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Novel Insights into Strand Cleavage at an Abasic Site in DNA
Tuhin Haldar

Dr. Kent S. Gates, Dissertation Supervisor

ABSTRACT

Loss of a nucleobases from the deoxyribose backbone of DNA generates Abasic
sites in DNA. Abasic sites are the most common unavoidable DNA damage lesion. It is
i mportant to understand the pr op-protansods of
theringpopened abasic al de h yetingnatioreo$ thed3phesphorglc i | i t &
group. This reaction is expected to generate a DNA strand break with a phosphoryl group
on the 5terminus and a traAd -umsaturated aldehyde residue on thé¢eBhirus;
however, a handful of studies have identified noncanonical sugar remnants on the 3'
terminus, suggesting that the products arising from strand cleavage at
apurinic/apyrimidinic sites in DNA may be more complex than commonly thought. The
strand cleavagén DNA at an abasic site induced by the treatment of heat, NaOH,
piperidine, spermine, and the base excision repair glycosylases Fpg and Endo IIl has been
characterized. DNA oligomer generated noncanonical sugar remnants includihg s
unsaturated aldgyde, 2deoxyribose, and-gio-2,3-dideoxyribose products on the- 3'
terminus of the strand break. Cells contain millimolar concentration of spermine, which
can induce strand cl eavage at anunsatbratedi ¢ si |
aldehydei mi ni um 1 on. Deoxyguanosine Triphosphe
unsaturated al dehyde -endofthe Apaderivé sirand devageh e o n

and generates a previ-ddRaddyct uncharacteri zed

Xiv



1  Chapter 1: Generation and Conseqience ofAbasic (AP)

Sites in DNA

1.1 Introduction

DNA is the central molecule of the celthich regulates the efflux of genetic
information within biological system3he iconic double helix consists of two intertwined
strands of DNA held together by WatsCrick base paifs(Figure 1.1).These DNA
strands are composed of a deoxyribose phosphate backbone, in which each dR sugar is
decorated with one of four heterocyclic nucleobases: adenine (A), thymine (T), guanine
(G) or cytosine (C)Figure 1.1.1) The hydrogen bond between nitrogenous heterocyclic
base pairs, AT and GC holds the two strands of DNA togetheThe sequence of
nucleobases carries the genetic code of an organism. Every function of DNA requires
separation of the two strands so that glee@etic sequence can be read. The two strands
must be separated and accurately transcribed to make mRNAs that ultimately produce
proteins that serve as the structures and machinery of cells and ordamisnirsy cell
division the DNA double helix must be unwound and faithfully copied to generate daughter
cells with identical copies of the getic codé. Therefore, any covalent modification of
cellular DNA has significant biological ramification. Damage to cellular DNA can lead to
inhibition of cell division, mutatin, or cell death’. Generation of abasic (Ap) sitase
the most common form of endogenous DNA darfafiee Nglycosidic bond which holds
the nucleobases to the dedkwse sugar can be spontaneously hydrolyzed and leads to
loss of nucleobases and forms abasic®&it€ovalent modification to nucleobases can

destabilize the Mylycosidic bond and lead to abasic ¥it&. Abasic sites can also generate



as a baseexcision repair intermediate by removal of raicledase by DNA
GlycosylaseS'** Unrepaired Abasic sites have seriouddgial consequences. Abasic
sites can stall DNA replication and transcription and bypass of these lesions leads to
mutatiort>'® Abasic sites can generate DNA interstrand crossiirdesd DNA protein
crosslink$® which are cytotoxic. Strand breakage at the abasic site in DNA is deleterious
towards genomic stability. Given these factors, undéandingthe formation and

consequences of abasic site in cellular DNA is essential.

0. F?
>\
o 0
o B
B = Nuclecobase
dR = deoxyribose
3 HO
DNA Backbone

Major Groove Major Groove

Minor Groove Minor Groove

DNA Base Pairs

Figure 1.11 Structure of DNA. (PBD code:1BNA)



1.2 Formation of Abasic Sites

Loss of a nucleobase generates an atstgidn DNA. Abasic sites can form via
various pathways in cellular DNA by endogenous and exogenous factors. They can
generate spontaneously by hydrolysis of glycosidic bonds., Alsoymatic removal of
bases caryield abasic site as an intermediate of ANkepair pathways. Damage to

nucleobases can lead to formation of abasic site.

1.2.1 Spontaneous Hydrolysis of the NGlycosidic Bonds

The N-glycosidic bond between the bases and deoxyribose sugar are susceptible
towards hydrolytic attack. The reaction rhanism of the hydrolysis ofdglycosidic bonds
is anacid catalyzed SN4° Protonation of nuclebases at specific sites destabilizes the N
glycosidic bond via making the protonated base a better leaving group. Cleavage of the
glycosidic bond releases the free base and forms an oxocarbenium ion which further gets

hydrolyzed and generates an abadie(S8cheme 1.2.13

HoO
+ L

H \
N o H O NT>NT O NH,

5 N 5 N 3 Y
NH ) NH

3 4 $ 7 >

© \ A © 'cD<N N/)\NHQ © 0+/_';> °~ o

\QN N~ “NH, , \Q D \pnoH
30 3’0

n 3l
80 © Ap Site

Scheme 1.2.1Generation of AP sites viaspontaneous hydrolysis of guanine



Spontaneous loss of purine bases (guanine, adesifaster than the pyrimidine
bases (cytosine, thymine). Under physiological conditions, the rate of depuration is 3.0 x
107111 nucl eot iodEBY), peereasshe mte of depyfirhidination is 1.5 x
10712 nucl eot idd4700y¥ETAP sitescgenerdted frem spontaneous
hydrolysis are most likely caused by depurations, because evidently-ghgadsidic
bonds of pyrimidines are more stable than purines. Between purine bases, loss of guanine
bass are 1.5 times more favorable than loss of aderfisea result of spontaneous
depurinatiorin a mammalian cell around 10,00® Aitesgetsgenerates per d&yThe rate
of depurination is four times fasterarsingle stranded DNA compared to doutdranded
DNA.2 So, during replication the single strands of DNA are more prone towards

spontaneous hydrolysis and generating abasic sites.

1.2.2 Enzymatic formation of Abasic Sites

Abasic sites can be generated as an intermediate during the Base Excision Repair
(BER) pathway. Damaged bases get removed via hydrolysis-giydésidic bonds,
catalyzed by DNA glycosylasédRemoval of misincorporategracil in DNA strand via
Uracil DNA glycosylase is a common pathway for abasic sitedtion in cellular DNAL*

Uracil can be misincorporated in DNA via several pathways. Hydroxide attack on C4 of
neutral or N3protonated cytosine causes deamination and yiehis| >#24 Spontaneous
hydrolytic deamination of cytosine generates ~B00 uracils in hman cells. In
physiological conditions, cytosine deamination is faster{200 years) in singlstranded
DNA compared to double stranded DNA{t+30,000 85,000 y)??%2’ Uracil can also be

misincorporated in pice of Thymine by DNA polymeras&Removal of damaged bases



8-0x0G and FapyG by-8xoguanine glycosylase (OGG1) generates abasit*$tepair
of damaged lesions like 3meA, 7meG and 3meG bydthylpurine DNA glycosylase

(MPG) introduces abasic site in cellular DNA.

0]
) I NH ’
£ S\A, UraciiDNA  §
o)
\ﬁ glycosylase _ \pm OH
3"\/\/\0 S,WO

Scheme 1.2.2Uracil DNA glycosylasecatalyzed formation of AP site

1.2.3 Hydrolysis of labile nucleobases

Various endogenous and exogenous factors like alkylating agents, oxidizing agents
and UV light and therapeutics like anticancer drugs can damage nucleobases and form
abasic site$?2939 Alkylation at specific endocyclic nitrogens (N7G, N7A, N3G, N3A,
N1A, and N3C) of nucleobases destabilizes thgdydosidic bond by generaty a positive
charge on the nucleobaggcheme 1.2)3! Thes labile lesions lead to deglycosylation
and formation of abasic site. The most preferred site for alkylation is N7G in DNA because
it is the most nucleophilic sif®.Endogenous metabolites likeactive oxygen species
(ROS) can damage nucleobases. Oxidative damage lesions of guanine, sd@h as
dihydro-8-oxoguanine (&x0G), and formamidopyrimidine&ean form abasic sit€.
Hydroxyl radicalgyenerated from ionization radiation (IR) can destabilize glycosidic bond

and lead tAP siteformation2°



L
N\
I N">NTNH,
I 5 5
Codrw L
O~ o NN o f  HO O
(0] 2 (&8 > OH
30 30

30 Ap Site

Scheme 1.2.3Generation of AP sites viahydrolysis of alkylated guanine

1.3 Consequences of Abasic site in Cellular DNA

Abasic sites in cellular DNA are cytotoxic and mutageAR sites in cells exist as
equilibrium mixture ofring closed hemiacetal (~ 99%) aagtremely reactiveing open
aldehyde (~ 1%) form (Scheme3.1).3! The ring opened aldehyde form drives most of the
chemistry of AP sitedUnrepaired abasic sites can cause strand breaks in DNA. Absence
of a nucleobase in a DNA strand dalock transcription and replication and can lead to
mutation if not repaired correcthibasic site in DNA can also form DNA interstrand and

DNA-Protein crosslinks.

5 5’
: ;
OH
3’0 30
Ap Ap
(ring opened ~99%) (ring closed ~1%)

Scheme 1.3.1AP site exists as an equilibrium mixture of hemiacetal and aldehyde



1.3.1 Replication Block and Mutation

Abasic sites can block DNA pol ymerases
fork stalling®33If an Ap site is bypassed it can cause mutation by inagr wrong
nucledbase opposit® theabasic site by DNA polymeras&dn E. Coli it is observed that
preferentially adenine gets inserted opposkiy)s i t e s . This-rius*eA® nown
different study shows that in Saccharomyces cerevibadding yeast dCMP gets
preferentially inserted over dAM® In higher eukaryotes preference towards particular
nucleotides gets more complicated. Evidently, the preference of inserted base across abasic

site depends on the organism and cElfS.

Ap Ap

/o /-

Stalled DNA polymerases Mutagenic polymerase bypass

Figure 1.3.1.1Stalled replication fork at an abasic site and bypass of an abasgite

can cause mutation.

1.3.2 Transcription Block and Mutation

Abasic sites present in transcribed strands can block RNA polymerases like T7
RNAP and RNAPII and stall transcriptidfi.Stalled RNA polymerases at an abasic site
signals for recruitment of Nucleotide excision repair machinery to réfgagite. Bypass

of this lesion can lead to mutation byartion of the wrong base opposite to abasic¢*site.



RNAPII preferentially inserts AMP acros# site*? In this scenario, transcriptieroupled
Nucleotide excision repair (MSER) is themain repair pathway for abasic stfeStudies

show that deficiencies in NER cause higher transcriptional mutagenesis fregtiabagic

sites?4°
Transcription
RNAP
¢ R 4 = Mutated nucleotide
Figure 1.3.2.1. Abasic sites in DNAcan cause transcriptional mutagenesis

1.3.3 Strand Breaks at Abasic site in DNA

Abasic site in DNA can exist as an equilibrium mixture of the -dluged
hemiacetal P99%) and ringopened aldehydd(1 %) 316 The ringopene aldehyde form
is electrophilicin natureandvery reacti ve. Abpdtonssotring on of
opened aldehyde form of abasi c -ebdminatiersof gener
t h epha3pdpryl grougdScheme 1.3.3.1)Under physiologial conditions strand break
reaction atAP site in DNA is slow (fz~ 2062000 h)*""*° The rate of strand cleavage at
an Ap site mcreases with heating, under alkaline conditions or in presence of dfiifes
5" The amine mediated strand cleavage is biologically impor@ellular nucleus have
high concentratiom(mM) of spermin€¥® 1 Sper mi ne ¢ aliminatientatAPy ze b
sites and generate strand break. Cleavagp f a b a s i ¢ -diminagon generaNA Vv i &

strand breRkagehowiylh &ooup asP )unsaturated ne en



al dehyde (36PUAJScheme 1.8.2h19 3a hiba eliaatddn the

presence of amine or under morg\d r o us ¢ 0 n ddliminatiom ieaction and 2, U
gener at e sp hoNjM haomrdy | 3 Nj 3 (Si¢héme 4.8.3.1¢Amide regiduesurp s
protein can also catalyze strand cleavaigeh e A b a dyase reaction}&+52f° Fhe

306PUA has been de® Sudi¢sdale shawn that adduots acising fros .
strand breaks at an abasic site in DNA are mutagenic and potentially more harmful than
parent abasic sité8.°3 6 PUA gener ated from spermine cat

site can lead to DNA inteirsind crosslink, which wilbe discussed in detail in next section.

5 5 5
: 6 6 o <
-Eli -0-P=0  5-Eli
Ouon = OH_ B-Eim OH 00 bEim_ oo ‘<:¥
— 5 OH =0
, , —0
3'w0 30 3
Ap __Ap 3PUA 5P 3P
(ring opened) (ring closed)

Scheme 1.3.3.1 Strand cleavage at an abasic site in DNA

1.34 DNA Interstrand Crosslink

Abasic sites can form highly cytotoxic DNA Interstracibsslinks. Abasic site
exists as an equilibrium mixture of ring riotpsed hemiacetal form (99%) and the fing
opened aldehyde form (19%).The electrophilic ringppened aldehyde form is highly
reactive and can react with exocyclic amines of adenine and guanine nucleobases on the
opposing strand of doubktrandedNA and generate DNA Interstrand Crosslinks (ICLs)
(Scheme 1.3.4.1y:"%72Crosslink between an abasic site and adenine base on apposin
strand (dAAP ICL) has been detected in -¥®% yield depending on the sequence in

synthetic oligonucleotidé&: The dGAP ICL forms comparatively in lower yield {3%).”?



AP derived crosslinks showed good stability after formation. Hfalffor dissociation of

dA-AP ICL is 60-90 h and d@AP ICL is ~160 h under physiological cdition.’*:"2

O3’
O3’
3 N/:N
5 N~ O
3 O~ oHOH Y4 B 0
N o) = 5
O N 0O =——= N N
OH (/ 5’
| ) 5 H
=0 Ny ~N 5
30 carbinolamine
30 NH,
Ap Site dA
O3’
O‘N\‘s, 57 /:N
g N
: N o on »4 I ° o
'e) N/ )N 0 0 —_— —N N é,
OuNH N :
30
imine
30 dA-Ap ICL

Scheme 1.3.4.1. Formation of dA-Ap ICL.

Crosslinks derived from abasic site can stall replication by blocking DNA
polymerase and lead to cytotoxicity if not repaiféé Interestingly recent findings shows
that dA-Ap crosslink can be repaired by unhooking of ICL by NE{EBurther repair of
the abasic site generated from unhooking of AfAICL via translesion synthesis can be
mutagenic’® If the NEIL3 repair pathway is inhibited, then the ICL gets repaired by
Fanconi anemia pathway. During this repair pathway bypass of thECIAHerived

adenine monadduct can also lead to mutati@figure 1.3.4.1)°

1C



Ap
LI
A

lFork Convergence

"‘“\/
==

NEIL3
(N-glycosyl bond cleavage)

\Ap/
/ T

»I5

l TLS bypass
Ap Mutation
A
Figure 1.3.41. Repair of dA-Ap interstrand crosslink can be mutagenic

Cells contain millimolar concentration of spermifé! Spermine carcatalyze
strand cleavage aAP site generatd) ,-umsaturated iminium ionsvhich can lead to
formation ofinterstrandcrosslink with the exocyclic amine groups of DNA baseghe
opposingstrand (Schemel.3.4.3.6%77 Guanine and adenine have shown capability of
forming interstrand crosslink with spermine catalyzed strand break at an abasic site. The
dA-ddR and deddR can blocdNA r epl i cat i on b y®StudeSha®@NA pol
shown that the d@dR crosslink can be repaired Byd e x onucl ease activ

(Schemel.3.4.3.77
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PUA
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Scheme 1.3.8. Formation and repair of dG-ddR ICL.

1.35 DNA Protein Crosslink

Highly reactive ringopened aldehyde forms of abasites can form DNAProtein
crosslinks (DPCs). DNA proteins can be either transient Sbhgé intermediates or
stable. Stable DNA protein crosslinks are deleterious towards genomic stability. Repair
enzymes | ike Pol b, P AR-BaseaDPrds wKIAP sifest®f3 t r an s
These DPCs are unstable, and the enzymes getirsl e delintinatiofa The Schiff base
intermediates can be trapped by reductive amination with NaBH4. OxidiPedite
derivative,2d eoxyri bonol actone can make a stabl e
that a new enzyme, HMCES-ffydroxymethylcytosie embryonic stem cells specific) can
recognize abasic site and can generate a stable®#®CThe amineterminal cysteine

residue of HMORES sulfiydnt sulidtituents can react with -opgn

12



aldehyde form of abasic site and forms a stabledti@dine bond. The HMCE®PC strand
protects abasic site from strand cleavage and reduces m§faiohthe HMCESDPC

repair pathway is still unclear.

5 5’ 5
§ HS § HS ¢
°© OH © OH + HMCES © OHS

=0 HMCES —== —N — HHMCES

HoN H N
5 N o o H o
$ / 30 30 30
o
0

e

3w 5

A OH \ OH
p \;—/:O\H/ZN_PM B — \2'-\'; T \_\; —
30 Fw0 =N-Polp —~
H

.
N-Pol =0
N [

'l

l Or1

W ann

Scheme 1.3.8. Formation of DNA protein crosslinks by HMCES and Polb.

1.4. Mutagenic repair pathways of AP Sites

1.4.1 Base Excision Repair

In double stranded DA abasic sites get repaired by base excision repair (BER)
pathways-38789 First, abasic sites get excisionedAfy endonucleases &P lyases. Then
it can further get repaired via eithgnort or long patch repair pathwaifSgure 1.4.1.1)
Short patch repair is a more common pathway. APEL cleaves abasic site and generates
strand breaks with 306 hApthasesalsolcanCléave@Pgitesa n d
viab-eleminationandgendrae s 3 6 PUA a n dTo BgatéthedDNAlstrand vaitiu p s .
the correct nucleotide it must have a 3'OH end and 5'PTéed:leaning of end groups can

be done by Pol b , apis fildel With ahe coRddtkirleotide hyeDN&

pol ymer a®®s @EPRPol Amd finally, the nick gets

13
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synthesis DNA pol ymer ask nyléotdes by displdting teen d b )
strand. flag peaeratd&ddfrom strand displacements gets removed lay F
endonuclease 1. Fing)IDNA ligase ligates the stranBreferenceover ashort or long

patch repair depends on the organism, cell type, type of damaged lesion and the cell cycle
stage®® A recent study has shown that in mammalian cells the BERmetiates can be

mut ageni c. Mut ation frequency of 508dRP anc

abasic sites. Preference in insertion of a (

to abasic sité®

Ap
b3
@ E)
< 2  Aplyase
g
3'0H 5dRP 3'PUA 5P 5P
\ [/ \ Vi
Pol Ble/ Lo APE1 R
PCNA/ & .ék‘
RFC Q
5'dRP
30H 5P
3'0OH / \
\
o
i %
Pol B/
:‘-:g ;Er:l]; XRCC1 %
& o
o 3'0OH 5P 3'0H 5P 5
G \/ \ / B
|
LIG I LIG 11/
PCNA XRCC1
Figure 1.4.1.1 Repair of AP sites by Base excision rgir pathway
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1.4.2 Translesion synthesis (TLS) repair

At replication fork, transcription bubble and at telomeres DNA exist as single
strands because of unwinding of the dugdiébasic site in singkstranded DNA cannot
be repaired by the BER pathway because in the BER pathway the DNA backbone gets
cleaved and there is no template for repair. AMddendonucleases cannot work on single
strandedAP sites® In this scenario, Abasic site in singéranded DNA gets repaired by
the error prone Translesion synthesis (TLS) patm#&yTLS polymerases bypass the
abasic site and resume extens The TLS repair pathway is mutagebh@&cause there is a
lack of coding informatioravailable on théemplate strandf TLS polymerasevhich can
easilyinsert a wrong base across the Ap site. In Saccharomyces cerevisiae, Pol eta and
Revl bypassthaP Site®*l n humans Pol d, Pol s, ®IRsertica, and
of base opposite of abasic site is done by the Y family of polymetaRBesterentiality of

nucleotide insertion across the abasic site depends on the cell type and organism.

el N, /
Ap
TLS polymerase bypass Mutation
Figure 1.42.1 Mutagenic Translesion synthesis (TLS)bypass of AP site in

single stranded DNA
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1.5 Non-Mutagenic repair pathways of AP sites

Abasic site in single stranded DNA can be repaired by -éreer pathways like
homologous recombination, fork reversal and template switéfiffd?olymerases stalled
by abasic sites during replication lead to accumulation of abasic sites in DNA and can
initiate homologous recombination and template switching pathways. Studies have shown
that in BER and TLS deficient cells rate AP site repair by homologous recombination
increased?® In the template switching repair pathway the strands get realigned and DNA
gets synthesized using an undamaged alternative template, which makes it an error free
mechanismt® In the fork reversal pathway a feway chicken foot structure gets formed
by template switching of nascent DNA straftld.ater the abasic sites get repaired by the

BER pathway. These pathways are moatagenic.

1.6 Conclusion

Abasic sites are the most common form of DNA damage and jafeund
biological consequence®P sites can generate spontaneously by hydrolysis -of N
glycosidic bonds, enzymatically as an intermediate of BER pathway and loss of
destabilized nucleobases. Unrepaired abasic sites in DNA can lead to cytotoxicianty str
cleavage, formation of DNA interstrand crosslinks and BNétein crosslinks. Repair of
these lesions can be mutagenic. Genomic functions like replication and transcription can
get stalled by abasic sites. Bypassing abasic sites in DNA causes m#tbasit. site in
cellular DNA can get multiple pathways depending on the situation. In detraleded
DNA, AP sites get repaired by the BER pathway. The intermediates of the BER pathway

are mutagenic. At replication fork or transcription bubble abasiaaiteexist in single

16



stranded DNA, which can get repaired by mutagenic TLS pathway emntagenic
pathways like homologous recombination, fork reversal and template switching.

Understanding the formation and consequences of abasic site in cellular Birermely

important.
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2 Chapter 2: Unexpected Complexity in the Products Arising
from NaOH, Heat, Amine, and Glycosylasdnduced Strand

Cleavage at an Abasic Site in DNA

2.1 Introduction
Apurinic/apyrimidinic site{AP, Scheme.1.1) are generated b§pontaneou’s® and

enzymecatalyzed ’ hydrolysis of the glycosidic bonds connecting nucleob#Be#
Scheme2.1.]) to the deoxyribose backbone of DNA. Chemical modification of the DNA
bases also can accelerate hydrolysis of the glycosidic bonds to generate A% 3Jitese
processesombine to make AP sites among the most common unavoidable lesions found
in both cellular and synthetic DN® 14

AP sites exist as an equilibrium mixture of the roigsed hemiacetal alongside
small amounts (~1%) of the rirgpened aldehyd¢Scheme2.11).1>%® Much of the
interesting chemistry associated with AP residues in DNA, as is the case for all aldose
sugars, stems from equilibrium amounts of the reactiverapemned aldehyde. The
electrophilic nature of the AP aldehyde residue enables generatsmtardidary lesions
including DNA-DNA interstrand crosslinks"?? and DNA protein crosdinks.?¥26 In
addition, the acidic nature of tleeprotong’ of the ringopened AP aldehyde facilitates
the generation of DNA strand breaks \beelimination of the 8phosphoryl group
(Scheme2.2.1) 82833

I n neutral aqueous buffers at &randeC,
breaks rather slowly, with halfimes in the range of 262000 h30-343¢ However, the rate

of strand cleavage at AP stan DNA increases substantially with heating, under alkaline
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conditions, or in the presence of amid¥ “® Amine-catalyzed DNA strand cleavage

may be biologically important because the cell nucleus is rich in low molecular weight
polyamines such as spermine that efficiently catayetimination at AP sited?-31:41.:4448
In addition, amineesidues in peptides, histones, and various DNA repair proteins also can

catalyze strand cleavage at AP sif@s enzymology, this is classified aslalyase

reactiort®).
5'
§
P
B
O_w
P-0
3
B ¢H20
51 5!
§ §
P i
0 o]
O _on R OH
P-0 p-o =0
5 AP 5 AP
(ring-closed) (ring-opened)
5 ¢ g-Elim.
3 fg
3P ap
-Elim.
. Yq_ o OH
5'P — —
3' 3I
3’trans-PUA

Scheme2.1.1 The canonical products arising from strand cleavage at an AP site in
DNA arephboephdr yl t e r mitransasb-u(isatdrd®ed aldeimyde t h e
(36 PUA) sugar remnant b-gleninationadgaciah, abdythean i ni

30phosphoryl terminus ( $édimnatipen er ated by s

8T he wavy |lines annotated with 506 ang8chetéredreaente!| s r ep

either a DNA phosphodiester linkage or a terminal phosphoryl group.
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A series of seminal studies established thatimination of phosphate from an AP
site in DNA induced by heat, NaOH, or amine catalysts initially generates a steshkd br
with a phosphoi#yelr mgmnasp tfatsd,P-jinsaumatddadenyde
r esi du e-teonmustStheme23la).313237404L505F K | sugd demnant has been
referred to by a variety of names includimgns-4-hydroxy-2-pentenal §phosphaté?>3
trans-2-hydroxy-5-oxopent3-enyl >* bE (b-elimination productf?’3 6 d RP ( 36deoxyr
phosphate® 3 6 d d R 5-fidehyd?e2,3dideoxyribose5phosphatei®>”and 36 PUA
(phosphea,b-unsaturated aldehyded>®* Her e we wi | | use the 30P
Under mor e vVvi gor vansPUA soigardrenmnantoisremoved mideNA 3 6
altogether by a@,d-elimination reaction that generates a single nucleotide gap flanked by
56P amhdos3pbhor yl ScBemd)1)8Gr 6P b e tilards-BUA sugar
remnant has been detected in the DNA of cultured humart°cafid there is evidence
from studies involving dysregulated base excision repair thadekRed strand breaks are
more toxic to cells than the parent abasic%ifg.

A small number of studies have described product mixtures derived from the
cleavage of AP sites in DNA that are different, and in some cases more complex, than the
canonfraossPIUA3 60 30 Pg | eaanvda ped Ppr o d u c-sugarremnédhtsn c an o |
reportedto arisefrom-e | i mi nati on at csRUAXP®3s6idteeo xi ynrcil buodse
( 3 6 R 3 6 ;cptlized deoxyribosé304! and adducts arising from conjugate
addition of nitrogen nucleophil€%’? or thiols®513t o  ttrans-PUR @roup Figure

2.11).
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such as the AP site in synthetic and cellular DNA. With this in mindnwesstigated the

products arising from strand cleavage induced by treatment of eco@tRining DNA

It is important to determine the secondary products arising from abundant lesions

oligonucleotide with heat, NaOH, piperidine, spermine, and the base excision repair

glycosylases Fpgnd Endo Ill. Under multiple conditions, we foundtthancanonical
sugar remnant s weterminugd APdarived strahd lyeaks in B BNA3 6

oligomer. Our results suggest that the products of strand cleavage at AP sites in DNA

often may be more complex than commonly expected.

1 5I

3 ¢

3‘I|3 3'I-?

0 (0]
Cron T\ Oyon
3’cis-PUA HO

5' 3’-deoxyribose

$
5!
P P :
0 S'F"
0
0O, 0 -\@“OH
p-
7\
O o RS

3',4-cyclized-  3.thio-2,3-
deoxyribose dideoxyribose
5!

3-amino-2,3-
dideoxyribose

Figure211Possi bl e

noncanoni cal 3 Njend

in DNA. The wavy | ines annotated

P represents a DNA phosphodiester.
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2.2  Generation of the ARc o0 n t a i -aligodegxyrideotide.

We examined the products arising from strand cleavage at an AP site embedded in
a polythymidine oligodeoxynucleotidgscheme 2.1). The AP site was installed 5
nucl eotides from the 56 enedndanbdy 1tOr enau creenat
deoxyuridire-containing precursor oligodeoxynucleotide with the enzyme uracil DNA
glycosylase (UDGScheme 2.1).1%747¢ The cleavage products generated under various
conditions were characterized by revepbase HPLC, nanospray EQTOF mass
spectrometry, comparison to authentic synthetic standards, and by diagnostic chemical
reactiors (e.g. conjugate addition of 2mercaptoethanol). The exact retention times varied
slightly from runto-r u n, but the products consistent]| )
30dRransBWA cisBWOWA, 3toPiUAI a d d-wlgd, and dUbligoRearly A P

to late,Figure 2.2.1)

5-TTTTT-dU-TTTTTTTTTT-3
UDG¢
5-TTTTT-AP-TTTTTTTTTT-3’
Cleavage
condition

5-TTTTT-X-3’ X=end group

5-P-TTTTTTTTTT-3

Scheme 2.1 The AP-containing oligodeoxynucleotide was generated by treatment
of a 26deoxyuridine (dU) containing precur

enzyme uracil DNA glycosylase (UDG).

8nt he strand cl eavage pr oduc-endgrbupswgeneratedureler vakouc or r e s p

cleavage conditions and P corresponds to a terminal phosphoryl group.
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AP

5P

3'trans-PUA
§ 3'trans-PUA S’Pis-PUA
a | WMLJ
2 3'dR
B 3P X
AP-oxime
AP
e B A_i/\ |
T T |
0 5 10 15 20
Time (min)

Figure 2.2.1 HPLC retention times of authentic standards for ARoligonucleotide,

50 P¢is @édtransP UA, 30dR, -&in® Framtdp: thePARcontaining

ol i gonuc-TET@IXTAI€ETTITHTO where X=AP) was generated by treatment
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of t he corresponding dU cont-RBi mpirmogd-uot i g b
PTTTTTTTTTT, where P = a -TAhrok3poh)o rwehased rpouur pc)
from | DTransPUA prodidcibwas generated by heating theohBo at 85C in

HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) for 15 #hifihe mixture of

3ds PUA atmadsPQ3ASwas generated by incubation of the-édhtaining oligo in

Tris-borate buffer according to the method of Kushida é¢@.he 306dR -produc
TTTTT-dR-36) was ¢ e ncatalyadd depuriaton af theé adienine residue in the
precurso 5 @ TTTTA-3daccording to the conditions of Bailly and Verly (10 mM HCI,

65 C,<1 h)* For comparison, the ABxime was generated by treatment of thedligo

with CH;ONH,-HCI (2 mM) at 37 °C in HEPES buffer (50 mM, pH 7) containing NacCl

(100 mM) for 2 h.

2.3  Thermal cleavage of the APoligonucleotidegee r at es 306 PUA and 306
Sugiyama showed that thermal treatment of arcARtaining trinucleotide at 90
eC in pH 7 sodi um c atcansdPyA aatheemajbredrly peoductd2é@ n e r at
min).3” At longer reaction times (1 h), D0 % vy i e | disP bA anhde 3B0OAR pr o
wer e o0bser v e drrarsPWAM@dUct dvbile after exteBdéd heating (>1.5 h)
the 36P pr oduSthem @ikl Bigue @.1.1fos ®rectures of these
products).
We found that heatingthe APont ai ni ng ol i gonucl eoti de
(50 mM, pH 7.4) containing NaCl (100 mM) for 15 min generated two n@g@avage
products eluting at 12.4 and 14.4 min in revggBase HPLC analysi§igure 23.1, HPLC

trace c) The 14.4 min peak 1oproduat desivecdbfrombe d t o 1
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el imination at the AP site. Bas®dmon Sugi
peak corr es pransgRUA deavage produdf.Evilénce for the nature of the
12.4 min peakvas provided by investigating its reaction witm2rcaptoethanol. Thiols
readily undergo conjugate addition &gb-unsaturated aldehydes in neutral aqueous
solution/™8% More specifically, our recent work along with earlier precedsimsved that
t hiol s r e adi tragysPUAdgdup ttoo generate diaStereomerith®-2,3-
dideoxyribose (&hio-ddR) adduct$®°1-738! Indeed, we found that addition of- 2
mercaptoethanol (5 mM) to the therdygis reaction mixture, followed by incubation for
15 min at 37 eC, | ed t tvansPUAgoupatl2.4 min with of t
concomitant appearance of two new peaks eluting at approximately 13.0 and 13.5 min
(Figure2.3.2. We ascribed tle® new peaks to the expected diastereometticodddR
pr oduct sterminus df theestraBddreak, arising from conjugate addition of the thiol
t o ttrnePUA @roup Figure2.3.2. Similar results were observed using other thiols
(Figure 23.3.

Th e trah®lPUA and 3thio-ddR end products were stable in pH 7.4 buffer at 37
e C. Speci fi cal transPUA praducbfar 612 b led tooproductioreof 3 6
smal |l amount s (Edure2.3)eT h3ediFPdp praddctm@g not observed
(see bel ow for f urdsiP@A). THe dastenesnsericiBio-2,8ddR t he 3 ¢
pr oduct s-terminus showed r® decomposition over the course of @duare
2.3.5).

Extended heating for 45 min at 85 eC
oligonucl eotide, with generation of the 50
respectively Figure 23.1, HPLC trace ¥l . A very small amount of

be seen eluting near 11 mimdrked by an asterisk in Figure82,, HPLC trae d.
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>

a. precursor du P

- J L

b. AP-oligo AP |

c.AP + 85°C,
15 min 3'PUA I ‘\

Abs (260 nm)

d.AP + 85°C, 3P ‘,
45 min , [

Figure 2.31. HPLC analysis of thermal cleavage of an AP site in DNA (panel A) and
a schematic depiction of the product structures, where P represents a terminal

phosphoryl group or a phosphodiester linkage (panel B).
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A | a.AP+85°C, 15 min AP
5P
’é‘ 3'PUA A
c h
o - I
8, b. AP + 85°C, 15 min
P + HOCH,CH,SH
<
3-thio-ddR ,
(diastereomers) 5P
N b
1 1 1
0 5 10 15 20
B Time (min)

5' (HO\/‘SH ) 5|'

| RSH
3'P OH —m78M» 3'P O
k:\:o -\g_rOH

RS
3-thio-ddR
Figure 23.2 HPLC analysis of the products arising from
2mercaptoethanol with the 36PUA

reaction of

t her mal

diastereomeric mixture of 3alkylthio -2,3-dideoxyribose (3thio-ddR) products on the

30t er mi

nus

of t hhe strusttras adepdtted brr pamek B, where P

represents a phosphodiester linkage.

3¢

c |
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a. 85° C, 15 min AP h
|
5'P \
c 3'PUA /1 |l
g b. 85° C, 15 min
0 + NAC (5 mM) AP
Qo
< |
NAC-ddR 5P
(diastereomers) [; ‘
\ A | ‘
L . leL__
0 5 10 15 20
Time (min)

Figure 2.3.3 HPLC analysis of the reactionofN-ac et yl cyst ei nrans( NAC)
PUA generated by thermal treatment of the APcontaining oligodeoxynucleotide.

Panel aHeating the ARcontaining oligonucleotide in HEPES buffer (50 mM, pH 7.4)
containing NaCl (100 mM) at 85 for 15 min generated two major cleavage products,
3ttansP UA and 56P. P a n econtaining ollg@acleotidegn HERPES AP
buffer (50 mM, i 7.4) containing NaCl (100 mM) at &d4or 15 min, followed by
addition of NAC (5 mM) and incubation for 15 min at @Zcaused disappearance of the

3 tbansPUA peak and appearance of two new peaks, assigned as a diastereomeric mixture
of 3-alkylthio-2,3-dideoxyribose (NAGJ d R) pr od u-<términuoaf thet stramd 3 6
break. Note that the NA@dR products elutes at a different time (retention time near 11
min) than the diastereomeric mixture eal&ylthio-2,3-dideoxyribose products generated

by 2-mer@aptoethanol (with retention times near 13 min under these chromatographic

conditions)
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Abs 260 nm

a. Thermal 3'-PUA sp AP ‘\
3'trans-PUA \' \
| (
A _J ‘;_JL
b.+6 h,pH7.437°C AP
S'P m
3'trans-PUA ‘, '.
Vo |
C.+12h,pH7.4,37 °C 5p Apl
3'trans- PUA ‘L ‘
3P &
. || .u\‘ qu k_
1
0 5 1 O 1 5 20
Time (min)

Figure 2.3.4 tr@8n&PUA is stable in pH 7.4 buffer (in the absence of amines and

thiol). Pan el

a-PUA 3wést gererated by incubation of the -édhtaining

oligonucleotide at 8& in HEPES buffer (50 mM, pH 7.4) containing NaCl (100 mM) for

15 min. Panel b. The product was then incubated & & 6 h prior to HPLC analysis.

Panel C.

stabl e,

course of 12 h.

with only smal/

| transPolaAt i foonr olf 2 3RUA efidhgeoup3strelately n s
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a. Thermal 3'-PUA AP
+ HOCH,CH,SH 5P
3-thio-ddR (
= (diastereomers) .
c N\l \
8 _/\f{ A AJ ‘L ~ |
N | b.+24h,pH7.437 °C AP
2 5P
< _ |
3-thio-ddR ’
(diastereomers) . |
N
Jkﬂ A U\‘ (R tLf\.___
1 1 1
0 5 10 15 20
Time (min)

Figure 2.35. The 3thio-23di deoxyri bose

t h-teninusanghdc t s

buffer are stable (in the absence of amines and thiollPanel a. Thermal generation of

the3 tdansPUA cleavage product, followed by addition efrzrcaptoethanol (5 mM) and

incubation at 37C for 15 min generated a diastereomeric mixture -afk8lthio-2,3

dideoxyribose (dhio-d d R)

pr odu edrnsinusofnthe sttared braak. Panel b.

Incubation at 37C for 24 h did not cause significant degradation of the of talk\athio-

2,3-dideoxyribose (&hio-ddR) products.
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Nanospray ESTORMS analysis provided support for the product assignments
described ative Figures2.3.1and 23.2). The reaction mixture at 15 min revealed strong
signals consistent with the startitamgg AP ol |
PUA product, the 36P product, and a weak,
product (Figure 2.3.6).The observedi/z values and relative signal intensities in the
isotope clusters closely matched those calculated for the proposed prodcitiresru
(Figure 2.3.6). The reaction mixture generated by heating theolgodeoxynucleotide
at 85 eC for 45 min showed signals for the
the HPLC datgFigure 2.3.7. Mass spectrometric analysis of the migtgenerated by
thermolysis of the ARligonucleotide followed by reaction with-rBercaptoethanol
showed a strong signal consistent with thid-d d R p r o d u ctérminusaithe he 36
strand breakFigure 2.3.8)

Overall, the data indicate that heatihg ARc ont ai ni ng ol i gonucl €
in pH 7.4 buffer induceb-e | i mi nat i on t tramsPUA deavage prbdacs, t h e
asexpectedl Ext ended heating ¢e nelimmatiendfthe bugar 306 P p
remnant . Under our reaction «aiePUAproducdbns, t |

was formed, and we obseaosdwed only a trace o

43



x10 4 |-MS Chip Scan (rt: 12.706-13.341 min, 25 scans) Frag=225.0V S1-10x-3ul.d Deconvoluted /O
35 HO_ OH 1636.28096 y
325 - T—T-T-T-T-R 3828

3 ) o OH

275 =t HO O—

25 Calcd 1538.24 5- T—T~T~T7TJP\'\

225 o
.g 2. 3'trans-PUA
S 175 Calcd 1636.28
Q s 1538.23226
..k 15.69 + Na

125 1658.25144

1 11.00
075 +Na
05 1560.21256 1680.25031
- 369 1582.19146 1604.21683 357
0.25 ‘ 137 0.75 l |
0 il L L L M 1| R TR 1L min
1520 1530 1540 1550 1560 1570 1580 1590 1600 1610 1620 1630 1640 1650 1660 1670 1680
Deconvoluted mass (amu)

x10 4 |-MS Chip Scan (rt: 12.706-13.341 min, 25 scans) Frag=225.0V S1-10x-3ul.d Deconvoluted
35 1636.28096 o HO OH
325 3828 7 o

3 :
275 /g HO 0—
25 o 5-T—T—T—T—T—R\0
£ 225 HO 0— 3'dR
T T =TT
3.2 A Caled 1654.29
817
18 3'trans-PUA
125 Calcd 1636.28 1658.25144
1 11.00
1654.27897

075 i
05-1 1632.26728 1650.29454
025 17 ‘ 164404068 217 ‘ ‘ |

04 L - = |
1632 1634 1636 1638 1640 1642 1644 1646 1648 1650 1652 1654 1656 1658 1660 1662
Deconvoluted mass (amu)
100

+ 80

[} ’

$ 3'trans-PUA

Qo 60

E

-

E

s

2 20

0

Figure 2.3.6. ESI(-)-QTOF-LC-MS analysis of the products

1637 1638 1639 1640

Deconvoluted Mass (amu)
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Figure 2.3.7. ESI(-)-QTOF-LC-MS analysis of the products generated by thermolysis

of the AP-containing oligonucleotide after 45 min.Upper panel. Mass spectrometric
analysis revealed deconvoluted neutral ma s
thermal cleavage ohe ARcontaining oligo in HEPES buffer (50 mM, pH 7.4) containing

NaCl (100 mM) at 85C for 45 min. Lower panel. Comparison of experimentally measured
intensities for each peak in the isotope cluster (bars on the left side of each pair) and
expected intesity (bars on the right side of each pair) calculated from the molecular

formula of the 36P cleavage product
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Figure 2.3.8 ESI(-)-QTOF-LC-MS analysis of products generated by thermolysis of

the AP- containing oligonucleotide in the presence of-Bhercaptoethanol.Upper panel.

Mass spectrometric analysis revealed deconvoluted neutral masses for the cleavage
products 3alkylthio- 2,3-dideoxyribose (3hio-d d R) pr o d u-tetmsus@fithet he 3
strand break generated by thermal cleavage of theokRining oligo in HEPES buffer

(50 mM, pH 7.4) containing NaCl (100 mM) at &for 15 min, followed by incubation

with 2-mercaptoethanol (5 mM) for 15 min. Lower panel. Comparison of experimentally
measured intensities for each peak in the isotope cliostes on the left side of each pair)

and expected intensity (bars on the right side of each pair) calculated from the molecular
formula of the cleavage product bearing ththi8-d d R end g r dempnusaooh t he

the strand break.
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24 Cleavage ofthe AROl i gonucl eoti de with-PNAQOHI3G/®@ner
and the Noncanonical 3NdR Product.

Sodium hydroxide is often used to cleave DNA AP sites in biochemical assays. For
example, assays designed to measure the activityoobfunctional DNA glycosylases
often feature a NaOH worku3*® The general expectation is that mild NaOH treatment
gener at es -PUAhgeoup 3b§ thetinsination at the AP ss® For example,
Mazumdar et al. reported (based on HPLCrrétei on t i me) t hat the 30
generated by mild NaOH cleavage of a simgl@nded, ARcontaining, undecameric
oligodeoxynucl eotide (*Nofe vigpusMNaGPiHreatmerits 1 3,
reportedly generated the BGamPandgdaimirato® pr od
reactions $cheme 2.1)13840

We characterized the products generated by Nat@#iated cleavage of the AP
containing oligodeoxynucleotide under several different conditions. We found that a very
mild treatment of the ABont ai ni ng ol igonucl eotide with
generated | ow yields tafisPYAr 4i1@. dl enanaganwi
min) termini at the strand breakigure2.4.1, HPLC trace §l Interestingly, a somewhat
more vigorous NaOH treatmet ( 200 mM, 37 ecC, 20 min) gen
11. 2 min, cl earttansPUA poduct Rigurie2.4f1HBLE tracéye We3 0
assigned the materi al el uti ng a-elutidnwith2 mi n
an authenticstad ar dTTOTT-dB3HO6 prepared by acid -depuri.
36 precursor according to the meth%d of Ba

To the best of our knowledge, generatior
cleavage of an AP site in DNA has not been reported previously. Howevem&ahe

precedent for the formation of this product can be found in the conjugate addition of water
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to the low molecular weight b-unsaturated aldehyde, acrolein, in neutral aqueous

solution2 Accordingly, we suspected that the 30d
AP oligonucleotide with 5 mM NaOH arose via addition of wates  ttlans-PU2 0
cleavage product. Consistent with this idea, a control experiment showed that an authentic
sampl e taisPUAp®du@ generated by thermolysis of the-&igonucleotide
was, indeed, converted t eatmentwithXmMNa@H,8f 306P
e C f d@Figuré2.412)

Treatmentofthe A ont ai ni ng DNA with 200 mM NaOH

generated the 56P and 30P ap-ramdddiedimirsatiomr e sul t i

reactions Figure 2.4.1HPLC trace . We also examined an NaOH workup commonly

used in the study of monofunctional base excision repair DNA glycosyfaseslving

addition of an equal volume of 500 mM NaOH to the-@lgonucleotide in 20 mM

HEPES pH 7.4 containing 100 mM NaClAs follc
expected, this procedure gave tHgere24Xlpected

HPLC trace a).
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a. 500 mM NaOH,  3p 5P
2 min, 95°C N

b. 200 mM NaOH,

’é“ 5h, 37°C 3'P EP
c | N
& C. 200 mM NaOH, 5P
:‘;; 20 min, 37°C 3'P 3dR
S | _m_\ ~
d. 5 mM NaOH, AP
1h, 37°C ,
Jk 3PUA °P
1 1 1
0 5 10 15 20
Time (min)
B 5 Ef 5 5
| NaOH 38Pyon —> 3P 5 !
AP L pp S, 1 3P
| o
3 3 HO

Figure 2.41. HPLC analysis of the products generated by the NaOHmediated
strand cleavage of an AP site in DNA (A) and a schematic depictiori the product
structures, where P represents a terminal phosphoryl group or a phosphodiester

linkage (B).
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a. 3'trans-PUA from Thermolysis

3'-PUA

Abs 260 nm

b. 3'trans-PUA + 5 mM NaOH, 37 °C, 6 h

3-P 3'-dR
N A
T T T
0 S 10 15 20
Time (min)
Figure242 3 06-PUANnss converted to 36dR fOhke

3 tbans PUA product isolated from the thermolysis of the-édhtaining oligonucleotide

(upper panel) was converted to a mixtur@ @ and3 @R by treatment with 5 mM NaOH,

37 C for 6 h (lower panel).

5C

treat



Mass spectrometric analyses supported thettral assignments described above.
The mixture generated by mild NaOH treat met
forthe starting AP0 | i gonucl eot i de, ttranePUA prédugtFigarel uct , &
2.4.3) Analysis of the ARligodeoxynuatotide treated with 200 mM NaOH, 20 min, 37
eC revealed strong signal (figur@Aad iTrepredact wi t h
mixture generated by addition of 500 mM NaOH to the ddBonucleotide in 20 mM
HEPES pH 7.4 containing 100 mM NaCl, oiwved by heating at 95 e
strong signals for théFighhe2BR5.and 306P cl eavag
Overall, the results show that treatment of ancdRtaining oligodeoxynucleotide
with very mild NaOH (5 mM NadbHstrandcleAvage3 7 e C
wi t h 5 dGgréhsRUA dt th& términi of the break. Slightly more vigorous conditions
(200 mM NaOH, 20 min, 37 eC) gave compl ete
generated a mixture of t hworkBpcdn®moryusedt® 6 P pr
detect AP sites in typical DNA glycosyl as

product.
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Figure 2.4.3 ESI(-)-QTOF-LC-MS analysis of products generated treatment of the

AP- containing oligonucleotide with 5 mM NaOH.Upper panel. Mass spectrometric
analysis revealed deconvoluted neutral masses for the cleavage p@tiactsPUA

(major) and3 @R (minor) generated by treatment of the-édhtaining oligonucleotide

with mild NaOH (5 mM, 1 h, 37C). Lower panel. Compeon of experimentally
measured intensities for each peak in the isotope cluster (bars on the left side of each pair)
and expected intensity (bars on the right side of each pair) calculated from the molecular

formul a o+PUAckarag8pgaducta n s
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Figure 2.4.4 ESI(-)-QTOF-LC-MS analysis of products generated treatment of the

AP- containing oligonucleotide with NaOH (200 mM)Upper panel. Mass spectrometric

anal ysis revealed deconvoluted neutral ma s
gererated by treatment of the A#dntaining oligonucleotide with NaOH (200 mM, 20 min,

37 C)-Lower panel. Comparison of experimentally measured intensities for each peak in

the isotope cluster (bars on the left side of each pair) and expected intensityr(tthe

right side of each pair) calculated from tfF
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Figure 2.4.5 ESI(-)-QTOF-LC-MS analysis of products generated by addition of an

equal volume of 500 mM NaOH to the ARvoligonucleotide in 20 mM HEPESpH 7.4

containing 100 mM NacCl, followed by heating at 95C for 2 min. Upper panel. Mass

spectrometric

anal ysis reveal ed

deconvol ut

generated by treatment of the ABntaining oligonucleotide with NaOH (50QMn2 min,

95 C)-Lower panel. Comparison of experimentally measured intensities for each peak in

the isotope cluster (bars on the left side of each pair) and expected intensity (bars on the

right side of each pair) calculated from the molecular formilad h e

3
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25 Cl eavage of the AP oligonucltamsPUAde wi t |

36P, and a npperidiayhaddoat.c al 36

Treatment with hot piperidine (G1LM, 909 5 e-@0 min}i$a standard method
to convert varios DNA modifications into strand cleavages that can easily be detected
using gel electrophoresi$384For example, piperidine workup is employiedclassical
MaxamGilbert sequencing reactiof3.Piperidine workup of a DNA oligonucledg
containing an AP site iIs expected to gener

sequentiah b- andg,d-elimination reactiong:*1:8385

We examined the products generated by treatment of thecoARining
oligodeoxynucleotide with piperidine under several different conditions. We found that
heating the APRoligonucleotide under standard MaxdBilbert condition& involving
piperidlke (1 M) at 95 eC for 30 min in either H
NaCl) or water <c¢cleanly generated the expec
10.4 and 14.4 min, respectivelfrigure 2.5.1 HPLC trace p Electrospray mass
spectrometic analysis of the mixtures generated under these conditions showed the
expected signal s f o(FiguteR2.6.2 5dr €ompansdn, teainkentp r o d u
ofthe ARol i gonucl eotide under the same condit i

geneat ed a cl eavage wmansPtUAr e 3d0dmipigusaaily B3f6 P3 0
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A a. 1 M piperidine, ,
I 30 min, 95°C oP
N 3P |
| |
I .
g b. 1 M piperidine, 5P
! 20 min, 50°C
7 3-Pip-ddR |
N ]
8 | \
(7)) _JLdﬂ\.h_ika_.{tfj___’E%___&A— _ ]
2 T
< C. 5 mM piperidine, AP
1h, 37°C 5P
r| 3PUA |
.H\M - ..__,.'__ | :‘l;_‘*
1 1 1
0 5 10 15 20
Time (min)
B s
5' 2
3'P+_oH '

| Pi —  3P-o
AP IR 5'}“0 T g

O

3' 3 3-pip-ddR

Figure 2.5.1. HPLC analysis of the products generated by piperidinenediated strand
cleavage of an AP in DNA (panel A) and schematic depiction of the product
structures, where P represents a terminal phosphoryl group or a phosphodiester

linkage (panel B).
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Figure 2.52. ESI(-)-QTOF-LC-MS analysis of products generated by treatment of

the AP- oligonucleotide with piperidine (1 M) at 95 C for 30 min (Maxam-Gilbert
workup). Upper panel. Mass spectrometric analysis revealed deconvoluted neutral masses
for the cleavagerpducts3 B generated by treatment of the-8éhtaining oligonucleotide

with piperidine (1 M) at 95C for 30 min. Lower panel. Comparison of experimentally
measured intensities for each peak in the isotope cluster (bars on the left side of each pair)
andexpected intensity (bars on the right side of each pair) calculated from the molecular

formula of the 36P cleavage product .
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Figure 2.5.3. HPLC analysis of a control reaction involving heating the AP
oligonucleotide at 95C f#or 30 min (no piperidine). Heating the ARcontaining DNA
oligomer at 95C for 30 min in water without piperidine generated a mixturd BUA,

3060dR, and 306P.

A milder condition involving treatment of the Aé®dntaining oligonucleotide with
1 M piperidine in HEPES (50 mM)andNaCIL 0O 0 mM) at 50 eC for 20
cleavage of the ABligonucleotide but generated an unexpected product alongside the
typical 50 P e IFigure.b..a HPL® trace h r Thedretention t{me of the
unknown product was clearly distincofm t hat of e trandRWArproduttss 3 6 P
eluting at about 12.9 mi n, trasdPUA.gThe retention but ¢

time of this material was not altered by addition of 2mercaptoethanol (5 mM, 15 min),
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indicating that the productvas not ana,b-unsaturated aldehyde or iminium ion.

Nanospra)feSFTOF mass spectrometric analysis of the reaction products showed a strong
signal consistent with a cleavage product bearingip&ridinyl-2,3-dideoxyribose adduct

on t-tereninud @Bpip-ddR,Figure 2.5.1, Figure 2.5.4We recently characterizete
analogous product generated by a nucleoside model system that mimicsataiyeed
strand cleavag®. In addition, similar 1,4addition products previaly have been
proposed to arise from the putreseiaed 9aminoellipticinemediated cleavage of AP
containing oligonucleotide®:"?

A very mild piperidine workup (6 M pi peri dine, 1 h, 37 eC)
of cleavage at t h eran®FRA groupsat,the teimininof the&tRanda nd 3
break Figure2.5.1 HPLC trace &

Overall, the results show that typical Max&ilbert workup of the ARcontaining
oigodeoxynucl eotide (1 M, 95 eC, 30 min) gel
and 56P termini at t he gap. Less vigorou
cleavage at the AP site, with generation of an unexpeeppesiding2,3dideoxyribos

adduct (3pip-d d R) o 4terminhsef the étrand break.
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Figure 2.5.4 ESI(-)-QTOF-LC-MS analysis products generated by treatment of the

AP oligonucleotide with piperidine (1 M) at 50C $or 20 min. Upper panel. Mass
spectrometric analysis revealed deconvoluted neutral masses for the cleavage product
bearing a Jiperidinyl 2,3-dideoxyribose adduct {Bip-d d R) o fiermtinbseof ti8 06
strand break generated by treatment of thecAftaining oligonuleotide with piperidine

(2 M) at 50 C Jor 30 min. Lower panel. Comparison of experimentally measured
intensities for each peak in the isotope cluster (bars on the left side of each pair) and

expected intensity (bars on the right side of each pair) eddzllfrom the molecular

formula of the 3pip-ddR cleavage product.
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2.6  Sperminemediated cleavage of the ARligonucleotide generates a dynamic
mi xturtensPUUAXEBBA, and 36dR end products t h:
on 306P as tgeprodici, nal <cl eava

Spermine is a biogenic amine that is present in the cell at millimolar
concentrationé? This polyamine efficiently catalyzes strand cleavage at AP sites in DNA
via conversion of the AP aldehyde to the corresponding iminiumirt>48:86
El i mi nat i-ppasphoryl grauhisefaciitdted by the dramatic increase in the acidity

of the a-protons of the iminium ion compared to those of the corresponding aldehyde

(Scheme 2.6)187:88 The b-elimination reaction generates afp-unsaturated iminium ion

intermediate that is substantially more reactive than the correspoadingnsaturated

aldehyde, with respect to both the conjugate addition of nucleophileBeaadidlity of the
g-proton(Scheme 2.6)18%°1

The products generated by spermaagalyzed cleavage at an AP in DNA have not
previously been characterized by any means other than their gel electrophoretic
mobility. 38-3941488Eqrly work provided evidence that the amawntaining tripeptide,
Lys-Trp-Ly s , gendrangP BA d ma 3@ MHowevern alurecénsresults
obtained using a nucleoside model system suggested thatecemagzed strand cleavage
at an AP site has the potential to generate complex mixtures includingran3RBUA,

3@PUA, and 306ghemeps. 20’ uct s (
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5' 5|

6 i
\
/
OH—O -~ OH s
AR
AP, ring-opened 2 ToHs

Scheme2.6.1. Conversion of the APaldehyderesidue to thecorresponding iminium
ion facilitates eimination via increasedac i di t y -Potbns® he U

aT h e r e s whsatirated imidiynbhas the potential to undergo conjugate addition of water (or other

nucl eophil es;elrienti naartrioown) (obrl we, Uar r p.Worbravity, tteeamner at e t t
catalyst is shown as a simple dialkylamine (the actual structure of spermine is sHagurén?2.6.1) The

wavy | ines annotated with 5N and 3Nj |l abels represer

DNA phosphodieter linkage or a terminal phosphoryl group.
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G AP iminium ion
HO

S5-TTTTT [TTTTTTTTT-3

B-e“mb 5P-TTTTTTTTTT

5-TTTTT-P-0+ o4 — 5,-TI-TTI-P-O—¥37~OH

L +, e
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3'dR
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3’-trans-PUA ‘\=\: o

Scheme 2.6.2. Proposed equi {eidpgroupsdollawimgr ol v e d

spermine-catalyzed cleavage of an AP site in DNA.

aAll of the reactions and equilibria shown here are subject to catalysis by amines. For brevity, the amine

catalyst is shown as a simple dialkylamine (the actual structure of spermine is shogurén2.6.).

Indeed, we found that spermirauced cleavge of the APcontaining
oligodeoxynucleotide under physiologically relevant conditions (5 mM spermine, pH 7.4
buffer, 37 °C) generated a complex mixture of products that evolves over time. At early
times (15 min), we observed the intact -Aéhtaining oligdl e o x ynucl eot i de,
elimination product, and two closely spaced peaks eluting near 12.5 min in the HPLC
chromatogramKigure2.6.1, HPLC trace a Based upon our recent wdtkwe suspected

that these two cl osely spacePdUAp eaankidJA3nNNjcg hst

isomers.
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Figure 2.6.1. HPLC analysis of products generated from sperminenediated strand
cleavage at an AP site in DNAfdanel A) and a schematic depiction of the product

structures, where P represents a terminal phosphoryl group or a phosphodiester

linkage (panel B). The chemical structure of spermine is shown inp@nel C).
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Addition of 2mercaptoethanol to this early product mixtoeeised disappearance
of the earlier peak in the doublet, with concomitant generation of two new peaks
corresponding to the diastereomeric mixture ehid-2,3-ddR isomers arising from
conjugate addition ofthe@er capt o et tran®PUA graugFigurl 26.23This
suggested that the f i trans&PUp predict. iThe lateehuteng d o u b | e
peak in the doublet was unaffected by addition-oiétcaptoethanol, consistent with the
l ess react i vesPUAgoup* Suppot hien @ OtisiPBAdrisktss a t ha
from aminecatalyzed isomerization of the initialfy o r mdransPBA, a separate
experiment showed that the authergittansPUA product generated by thermolysis of
the ARoligonucleotide was converted to the doublet of HPLC peaks corresponding to the
cis- andtransPUA isomers upon treatment with sperm{Regure 2.6.3)

ESFMS analysis of the reaction mixture geneddty sperminecatalyzed cleavage
of the AP oligonucleotide at early times supported these product assignments. Specifically,
when the reaction was allowed to proceed for 30 min, followed by workup with 2
mercaptoethanol (5 mM, 15 min), we observed stragmpds consistent with the intact AP
ol igonucl eothiodd R b5 Bjp me t & #£UAZpnoduct.t Note the® tHe i s
SNPUA product i s -PUADIW B resistant w ireaction @itkjthe adaded

thiol under these conditionEifure 2.64).
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Abs (260 nm)
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3PUA \
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Il 3P i
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Figure 2.6.2 Addition of 2-mercaptoethanol to the product mixture generated by the

spermine-catalyzed cleavage of an Afeontaining oligodeoxynucleotide leads to the

disappearance of one component of the doublet eluting at approximately 12.5 min,

with concomitant generation of the 3thio-d d R
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a. 3'trans-PUA from the thermolysis
J'trans-PUA
-

Eb 3'trans-PUA + 5mM Spermine, 10 min, 37 °C

3’trans-PUA 3'cis-PUA
\ /

N

c. 3'trans-PUA + 5mM Spermine, 30 min, 37 °C

-

Abs 260 nm

3'cis-PUA
/

| A N ﬂ N

0 5 10 15 20
Time (min)

Figure 26.3 3 06-PUAnBs converted t-BUA amdPUROei ®f
by treatment with spermine (5 mM). The 3 WansPUA product isolated from the
thermolysis of the ARontaining DNA oligomer (panel a) was converted to a mixture of

3 ttansPUA and3 d@s- PUA by treatment with 5 mM Spermine, 37 for 10 min (panel

b) and to a si nglcePUAeleaakageapsoduct aftere3d mimai &+ he 36

(panel c).
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Figure 2.6.4 ESI(-)-QTOF-LC-MS analysis of the products generated by spermine
mediated cleavage of the AP oligonucleotide in the presence ofm2rcaptoethanol.

Mass spectrometric analysis ealed deconvoluted neutral masses for the cleavage
products3 B, 3 éis-PUA, 3 @R, and 2thio-ddR generated by treatment of the -AP
containing DNA oligomer with spermine (5 mM) in HEPES buffer (50 mM, pH 7.4)
containing NaCl (100 mM) at 3T #eor 30 min, fdlowed by addition of Zznercaptoethanol

(5 mM) and incubation for 15 min. Lower panel left side. Comparison of experimentally
measured peak intensities for each peak in the isotope cluster (bars on the left side of each
pair) and expected intensity (bara the right side of each pair) calculated from the
mol ecul ar f o rPbAdeavage produch leowesd acel right side. Comparison

of experimentally measured intensities for each peak in the isotope cluster (bars on the left

68



side of each pair) anelxpected intensity (bars on the right side of each pair) calculated

from the molecular formula of thetBio-ddR adduct.

To further support our assignment that the closplgced peaks eluting near 12.5
minutes in our HPLC analyses were the andtransPUA cleavage products we used a
literature protocol to generate an authentic sample of these products. Specifically, Kushida
et al. showed that heating an ABntaining oligodeoxynucleotide in T#ixorate buffer
(pH 7.5) generated a 4:1 mixture of tis- andtransPUA cleavage products, alongside
the 36dR c | &alw aug bandp, rHBLCuanalysis of the product mixture
generated by heating our A#®ntaining oligonucleotide using the Kushida conditions did
indeed reveal a closegpaced doublet of peaks eluting near 12.5 min in which the later
el ut icieRUA)(pBd c t domi nat ed. The 306dR cl eavat
min, was also evident in this reaction mixture, as expected. Additiemefaptoethanol
to this product mi xtur e causedtrandRUA)appear
component of the doulilalong with the appearance of characteristic peaks corresponding
to the mixture of &hio-ddR isomers arising from conjugate addition of the thiol to the
3 tbans-PUA group(Figure 2.6.% . Agai n, tclsPUAIcampeaent oftheut i ng
doublet, withits aldehyde residue masked as a cyclic hemiacetal, was resistant to reaction
with 2-mercaptoethandt The results support our conclusion that the early yrtsdof
sperminemediated strand cleavage of the-Aljonucleotide are an approximately 1:1

mi x t u rcis a o @trar®%BUA end groups.
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AP in Tris-borate pH 7.5 5P
90 °C, 30 min
3'cisPUA
3ldR 3,PUA
. 3P \B
= AP
c
s | o
g — A e~
= 5P
2 + HOCH,CH,SH 3thio-ddR
< 3'cisPUA
3'dR
3P \\\ AP
1 1heY
JUL_4;~ ULJD\/\JL Jn
1 1 1
0 5 10 15 20
Time (min)

Figure 2.65. HPLC analysis of authentic cis and trans-PUA. Upper HPLC trace
shows an authentB36dmi xB80 P& ARUA geBaintedBliyc i s
incubation of the AP-containing oligonucleotide in Trisborate buffer according to
the method of Kushida et af* The lower HPLC trace shows that 2 mercaptoethanol
reacts with the latere | ut i ng ¢ o mpRUA ® gdnera@etatchammatesistic 3
thio-2,3d d R r e s i d u eterminas, while ehe 8adlye | ut i gPUA3I® ci s

resistant to reaction with the thiol.
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The products generated by spermmediated strandcleavage of the AP
containing DNA oligomer continued to evolve into more complex mixtures at intermediate
reactiontimes. After6 h, t he amawnsPWtA @fr otdhue t 8issPEA r e a s e d
persisted, and the amount ssedbfgure2l64 HBRGdR and
traces c and)d . The identity of the 306dR product
onceel uti on with an authedRB0cpsépadaddbypfactih
of -ATTBIA-306 precursor (1032 BinMilark,Ghe jdentity ohthe 65 ¢ C
306P pr od tirméd basadon elotion with an authentic sample of the material.

From1224 h 36dR, and 30 P Figue?2.&l HPbCdracesae] or pr
andffand, by 48 h, the 306P and 506P were the o
mediated strand cd&age procesd-{gure2.6.1, HPLC trace § In separate experiment
modeling the final stages of this product evolution, we showed that an authentic sample of
3060dR i s stable in pH 7.4 buffer (in the a
productbyi ncubation with spermine 26%. BEWS f or 2.
analysis of the reaction at 24 h supported the product assignments shéiguréen2.6.1
(Figure2.6.7)

Scheme 2.6.8hows the putative equilibria involved in the evolution efpnoduct
mixture generated by the spermicatalyzed cleavage of the Afdntaining DNA
oligomer. Iminium ion catalysis is central to the formation, interconversion, and ultimate
di sappear an c esugafremndnts obseavediindhis expeiNgos(rated for

the reversible formation of SNh&268Bnd its u
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Figure 2.6.6 Reactivity of 36 dRPanehAduper: Stabilityad us c o
authentic 306dR in pH 7. 4 wasderdemtedfronThdyaeidaut he
catalyzed depurination (10 mM HCI, 66,41 h) of the adenine residue in the precursor

DNA oligomer5 GTTTTTA. Panel A, lower: Incubation & @R at 37C in pH 7.4 HEPES

buffer (50 mM, containing 100 mM NaCl) for 24 h showgeheration of only a small

amount of the8 B product. Panel B: Incubation 8@R at 37 C in pH 7.4 HEPES buffer

(50 mM, with 100 mM NacCl) containing spermine (5 mM) for 24 h showed significant
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conversion of 36dR to thef33R&3pCwpHIdt . Par
HEPES buffer (50 mM, with 100 mM NaCl) containingrizrcaptoethanol (5 mM) for 24

h, showed no significant conversion3@R to new products. Panel D: IncubatiorBafR

at 37 Cdn pH 7.4 HEPES buffer (50 mM, with 100 mM NaGipntaining 2
mercaptoethanol (5 mM) and spermine (5 mM) for 24 h, showed significant conversion of

30dR to the 30P product.

x105 | -MS Chip Scan (rt: 11.145-11.753 min, 24 scans) Frag=225.0V s2-1.d Deconvoluted
HO;(‘\/ OH
1A HO_ OH o
W s-T—T-T-T-T-R 15382296 HO O
i . P
0 3p o §-T—T-T-T-T-R
Calcd 1538.24 3'dR
08 Calcd 1654.29 1654.2779
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T o 1
3 o5 +Na
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O o 1
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Figure 2.6.7. ESI(-)-QTOF-LC-MS analysis products generated by spermine

mediated cleavage of the ARontaining oligonucleotideat 24 h. Upper panel. Mass
spectrometric analysis revealed deconvoluted neutral masses for the cleavage products
30dR and 306P gener a-toetaning INADliganarintdERES butfef t h e
(50 mM, pH 7.4) containing NaCl (100 mM) with sperminen{®) at 37 C for 24 h.

Lower panel. Comparison of experimentally measured intensities for each peak in the
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isotope cluster (bars on the left side of each pair) and expected intensity (bars on the right

side of each pair) calculated from the moleculamfarl a of t he 30dR <cl eav

3P
5’ y-elim 5’
cé) 1,4-addn é
3 OH +H,0 3 OH
— /S <~ /
—N+ -H,O HO —N+
\  p-elm \
'Hzo +H20
+NAR, || -NHR,
5 5
6 S
’ O )
3 LMOH = 3 \kili;
HO Ho —O
3'dR

Scheme 2.6.3 Iminium lon Intermediates Are Central to the Formation,
Decomposition, and | nt-Sugar Remnants $senerated inf Var i
Amine-Catalyzed Strand Cleavagé

a8Reactions involved inthe amiwet al yzed r ever si bl eugdreemmiats arecshowro f v ar |

here in the context of the 3NjdR end group. For brev

The wavy | ines annotated with 5N and 3Nj | abels repr
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2.7 Modeling Cleavage of an AP Site in DNA under Cellular Conditions: Amine
Catalyzed Strand Cleavage in the Presence of Thiol

Cells contain millimolar concentrations of thiols including protein thiols and the
low-molecularweight thiol, glutathiond?®> Accordingly, we felt that it would be
interesing to examine sperminmediated cleavage of the AP oligonucleotide in the
presence of thiol. These reactions may model one of the possible chemical fates of DNA
AP sites in the cellular environment.

We treated the Afeontaining oligodeoxynucleotide witlparmine (5 mM) in the
presence of 2nercaptoethanol (5 mM) in pH 7.4 HEPES buffer (50 mM, containing 100
mM NacCl ). At an early reaction time (1 h),
characteristic adducts resulting from the addition ohétcapte t hano!l -Ut-®6 t he
unsaturated iminium iorScheme2.7.1, Figure2.7.1).

By 24 h, the product mixture contained a subset of the diastereomeric thiol adducts,
along whUWA, 3NMdR, and 3NP. We infer that tF
bet he -BINKi sl eavage pr odu-BUA diee oot pessist intthee 3 Njt
presence of thiols. It is uncertain why a subset of the diastereomeric thiol adducts is more
persistent than the others (only one of the two HPLC peaks corresponding to the
diagereomeric thiol adducts remains at 24 h).

At 48 h, the only significant products
By 72 h, the mixture evolved to 3NP and 5N
experiment designed to model the fin@ges of product evolution under these conditions,
we showed that an authentic sample of the

buffer containingZzZner capt oet hanol but does, in fact,
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major product when incubatedtime presence of spermine (5 mM) anch@rcaptoethanol
(5 mM) for 24 h Figure2.6.6 Scheme.6.3.
It is noteworthy that the presence of thiol in the reaction mixture substantially
sl ows the generation of the f ionsaithouBthNP pr od
thiol (compardrigure 2.6.1 and Figure 2.7.5cheme 2.7.8hows the putative equilibria
involved in the evolution of products generated by the speroatadyzed cleavage of the

DNA AP site in the presence of thiol.

\

+N— . .
4 AP iminium ion
HO

S-TTTTT [TTTTTTTTT-3

B-e”ml\> 5P-TTTTTTTTTI
5-TTTTT-P- 0—\(_L R B-TTTTT-P-0
OH
3'-trans-iminium ~ \= 3'thio-ddR ;\ngv
v-elim | \ 5-TTTTT-P- ob
OH

5’ 'I_I'TTT-P 3’ 3'-cis-PUA
5-TTTTT-P-o0
_\S_)NOH
3'dR HO
Scheme2.7.2.Proposed Equi l i bria InvolvedEndn the Ev

Groups Following SpermineMediated Cleavage of an AP Site in the Presence of

Thiol .2

2All of the reactions and equilibria shown are subject to amine catalysis. For brevity, the
amine catalyst ishown as a simple dialkylamine (the actual structure of spermine is

shown inFigure 2.6.)L
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Figure 2.7.1 HPLC analysis of the time course for the evolution of products resulting
from the cleavage of the ARcontaining oligodeoxynucleotide in the pH 7.buffer

induced by spermine (5 mM) in the presence of-thercaptoethanol (5 mM).
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28 AP Lyase Activity of t he DNA Glycosyl a
3NJPUA) as t heCledwage Broduc6t r and

The ARlyase activity of bifunctional DNA glycosylasenzymes induces strand
cleavage at AP sites and may be important in cellular DNA r&p%irThe typical
expectation is that these | PadAe proadatitorng
el imination or the 3a&jPd-plimjoatian cetictiond/*> ¥ quent i
101 Here, we examined the AP lyase activity of two vetlldied glycosylases, Fpg and
Endo 111

The lyase activity of Fpg on ABontaining DNA was expected to generate a one
nucl eotide gap fl anked by abB-GaRdgagetindnatoro P gr o
reactions:1920n the other hand, the expectations surrounding the lyase activity of Endo

[ 11 were somewhat |l ess cl ear . | t transs wi del

PUA product. For example, the New Engl and
3do the AP sphesplatve ngrad-uddadadbphasptdoal deh

109, 201920 catalog)®® This expectation was born in the early reports characterizing the
enzymé!3240.104.10%d is now well entrenched in the literature of base excision repair.
Interestingly, however, theo®ers and Cadet groups independently presented MALDI
MS evidence indicating that the combined glycosylaBdyase action oE. coliEndo Il
generates the 34dR tiah3@dAv adl@vingorenmebluat 5,6
dihydrothymine, 5hydroxycytosinepr 5-fluorouracil from DNA oligomer$®®’ In
addition, more recent stig$ showed that the lyase action of Endo Ill oncdtaining

duplexes generates *%Hhe 306dR cleavage produ
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Scheme2.8.1AP-Lyase Action of the DNA Glycosyl ase

3NjPUAbas the Major Product

The wavy |l ines annotated with 5N and 3Nj |l abels reprt

linkage.

Theampl i fied r e ac t-lysine120y imirmuim ioh meermeslidtd U A
generated in the catalytic cycle of Endo Ill may enable conjugate addition of water that
produceSsheBed d&R. ) . I n this regard, formati
Endo Il may be mechanistically analogous to the sperroirret al yzed gener ati
described above. The exact reasons for the apparently discordant results in the literature
regar di ng t h-endgraup genesated by the Ipase a&idék.afoli Endo Il
are not completely c¢clear but may arise fro
cleavage products by gel electrophoretic and chromatographic métidBsr example,
when analyzed using denaturing 20% polyacrtr

o n -&y3fldeled 11 mer displayed only slightly different mobilttesh i | e -**P-n a 56
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phosphorylated 17 mer, no clear resolution of these products was odfdnvaddition,
the ability of the 368dR and 36PUA end grou
seen in Figure 2.4.2 and 2.6.6) may present a confounding factor in some afalyses.

We found that the treatment of an A&Bntaining duplex with Fpgleanly
generated the expected Figugr2.8.ahPidC taddR). Thd eav ag
treatment of an ARontaining duplex for 15 min with Endo Il primarily generated the
3NdR product alongsi de a (Fguree2l8llHPaG@aen)t of a
Mass spectrometric analysis of the mixture supported these structural assighigents (

2.8.2. When the AP oligonucleotide was incubated for 2 h with Endo lll in the presence
of22mer capt oet hanol (5 mM), Rghje2B.3whisconsrdl i | |t t
reaction provided evidence ¢t hyaats e3 NJocR iivsi tpyr
enzymeo rather than by the c o-RUAgoductton of &
3NdR. At 2 h, 3 Njd R i Egureé 2181, HPhA thace)plrnaylhect o b's
interesting to note that the products generated by thdy#dge hydration reactions

catalyzed by spermine and Endo Ill are formally equivalent to those resulting from the

hydrolysis of the phadtheAlrgite.y | group on the
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Figure 2.8.1 HPLC analysis of products generated by Fpgand Endo Il - mediated

strand cleavage of an AP site in duplex DNA (panel A). The ABontaining strand is

S0TTTTTXTTTTTTTTTT360,

corresponds to the

wher e

X=AP.

The

c 0 mip | Paneld providesya schematia n d

depiction of the product structures, where P represents a terminal phosphoryl group

or a phosphodiester linkage.
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Figure 2.8.2 ESI(-)-QTOF-LC-MS analysis of the products germated by cleavage of

the AP- containing oligonucleotide duplex by Endo Ill. Upper panel. Mass
spectrometric analysis revealed deconvoluted neutral masses for the cleavage products
30dR and 306P gener atcenthinihgyDNA dugex in lreddl (20 of t he
units) in 20 mM TrisHCI, 1 mM EDTA, 1 mM DTT, at 37C for 2 h. Lower panel.
Comparison of experimentally measured intensities for each peak in the isotope cluster
(bars on the left side of each pair) and expected intensity (bars on the regbt sigch

pair) calculated from the molecular for mul ;
composedofanA ont aining strand S56TTTTTXTTTTTTTT

compl ement ar yeflstrand, 506TTA
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