mg/mL proteinase K to remove proteins and

incubate for 2 h at 50 °C.

. Extract once with phenol/chloroform/isoamyl alcohol (25:

24:1) by adding an equal volume of P:C:I and vortex to mix.

. Spin for 5 min at top speed in a microcentrifuge and then

transfer the top aqueous layer to a new tube.

. Add 1 pL of 20 mg/mL RNA-grade glycogen and 1/tenth

volume of 3 M sodium acetate (pH 5.2, 0.3 M final
concentration).

. Add 2.5 volumes of ice-cold ethanol and incubate the samples

at —80 °C for 30 min to overnight.

. Spin samples for 10 min at 15,000 rpm at 4 °C.
10.

Remove supernatant and wash pellet with cold 70% ethanol to
remove salts and then let them air-dry.

Once dry, dissolve in 30 pL of UltraPure water and run 10 pLL
on a 2% agarose gel to confirm sonication fragment size is
between 300 and 500 bp.

. For the remaining 285 pL, dilute fivefold with IP dilution

buffer plus protease inhibitors (final volume of 1425 pL).

. Remove 75 pL (5%) of DNA and add to a separate tube to be

used as input control.

. Add 5 pg of antibody and incubate overnight at 4 °C while

rocking.

. On the next morning, add 20 pL of protein A or G Dynabeads

and rock for 2 h at 4 °C.

. Collect the beads using a magnetic stand and discard the

supernatant.
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3.4 Bead Washing

3.5 DNA Cleanup

3.6 ChIP Library
Preparation

3.6.1 Removal of
Unwanted DNA Fragments

1.

Wash the beads three times with 1 mL low-salt buffer and
incubate for 5 min on rocker at room temperature. Remember
not to disrupt the bead pellet when removing the supernatant.

. Wash beads two times with 1 mL high-salt buffer, as above,

followed by two times LiCl and one time with TE bufter.

. Elute the DNA from the beads with 200 pL freshly prepared IP

elution buffer as above, pipetting the eluant into fresh tubes.

. Add NaCl (20 pL of 5 M), EDTA (8 pL of 0.5 M), Tris—HCI

(16 pL of 1 M), and incubate overnight at 65 °C to reverse
cross-linking.

. To the input DNA, add 369 pL of IP dilution buffer and take

through reverse cross-linking as well.

. On the next morning, add 5.3 pL of 15 mg/mL proteinase K

to all eluants and inputs and incubate at 50 °C for 2 h.

. Extract with phenol /chloroform/isoamyl alcohol (25:24:1) by

adding an equal volume of P:C:I and vortex to mix.

. Spin for 5 min at top speed in a microcentrifuge and then

transfer the top aqueous layer to a new tube.

. Add 1 pL of 20 mg/mL RNA-grade glycogen and 1/tenth

volume of 3 M sodium acetate (pH 5.2, 0.3 M final
concentration).

. Add 2.5 volumes of ice-cold ethanol and incubate the samples

at —80 °C for 30 min to overnight.

. Spin samples for 10 min at 15,000 rpm at 4 °C.

. Remove supernatant and wash pellet with cold 70% ethanol to

remove salts and then let them air-dry.

. When the samples are completely dry, dissolve in 30 pL of

Qiagen EB buffer (10 mM Tris—HCI pH 8.5). DNA concen-
trations were checked by Quantus Fluorometer before using
for either library prep or qPCR.

. Clean up the ChIP DNA by adding two volumes of room

temperature SPRI beads and rotate for 5 min at room
temperature.

. Capture beads on magnetic stand and remove supernatant.
. Wash two times with 200 pL of freshly prepared 80% ethanol,

aspirating between washes. Air-dry samples with caps open,
making sure there is no ethanol left in the tubes.

. Elute in 25.5 pL of EB buffer by letting it sit for 1 min at room

temperature and then moving supernatant to a new tube.



3.6.2 End Repair

3.6.3 A-Tail Addition

3.6.4 Adapter Ligation

3.6.5 PCR Amplification
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. Take the 25.5 pL of eluant from the DNA cleanup and add

3 pL of 10x NEB end repair reaction bufter and 1.5 pL. NEB
end repair enzyme mix and incubate for 30 min at room
temperature.

. Cleanup the DNA with SPRI beads by adding 2 volumes of

SPRI beads and following the same steps as above.

. Elute the DNA in 19 pL of EB buffer and proceed to the

A-tailing reaction.

. Starting with the 19 pL from the end repair, add 3 pL 10x NEB

buffer 2, 7 pL. 1 mM dATP, and 1 pL. NEB Klenow 3’-5’ exo

minus.

. Incubate for 30 min in a 37 °C water bath.

. Clean up with two volumes of SPRI beads as before and elute in

24 pL of EB bulffer.

. Add 3 pL 2x NEB quick ligase reaction buffer, 1 pL of 1 pM

universal adapters, and 2 pL. NEB T4 ligase 3’-5’ exo minus.

. Incubate for 1 h at room temperature (se¢e Note 6).

. Conduct SPRI bead cleanup as before with 1.5 volumes of

beads, eluting in 22 pL. EB bufter.

. Set up 50 pL. qPCR reactions by adding 25 pL. 2x KAPA SYBR

master mix, 1.5 pL 10 pM PrimerU, and 1.5 pL 10 pM primer
number with the proper index code.

. Pipette 25 pL into a separate PCR tube and place in the

machine.

. Set the qPCR machine to do 30 s at 98 °C followed by 18 cycles

of 10 s at 98 °C, 20 s at 64 °C, and 45 s at 72 °C.

. Check that the reaction has worked by looking at the multi-

component plot and seeing that the fluorescence is over
100,000 in 10-14 cycles. Inputs may be ran together, separate
from the IP DNA, due to differences in starting DNA
quantities.

. Once PCR amplification has been completed and all samples

have worked, conduct SPRI cleanup with 1.2 volumes of beads
as before and elute in 15 pl. of EB buffer to send to
sequencing.
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3.7 AcAPE1 ChiP- 1.

Seq Analysis

Sequencing was completed at the UNMC Genomics Core
facility using an Illumina NovaSeq6000 (se¢ Note 5). Adapter
sequences were removed and fastq files were received from the
sequencing facility.

. Reads were mapped to hg 19, or mm 10, and then filtered by

mapping quality > = 10 using samtools view [26, 27].

. Duplicate reads were removed from bam files using Picard tools

MarkDuplicates and transformed into bigwig files using bed-
tools genomecov [28, 33], normalized by reads per million
mapped reads (RPM) [31].

. ChIP-seq peaks were called using macs2 callpeak with the

broad peak option for AcAPE1 [32].

. ChIPsecker, in R, was used to determine the genome-wide

distribution of peaks [31].

. List of genes was downloaded from UCSC including all splice

variants [29, 30]. All fastq files and bigwigs have been uploaded
to Gene Expression Omnibus (GEO) with a later release date.

4 Notes
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Tumorsphere Formation Assay: A Cancer Stem-Like Cell
Characterization in Pediatric Brain GCancer
Medulloblastoma

Sutapa Ray

Abstract

Cancer is a heterogeneous disease, comprising of a mixture of different cell populations. Cancer stem cells
(CSCs), also known as tumor-initiating cells (TICs), are a subpopulation of multipotent cells within the
cancer that has self-renewing capability, tumor-initiating ability, multi-differentiation potential, and an
inherent capacity for drug and chemoresistance. Sphere-formation assay is commonly used for enrichment
and analysis of CSC properties in vitro and is typically used as a metric for testing the viability of tumor cells
to anticancer agents. This model is based on the ability of CSCs to grow under ultralow-attachment
conditions in serum-free medium supplemented with growth factors. In contrast to the adherent 2D
culture of cancer cells, the 3D culture of tumorsphere assay exploits inherent biologic features of CSCs
such as anoikis resistance and self-renewal. We describe here the detailed methodology for the generation
and propagation of spheres generated from pediatric brain tumor medulloblastoma (MB) cells. As signal
transducer and activator of transcription (STAT3) is known to play an important role in maintaining cancer
stem cell properties, we accessed the effect of depleting or inhibiting STAT3 on MB-sphere sizes, numbers,
and integrity. This may serve as a promising platform for screening potential anti-CSC agents and small-
molecule inhibitors.

Key words Tumorspheres, Cancer stem cells, Tumor-initiating cells, Self-renewal

1 Introduction

Accumulating evidence has suggested that a subpopulation of
stem-like cells within tumors, known as CSCs, exhibits character-
istics of both stem cells and cancer cells and can form tumors when
transplanted into an animal host [1, 2]. Also, this subgroup of
cancer cells is suggested to be responsible for drug resistance and
cancer relapse due in part to their ability to self-renew themselves
and differentiate into heterogeneous lineages of cancer cells [3—
5]. Therefore, the development of treatments that target cancer
stem cells is an important objective. The first evidence for CSCs

Kishor K. Bhakat and Tapas K. Hazra (eds.), Base Excision Repair Pathway: Methods and Protocols, Methods in Molecular Biology,
vol. 2701, https://doi.org/10.1007/978-1-0716-3373-1_17,
© The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2023

253


http://crossmark.crossref.org/dialog/?doi=10.1007/978-1-0716-3373-1_17&domain=pdf
https://doi.org/10.1007/978-1-0716-3373-1_17#DOI

254 Sutapa Ray

came from acute myeloid leukemia [6]. There is now increasing
evidence for CSCs in a variety of solid tumors, e.g., breast, brain,
melanoma, prostate, colon, pancreatic, and lung cancers [7-13]. As
CSCs have the ability to grow through self-renewal as nonadherent
spherical clusters, it is commonly known as tumorspheres.

Medulloblastoma (MB) is the most common malignant pedi-
atric brain tumor. It is an embryonic tumor that arises from the
cerebellar neuronal progenitor cells [ 14, 15]. The current standard
of care for MB patients involves a combination of maximal surgical
resection followed by craniospinal radiation and high doses of
chemotherapy [16-19]. Although the current treatment regimen
in MB Kkills the bulk of proliferating tumor cells, a subset of remain-
ing CSCs can survive and promote cancer relapse through their self-
renewal capability and greater DNA repair ability, displaying resis-
tance to conventional anticancer therapies [4, 20-23]. Therefore,
the improvement of therapies targeting CSCs may raise hope for
the treatment of the MB patient. Several studies have identified key
players involved in the intracellular signal transduction pathways
regulating stem cell renewal and proliferation. Leukemia inhibitory
factor (LIF)-induced activated STAT?3 signaling is known to main-
tain the pluripotent and self-renewing state of murine embryonic
stem (ES) [24]. STAT3 is constitutively activated by tyrosine
705 phosphorylation in many murine and human malignant
tumors, including MB, and recent studies reported that inhibition
of the STAT3-mediated signaling pathway reduces growth of MB
cells and affects MB cell sensitivity to conventional chemotherapeu-
tic agents such as cisplatin [25-30]. Here, we demonstrate that the
selective inhibition of STAT3 in the tumorsphere assay can attenu-
ate MB cell growth and self-renewal, suggesting that specific tar-
geting of STAT3 would be valuable to inhibit tumor growth at the
level of primitive cells [31-34].

2 Materials

2.1 MB Cell Lines

2.2 Reagents

DAOY (purchased from ATCC, Rockville, MD, USA) and
ONS-76 (purchased from Sekisui-XenoTech; Kansas City, KS,
USA) MB cells were used for sphere formation.

EMEM and RPMI 1640 media.

Fetal bovine serum (EBS).

Dulbecco’s PBS without calcium and magnesium (D-PBS).
Sodium pyruvate 100 mM solution.
Penicillin—streptomycin.

0.05% trypsin/EDTA.

Trypan Blue solution (0.4%).

N gk =
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. Ultralow-attachment 6-well plates.
. EGF 20 ng/mL.

10.
11.
12.
13.
14.
15.
16.

bFGF 40 ng/mL.

Heparin 2 pg/mL.

B-Me 0.1 mM.

B27 1%.

N2 1%.

Doxycycline (Dox) was purchased from Sigma Aldrich.
WP1066 was purchased from Selleckchem.

Cell counter (Cellometer Auto 2000).

. Tabletop centrifuge.
. EVOS Cell Imaging Systems.

3 Methods

. Prior to MB-sphere (medullosphere) culture, DAOY cells were

grown in a monolayer-adherent condition in EMEM, supple-
mented with 10% FBS and 1% penicillin—streptomycin and
ONS 76 cells harboring doxycycline (Dox)-inducible STAT3
shRNA (ONS-shSTAT3) were grown in RPMI 1640 media,
supplemented with 10% FBS, 1 mM sodium pyruvate and 1%
penicillin-streptomycin. Both cells were grown in a T-75 flask
in a humidified incubator with 5% CO, and 95% air atmosphere
at 37 °C [31].

. When cells reach confluence, remove media from the flask and

gently rinse cells once with 10 mL PBS.

. Detach cells from flask with 3 mL of trypsin. Tilt the flask to

disperse trypsin evenly all over the cells and remove excess
trypsin. Incubate the flask in 37 °C, 5% CO, incubator for
5 min.

. When the cells will start to round up and detach from the flask,

add 10 mL EMEM or RPMI 1640 serum-free media. Count
cells (with Trypan Blue) in a cell counter and then centrifuge
300 x g for 5 min.

. Add sphere media (serum-free EMEM or RPMI media con-

taining either EGF 20ng/mL, bFGF 40ng/mL, heparin
2 pg/mL, f-Me 0.1 mM, B27 1%, N2 1%, and 1% penicillin—
streptomycin) to obtain 1 x 10° cells/ml. Add 10 K, 20 K, and
40 K cells per well in a total volume of 2 mL in low-attachment
6-well plates.

. Incubate the culture for 7-14 days, depending on the cell

types. Add 1 mL fresh sphere media (with supplements) every
3—4 days (see Note 1).
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7.
8.

9.

10.

11.

Sphere formation should appear within 47 days (see Note 2).

Count small-, medium-, and large-size medullosphere num-
bers using EVOS Cell Imaging System and the 40x
magnification lens.

Stem cell markers (CD133, Nestin, Sox2, Oct3/4, etc.) in
medullospheres can be detected by centrifuging the spheres at
300 g/5 min followed Western Blot [31, 35].

Propagation of medullospheres:

(i) For passaging medullospheres, medium- to large-size
spheres from 7 to 10 days’ culture were selected.

(i1) Transfer spheres and the media into 15 mL conical tubes
using a sterile 10 mL serological pipet and allow the
spheres to settle at the bottom of the tube for 10-15 min.

(iii) Aspirate media from the top leaving 200-300 pL of media
in the tube containing the spheres.

(iv) Wash the spheres with 10 mL PBS and let the spheres
settle at the bottom of the tube for 10-15 min. Aspirate
PBS as above leaving 200-300 pL of PBS with the spheres
in the conical tube. Repeat washing with PBS one
more time.

(v) Now add 1.5 mL trypsin into the tube containing 200 pL
spheres in PBS and incubate it for 5 min at 37 °C incuba-
tor to disperse the cells from the sphere cluster. Further,
suspend the spheres along with the trypsin by pipetting
(with the help of 1 mL pipet tips) up and down once every
min for ten times.

(vi) Add 3 mL serum-free media and determine cell number
and viability before centrifuging the cells at 300 g/5 min.
Resuspend pellet in sphere media and reseed the cells at
the same seeding density as mentioned in #5 (see Note 3).

Effect of STAT3 knockdown with Dox or inhibition with
small-molecule inhibitor WP1066 on medullosphere size and
number:

To determine whether STAT3 pathway activity is required
for the survival or self-renewal of medullosphere, we knock-
down STATS3 level either with Dox-inducible expression of
STAT3 shRNA in ONS-shSTAT3 cells or with a small-
molecule inhibitor WP1066, which blocks STAT3 phosphory-
lation in DAOY cells and performed a tumorsphere formation
assay in vitro. We found that ONS-shSTAT3 (Fig. la) and
DAOQY (Fig. 1b) cells formed medullospheres of varied num-
bers and sizes, whereas in the presence of Dox or WP1066, the
number and size of medullospheres were reduced
significantly [35].
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ONS-shSTAT3
None Dox

DAOY
None

B 0’. -

Medullosphere numbers

Large Medium Small
= ONS-shSTATS (None) = ONS-shSTAT3 (Dox)
DAOY (None) = DAOY (WP1086)

Fig. 1 Effect of STAT3 inhibition on medullosphere formation. Figure 1a and b shows representative
morphologies of the medullosphere from ONS-shSTAT3 and DAOQY cells, respectively, grown in serum-free
media in the presence and absence of either 0.5 pg/mL Dox or 2 pM WP1066. Bar graph on right represents
sphere numbers and sizes (small, medium, and large) before and after treatment. *p < 0.05, **p <0.01

4 Notes

1. Do not change the medium; otherwise, you will lose the float-
ing spheres; only add the fresh medium.

2. It will depend on the cell seeding density. Do not add more
than 40 K cells per well in a 6-well plate or it will form clumps/

aggregates.

3. Select spheres before it starts to develop a dark center that
represents the hypoxic area.
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