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ABSTRACT

The integrity of the genetic information encodediyA is essential to all living
organisms, yet the reactive bases of DNA are catigtattacked by endogenous and
exogenous agents resulting in as many as one mittidividual molecular lesions per
cell per day Excessive DNA damage or deficiency in DNA repaizygmes may cause
cancer, premature aging, and neurodegenerativasdise

Endonuclease V (Endo V) is a DNA repair enzyme Wwhian recognize all four
types of DNA deamination products, specificallyacit, hypoxanthine, xanthine and
oxanine. It was also shown that endo V can recegmismatches. We screened about 60
mutants of endo V frornthermotoga maritima and found some mutants had altered base
preferences for mismatchesma endo V Y80A was shown to become a C-specific
mismatch endonuclease. G13D mutation inak-oncogene which was not recognized by
wild type Tma endo V was successfully cleaved Bygna endo V Y80A. This study
provides valuable information on base recognitiod active site organization dima
endo V.Tma endo V mutants can be used for cancer mutationngogrand mutation
recognition.

In order to further understand the role of Y80 nfle V in base recognition, we
substituted the Y80 with sixteen amino acids. Tohgetvith three Y80 mutants isolated
before, we characterized all nineteen mutaniEna endo V Y80 using deaminated base-
containing DNA substrates and mismatch-containingNAD substrates. This
comprehensive amino acid substitution at a sinigge(¥80) underlines the importance of

aromatic ring and hydrogen bond donor capacityasebrecognition by endo V, reveals



additional Y80 mutants with altered base preferennemismatch cleavage, and offers
new insight on the role of Y80 in base recognition.

Though endo V was shown to be important for repaideaminated lesionis
vivo, its DNA repair pathway remains unknown. In ortieiunderstand the DNA repair
pathway mediated by endo V, we have developed ldreel system fromEscherichia
coli. The preliminary results indicated that the repaitch of endo V mediated DNA

repair pathways may consist of a long patch artiba patch repair pathway.
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CHAPTER ONE

Repair of Deaminated Lesions and Applications of Etlonuclease V

l. Introduction

DNA is constantly being attacked by exogenous amttbgenous agents. Over one
million damage incidences occur in DNA per cell gty (1), mostly by oxidation,
ionizing radiation, UV radiation, alkylation, hydysis, thermal disruption,and
deamination. In the following reviews, | will addse the DNA damages caused by
deamination and the enzymes involved in deaminafd®A repair; in particular,
endonuclease V, a DNA repair enzyme capable ofinagaall four deaminated DNA
lesions will be discussed in detail. Last, | wilbover DNA damage recognition

mechanisms.

Il. Deaminated lesions and related enzymes

Guanine has two majdeamination products: xanthine (Xan) and oxanineaf©
while the deamination of adenine, cytosine, andedhylcytosine leads to hypoxanthine,
uracil, and thymine respectively. In this reviewyill focus on nitrosative deamination of

DNA and related repair enzymes and pathways.



A. How does deamination occur?
1. Spontaneous hydrolytic deamination

There are many sources of deamination in DNA. Thestntommon one is
spontaneous hydrolytic deamination. Hydrolytic dewation of cytosine has been
estimatedto introduce between 100 and 500 uracil residueshm formof U:G
mismatches per cell per day (2). Deamination ohadeto hypoxanthine is about 10-fold
less frequent (2, 3). In the spontaneous hydrolggamination, protonated cytosine is
thought to undergo direct attack by hydroxyl grdugm water at the fourth position of
the pyrimidine, this may be the main reaction urleysiological condition (Figure 1.1)

(4). Another pathway involves formation of dihydytasine (5, 6).

NH,
+ ~H
HT %
P T %
I o7 N SH Ho 4
N R - ’
HO\, Crtosine +/L y
i)/ HNZ S
M3 o1 o’ "NT\H
l\ . R OH
T N
& ‘“—N' ~
0] " H Of“\NH:
"*‘i\ 0 HNZ I:S
NH J\ “H r/J\ -
C NN o N\ °H
1 u "~ R OH
R
Uracil HQO

Figure 1.1 Pathways of cytosine hydrolytic deamin&n. 1. The first pathway includes
direct attack of the fourth position of the pyrinme by hydroxylion. This is the main
mode of cytosine deamination under physiologicalditions. 2. The second pathway
occurs via dihydrocytosine formation as an interiaied Taken from (4).



Spontaneous hydrolytic deamination is enhancedelay, lacidic pH and basic pH.
The rate constant of the cytosine deamination riglsi strand DNA is 2-I&° sec® at
37°C. In double-stranded DNA, the rate of cytosileaminationn vitro is about 3000-
fold less (7). Pyrimidine bases are more suscegibbspontaneous deamination than are

the purine bases (5, 7). Purine bases, howakemore easily deaminated by nitrous acid

(8).

2. Nitrosative deamination

Reactive oxygen species (ROS) and reactive nitrogpacies (RNS) are
continuously produced in cells as by-products agblaie metabolism or in response to
stresses. ROS/RNS are known to play a dual roteoillegical systems, since they can be
either harmful or beneficial to living organismsOB/RNS are integral parts of the host
defense and are released by activated white bleldsl ia response to bacterial and viral
infection in human (9). ROS/RNS also act as messsng signaling pathways (10, 11).
ROS includes several oxygen radicals, superoxidg)(@nd its protonated form,
hydroperoxyl (HQ), hydroxyl (OH), peroxyl (RQ), alkoxyl (RO). ROS also includes
some nonradicals such as hydrogen peroxid€®{ hypochlorous acid (HOCI), and
ozone (Q), which are oxidizing agents and are easily cameetinto radicals. DNA
oxidative damage can result in base or sugar agidsicigle and double strand breaks, as
well as cross-links to other molecules. Most osth®NA modifications are mutagenic,
and thought to be related to cancer, aging andodegenerative diseases (12-14).
Oxidative damage to pyrimidine and purine basesbeas well characterized. The most

common pyrimidine lesion, thymine glycol can bla@plication and transcription (15).



The most common and extensively studied purine fivadion is 8-oxodeoxyguanine (8-
oxodG). It is formed by the addition of H® C-8 of guanine. It can cause G:C to AT
transversion mutation (16). RNS includes nitricdex{(NO), nitrate (NQ), nitrite (NG,

), peroxynitrite (ONOO-), nitrogen dioxide, and @eynitrous acid (ONOOH). They can
be converted to more active,®t which can induce nitrosative deamination of DNA

(Figure 1.2) (10, 17).

] e

e - =
07 "N Gytosine 0% NH
i
ILHEO H
R HO.  NiOHs
| B | HN™ ™
A J—1 J
0% "NH 0 "NH
X
HN™ ™
|

D”J\m-r’

Uracil

Figure 1.2 Nitrosative deamination of cytosineTaken from (17).

Increasing evidence shows that chronic inflammai®ra risk factor for the
development of a variety of human cancers (18-Z0)hough the mechanisms of
carcinogenesis associated with inflammation arduilyt understood, it is suggested that

DNA damage by reactive oxygen species and reactitregen species secreted by



activated macrophages and neutrophils is one ofmehanisms. Nitric oxide (NO) can
be generated endogenously through the oxidatidrarfjinine by nitric oxide synthases
(21). NO exists in various cells after infectiomemical stimulation, and inflammation.
NO is produced at the surface of the endothelidls clllowing the addition of
bradykinin and in activated macrophages (22). Atdéd macrophages generate NO at a
rate of~6 pmol §* per 16 cells (23). NO also can be formed by the combustibfossil
fuels and smoking of cigarettes (24). NO concerungtin the atmosphere of large cities
range from 0.040 ppm to 0.077 ppm due to emissiom® motor vehicle (24, 25).
Cigarettes smoke contains 80-110 ppm NO (26). Apprately 80% of NO was
absorbed during human breathing (27). The NO repctkly with G, to generate nitrous
anhydride (NOs3), a potent nitrosating agent that causes deaminafi@momaticamines
by formation of an aryl diazonium ion (28). G:C &T mutations at CpG sites
containing 5'-methylcytosine may result from theaméation of 5-methylcytosing®
thymine (29). The deamination of cytosine to uraalses G:C to A:T mutations by
pairing of uracilwith adenine (30). Deamination of guanine to xamglcauses G:C to
A:T mutations by pairing of xanthine with thyming7). The deamination of adenine to
hypoxanthine causes A:T to G:C mutations by paimidhypoxanthine with cytosine

(17).

3. Deaminase caused deamination
In 1999, Muramatsu and colleagues found a novel RNKing deaminase named
activation-induced cytidine deaminase (AID) (31patdr, it was found that AID can

catalyze deamination of dC residues on single-dgdDNA in vitro (32). The dC to dU



deamination activity was moswid on double-stranded DNA substrates containing a
small "transcription-likesingle-stranded DNA bubble (32).

When human AID is expressed in yeast, which doédhaee a DNA deaminase,
it causes increased C:G to U:G mutation (33). Rgeresearchers showed that AID is
necessary in mouse and human for the somatic hypation (SHM) and class-switch
recombination (CSR) of immunoglobulins (Igs) (3%8).3Patients with AID deficiencies
suffer recurrent infections due to autoimmune dlecs (34, 36). AID is not only
required for a healthy immune system to fight oithwlogical invaders but also
necessary for bioenergetics (37, 38, 39). Thougmeed deaminases to help immune
system to fight pathogens, too many of them masesmse the chance of cancer.

| will discuss the deaminated lesions and relatedymes in the following

sections.

B. Occurrence of uracil in DNA and related repair enzymes
1. dUTP formation and regulation in DNA

dUTP (2-deoxyuridine 5’-triphosphate) is one ot thucleotides in living
organisms. It takes part in several chemical reastin cells. dUTP can be formed from
the reaction of a DNP kinase on dUDP (40). It candenerated from UTP by a
ribonucleotide reductase k& coli (41). dUTP also can be produced by dCTP deaminase
through deamination of dCTP (42). dUTP is consunmethe dUTPase reaction where
the dUMP is utilized as precursor for the synthe$ighymine nucleotides by the enzyme
thymidylate synthase (43). Anticancer agents, sumh 5-fluorouracil (5-FU),

fluorodeoxyuridine (FUdR), and xeloda (capecitapirtan inhibit the thymidylate



synthase activity, leading to dUTP accumulatiomcurmisincorporation into DNA, and
uracil-DNA glycosylase-induced strand breaks, udtiety result in cell death (44). Uracil
in DNA results from either deamination of cytosmremisincorporation of dUTP, giving
rise to mutagenic U:G mispairs and less harmful tedpectively. U:A pairs, though not
miscoding, may vyield cytotoxic and potentially ngeaic abasic sites (45). The
concentration of dUTRn vivo is regulated by DNP kinase, ribonucleotide recaesta

dCTP deaminase, and dUTPase (Figure 1.3) (46).
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Figure 1.3 Thede novo pathway of pyrimidine deoxynucleotide synthesisindividual
enzymes are identified. Dotted arrows indicate emneyactivities, so far only found iB.
coli and other enterobacteria. Dashed arrow indicategn@c activities not found ir.
coli but observed in a majority of other organisms. Talkem (46).
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Deoxyuridine triphosphate nucleotidohydrolase (de3d) is the key regulator of
cellular dUTP pool. dUTPase acts in hydrolyzing dJTo dUMP and inorganic

pyrophosphate. This reaction not only providespiteeursor for de novo dTMP synthesis



but also decreases intracellular dUTP level andaesl the probability that dUTP will be
incorporated into DNA by DNA polymerases during liegtion and repair processes
(47). dUTPase can be classified into two groups,isrextremely specific to dUTP while
the other has broader enzyme specificity. The dd&Pahat work exclusively on dUTP
are almost ubiquitous in nature. dUTPases from alsirhigher plants, fungi, bacteria
and viruses (DNA and RNA viruses) have been charaetd, which consist of three
identical subunit polypeptides, each of approxityals0 amino acid residues (47-50).
The other group of dUTPases which is less well kmmansists of the enzymes from
protozoa likeleishmania andTrypanosoma (51, 52). The members of this group differ in
sequence from the dUTPase in the first group. Tigeaform of dUTPase of this group
is homodimer and the enzymes have broader spégifiTPase fronieishmani and
Trypanosoma can hydrolyze both dUTP and dUDP (53, 54). Théeviagtof dUTPase is
not sufficient to protect against the presenceratiliin the genome. A small, steady-
state concentration of dUTP is present in cellallatimes that can be incorporated into
DNA by polymerases. In addition to this, cytosireaohination also cause considerable
amount of the uracil in the genome. Cells needeahanism to remove the uracil from

the DNA.

2. Enzymes that recognize uracil in DNA
Uracil lesion in DNA is mainly repaired by uracilygosylases through Base

Excision Repair pathway (55).



a. Uracil-DNA glycosylase (UDG)

In E. coli, Uracil-DNA glycosylase (UDG) and mismatch-specitiracil-DNA
glycosylase (MUG) can recognize uracil residueBMNA and cleaveN-glycosidic bond
between uracil and deoxyribose sugar. In 1974, dlhdirst discovered thE. coli uracil
DNA glycosylase which is the first glycosylase digered (56). Thé. coli UDG gene
(ung) was also the first uracil DNA glycosylase clor{(&@) and sequenced (58). UDG is
inhibited by free uracil and some of its derivaiv®9, 60). Interestingly, a family of
bacteriophages including PBS1 and PBS2 which infeet bacteriaBacillus subtilis
incorporate uracils instead of thymines into tlggnomes (61, 62). PBS1 and PBS2 have
a UDG inhibitor protein (Ugi) to avoid these futilepair cycles by the host UDG (63,
64). E. coli UDG removes uracil both from single-stranded amglek DNA (65).
Researchers have shown uracil-DNA glycosylase bikitsks, and compresses the
duplex DNA backbone while scanning the minor groéwea uracil residue (66). Once
bound with the uracil, the enzyme uses a “pinchigudl” mechanism to extract the

uracil nucleotide from the DNA base stack and parsiit into the active site (66-68).

b. Mismatch-specific uracil-DNA glycosylase (MUG)

E. coli mismatch-specific uracil-DNA glycosylase (MUG) wiast discovered by
Gallinari and Jiricny (69). It shares homology withe mammalian thymine-DNA
glycosylase and can excise uracil from U:G paitsusl it was thought to be a backup
enzyme for uracil DNA glycosylassMUG was found to excise 3, N4-ethenocytosine
(eC) from ¢C.G pairs and had much better activity & from £C:G pairs than uracil

from U:G pairs (70). Some evidence showed thatheeitC nor U may be the



biologically relevant substrate for MUG. Ethenosit is not detected i&. coli and the
reversion assay showed no increase in mutations whey was inactive (71, 72). Mug
was later shown to have wide substrate specificity:can cleave T (73), 5-
hydroxymethyluracil (74), N*-ethenoguanine (75), and 8-(hydroxymethyl¥3,
ethenocytosine (76).

In human, it was reported that human uracil DNAcghylase 1 (UNG1), human
uracil DNA glycosylase 2 (UNG2), single strand-stilee monofunctional uracil-DNA
glycosylase (SMUG1), thymine DNA N-glycosylase (TP@nd mCpG binding domain

protein 4 (MBD4) can recognize the uracil in DNA.

c. Uracil DNA glycosylase 1 and 2 (UNGL1, UNG2)

In 1976, a human uracil-DNA glycosylase activitysafast reported by Sekiguchi
and colleagues (77). Olsen and colleagues clonedhhtNG cDNA based on the amino
acid sequence of N-terminal end of human placddb (78, 79). The human UNG
gene is located at 12924.1 and spans approximaBe8/kb (80). The human UNG-gene
encodes the mitochondrial form UNG1 and nucleamfddNG2 using differentially
regulated promoters (PA and PB) and alternativecisggl UNG1 and UNG2 have a
common catalytic domain, but different N-terminafjgsences (81). The N-terminal end
of UNG1 has a classical and very strong mitochahdargeting signal (MTS) which is
not found in UNG2. Most of the MTS will be cleavéy mitochondrial processing
peptidase once entering the mitochondria (82). ALGO amino acids of the N-terminal
of UNG2 are required for complete nuclear targetthgugh the unique N-terminal 44

amino acids have the most important informationthe nuclear localization signal
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(NLS). The N-terminal part of UNG2 contains a mdaf binding with proliferating cell
nuclear antige{PCNA) (83). It also contains a motif which has bekmonstrated to
bind replication protein A (RPA) (84). The intenacts of UNG2 with PCNA and RPA
take place in replication foci (83).

UNG2 plays an important role in removing misincagaauracil (U:A pairs) in
DNA. It is supported by the fact that Uhgnice have very slow rate of removal of
incorporated uracil in nuclei (85) and anti-UNG2ilodies can inhibit immediate post-
replicative removal of incorporated uracil in igel nuclei (86). UNG2 has a turn over
number of 600-1000 per min which is important femoval of misincorporated uracil
close to the fast moving replication fork. UNGZ2aiso found in neucleoplasm and may
repair U:G mispairs generated from cytosine deatimng87). UNG2 has greater affinity
for the abasic site than for the uracil in DNA aedhains bound to the abasic site after
the removal of uracil (88). The abasic site is ngsdcessed by apurinic/apyrimidinic
endonuclease (APE1) which nicks at $ide of the abasic site, resulting in & 5

deoxyribose phosphate group that is a substratufssequent repair by repair enzymes.

d. UNG2 in immunoglobulin diversity

B lymphocytes are specialized in antibody produrctiéunctional antibody-
encoding immunoglobulin variable (V) genes are iedded from non-functional V,
diversity (D) and joining (J) gene segments onlinells (89). After antigen encounter,
these cells can then further modify their V gengssbmatic hypermutation (SHM),
generating antibodies with improved affinity. Inditbn, the constant region, uCin

virgin B cells, can be changed to/,CCa, or Ce by class switch recombination (CSR)
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after activation of B cells. Both AID and UNG arssential for somatic hypermutation
(Figure 1.4) and class-switch recombination (Figufs (35). Compared to nuclear form
UNG2, mitochondrial form UNG1 is less studied. Th&e of UNGL1 in mitochondria is
still unclear. Recent research shows that inhibittd UNG1 in mitochondria by uracil
glycosylase inhibitor (UGI) did not lead to eithgpontaneous or induced mutations in

mtDNA suggesting that backup mechanism(s) may éxigte mitochondria (91).
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Figure 1.4 Model for somatic hypermutation. The dU bases resulting from AID-
mediated dC deamination can be removed by uraciA RWN/cosylases. If removed,
mutations from G/C or A/T can arise via replicatimnbase excision repair. If U is not
removed the U template can be copied into A byiecapbn, leading to a C/G to T/A
transition in one daughter cell. The other daugletdl will have the unmutated C/G.
AID, activation-induced deaminase; E, Ig enhan&BP, enhancer-binding proteins;
RNAP, RNA polymerase lIl; bent arrow, transcriptiart site; Taken from (90)
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Figure 1.5 Model for class switch recombinationThe top line shows the mouse Ig
heavy chain genes in B cells expressing IgM. Saratiws indicate that AID deaminates
dC within Siw and a downstream S regiory{Shere) to initiate CSR. UNG excises U, AP-
endonuclease/lyase activities create single-stracics on top and bottom strands qf S
and 1. Also shown are germline transcripts which muestranscribed irmis from the
unrearranged S—CH segment in order to obtain siwgcliRecombination occurs by an
intrachromosomal deletional end-joining process bhttom line shows the heavy chain
chromosome after CSR to IgG1. Taken from (90).
e. Single strand-selective Monofunctional Uracil-DK Glycosylase (SMUG1)

hSMUG1 was first discovered in 1999 (92). It hadevspectrum of substrates. It
removes uracil, 5-hydroxymethyluracil (93) and Bafigluracil from single- and double-
stranded DNA (94). hSMUGL1 is not indicated to havele in removal of incorporated
uracil and it does not accumulate in replicatioai.fit is proposed that SMUG1 evolved
as a necessary and separate mechanism on premat&gén lesions resulting from
genome-wide hydrolytic deamination of cytosine (3Byerexpression of SMUG1 does
not restore detectabia vitro class switching in UNG-deficient mouse B lymphasyt

suggesting that SMUGL1 is not involved in the ditfergtion of antibody genes (96). In

mammalian cells, SMUGL1 is only expressed at lovelewand is not detected in cell-free
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extracts by western blotting with SMUG1 antibod{8%). UNG1, UNG2, and SMUGL1

are the only known DNA glycosylases with preferefmesingle-stranded DNA.

f. mCpG binding domain protein 4 (MBDA4)

Human MBD4 was first discovered in 1998 as a prowehich binds specifically
to methylated DNAIn vitro (98). It has 580 amino acids which contains areiatnal
methyl-binding domain, MBD (residues 82-147) an@€-#erminal glycosylase domain
(residues 401-580) with homologyEocoli thymine glycol glycosylase (Endo 1ll) and 8-
0x0G:A specific adenine glycosylase (MutY). MBD4ognizes and removes thymine
and uracil from a G:T and G:U mispair respectivelyinmethylated CpG sequences (99,
100). MBD4 also removes the uracil analog, 5-flumeeil from G:5-fluorouracil mispair
(101). It has been shown to interact with MLH1,ratein involved in mismatch repair,
byusing a yeast two-hybrid system (102). Further erpents demonstrated that loss of
MBD4 function causes several MMR proteins talben-regulated (103). It mediates the
apoptotic response to DNA damage in cells. MBD4icterficy reduced the normal
apoptotic response to a range of cytotoxic agerdsiding gamma-irradiation, cisplatin,
temozolomide and 5-fluorouracil (5-FU) (104). MB@stfrequently mutated in a large
number of MMR-deficient tumors that exhibit micrtedate instability (MSI). However,
MBD4-null mice are viable and fertile, and have apparent increase in tumor

susceptibility (105).
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g. Thymine DNA N-glycosylase (TDG)

Human thymine DNA glycosylase (hTDG) was first fied from Hela cells by
Neddermann and colleagues (106). It was clone®®&®% =hnd showed a molecular weight
of 46 kDa (107). hTDG was found to have activity @rlJ and G:T mispairs while it
removes U from U:G mispairs with 10-fold highegkhan T from G:T mispairs. hTDG
can cleave 5-fluorouracil (5-FU) in both doubleastied and single-stranded DNA. It
also has activity oaC in DNA which may result from exposure to vinylahitle or lipid
peroxidation (108). After hTDG cleaves the U fronGUmispair, it remains bound to the
products suggesting it has a very low catalytiodwer number. The rate-limiting step in
this reaction is the release of the product dustriong interactions between the enzyme
and the Watson-Crick face of the guanine opposiee AP-site (109). APE1 strongly
stimulates the activity of TDG by displacing TDGorfn the AP site due to its higher
affinity for the AP site (110). It has been demoatgtd that a large portion of cellular
TDG is covalently modified by the ubiquitin-like ggeins SUMO-1 and SUMO-2/3ln
vitro sumoylation of TDG leads to the reduction of TD@f8Bnity for both substrates and
products. It was suggested that TDG binds its satestn the unmodified state, and the
cleavage, sumoylation allows TDG detach from thedpct AP-site due to reduced

affinity (111).

C. Occurrence of hypoxanthine in DNA and related rpair enzymes
1. dITP formation and regulation
dITP exists in all cells in a low concentrationTBImay be generated from dATP

by spontaneous and nitrosative deamination (11ZP ¢ potentially mutagenic, and the
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concentration of the nucleotide in cell is con&dll by inosine triphosphate
pyrophosphatase (ITPas&he gene coding for ITPasd,PA, is located on the short arm
of chromosome 20 (113). ITPase hydrolyzes ITP/dtdRMP/dIMP and PPi (114).
ITPase deficiency is a common inherited conditidraracterized by the abnormal
accumulation of inosine triphosphate (ITP) in ergtdytes that can lead to thiopurine
drug toxicity (115, 116). An ITPase which hydrolyz€P, XTP, dITP was first
discovered inMethanococcus jannaschii by a structure-based approach (117). In 2001,
Lin and colleagues cloned a 21.5-kDa human inosiimhosphate pyrophosphatase
(hITPase) which can hydrolyze ITP, dITP, and xasith® 5'-triphosphate to their
respective monophosphates, at optimal pH of 10)(1A&ITP- and XTP-hydrolyzing
protein was found irkE. coli by Chung and colleagues (119). Later, a proteirl@f
amino acid encoded byjj¥X gene inE. coli was found to hydrolyze ITP and XTP (120).
ITPase may play a role in protectithg genome from incorporation of rogue nucleotides,

suchas ITP, dITP and XTP, into DNA and RNA (121).

2. Enzymes that recognize hypoxanthine in DNA
a. 3-methyladenine-DNA glycosylase Il (AIKA)

3-methyladenine-DNA glycosylase 1l (AlkA) was firpurified fromE. coli by
Riazuddin and Lindahl in 1978 (122). The enzyme Vedsr cloned by two groups at
about the same time (123, 124). Theoli AlKA protein is a member of the glycosylase
family which includes the endonuclease Ill, Mutyigde8-oxoguanine glycosylase (OGG)
proteins (125, 126). These proteins have littlelanity in amino acid sequence except in

the region of the Helix-hairpin-Helix (HhH) motihd a conserved catalytic aspartate, but
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share a very similar three-dimensional structireoli AIKA can remove alkylated bases
such as 3-methyladenine (3-MeA), 3-methylguanineM€gs), 7-methylguanine (7-
MeG), 7-methyladenine (7-MeA) among which 3-MeAaispreferred substrate (127).
AIKA also recognizes formyluracil (128), ethanolmg&29, 130), hypoxanthine (131)
and xanthine (132). Thecl value of AlkA for xanthine was 5-fold lower thamat for 7-
methylguanine (132). The crystal structure of AlkAggests the widening of the active
site located in the cleft between two domains efAtkA protein could explain the broad
spectrum of substrates of this enzyme (133). ThaAlgA excise hypoxanthine in DNA
in vitro, it is not likely the primary enzyme that involvad repair of hypoxanthinen
vivo. E. coli mutant cells which lack AIKA protein did not exhibignificant increase in

mutation frequency when exposed to nitrous acid )13

b. Endonuclease V (Endo V)

Endonuclease V (Endo V) was first discovered agrazyme that can recognize
DNA treated with osmium tetroxide, acid, and bakg5). Endo V was shown to be a
primary enzyme that deals with hypoxanthine (18%. will review this enzyme in detalil

later (Section Il and Section ).

c. Alkyladenine DNA glycosylase gene (AAG)

In 1991, three groups published data on cloning ardression of human
alkyladenine DNA glycosylase gene (hAAG) by phepatyscreening okE. coli (tag-
alkA-) cells exposed to methylmethane sulfonate/{139). AAG is also named MPG

(138) and ANPG (139). Besides alkylation damag@#y@& recognizes a wide variety of
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other damaged bases in DNA, including hypoxanth{@81), xanthine (140), 8-
oxoguanine (141), oxanine (143), cyclic etheno atki(144, 145), and various adducts
of nitrogen mustards used in cancer chemotherag)(1The structure of AAG
complexed with DNA containing a modified apuringyamidinic (AP) site showed that
the AP site analogue was flipped out of the DNAMahd into the active site of the
enzyme (147). Using cell extracts from wild-typeda®AG knockout mice, researchers
found that AAG is the principal enzyme repair 3-hyéadenine, 1, Riethenoadenine,
and hypoxanthine (148, 149). hAAG activity can benslated by AP endonuclease,
proliferating cell nuclear antigen (PCNA) (150), AB23 (151), estrogen receptar
(ERa) (152). ERy can increase acetylation of hAAG, stabilize hiveing of hAAG with
hypoxanthine-containing oligos, and enhance removdiypoxanthine from DNA by
hAAG. In addition, hAAG can decrease p300-mediateetylation of estrogen receptor,
stabilize the interaction of ERwith estrogen response element-contairahgos and
reduce transcription of simple and complex EREr¢g®&n response element)-containing
reporter plasmids (152). Interestingly, the intéiac of hAAG with MBD1 studiedn
vivo showed that the MBD1-hAAG complex normally exists the methylatedene
promoter suggesting that hAAG may coopevate MBD1 for transcriptional regulation
(153). Recently AAG fronBacillus subtilis was cloned and characterized (154). It was
shown that the AAG fronBacillus subtilis removes hypoxanthine much faster than
human AAG with a 10-fold highemalue fork.; than that of hAAG. We have cloned the
AAG from Mycobacterium tuberculosis which has stronger activity toward hypoxanthine

than that of hAAG (H. Gao and W. Cao, unpublishathy
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D. Occurrence of xanthine in DNA and related repairenzymes
1. dXTP formation and regulation

Xanthine, is a product on the pathway of purineabelism and is converted to
uric acid by the action of the xanthine oxidaseyamz 2'-deoxyxanthosine (dX) results
from the deamination of deoxyguanine by hydrolyiicnitrosative deamination. dX is a
relatively stable lesioat pH 7 and could plagy role in deamination-induced mutagenesis
(154). Xanthine in DNA under acidic conditions rsstable and tends to depurinate (155-
157). Oligos containing xanthine can be preparest-pgnthetically (156). It also can be
prepared by phosphoramidite chemical synthesis)(I8¥ miscoding properties of dX
have been studied by several groups using variobgnerases (157-160). Among the
polymerase investigated, human immunodeficiencysvir reverse transcriptase, exo
Klenow fragment of DNA pol I, and Drosophila DNA Ipo tends to incorporate dCMP
and dTMP opposite the dX lesiohaq pol, rat pop and human pdb insert only dCMP,
the correct base, opposite the lesion, humanapal and x preferentially incorporate

dTMP opposite the lesion.

2. Enzymes that recognize xanthine in DNA

In 2000, Kow and colleague first reported that de@xthosine in DNA can be
recognized byE. coli endo V (161).E. coli endo V cleaves both deoxyinosine and
deoxyuridine in single or double-stranded DNA, whilit only recognizes
deoxyxanthosine in double-stranded oligos. It waswsy endo V cleaved DNA
containing deoxyxanthosine at the second phospsiadibond 3to the lesion just like

the cleavage of DNA containing deoxyinosine or kngase mismatches (161-163).
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Terato and colleagues showed that AIKA and endol \dlso can recognize
deoxyxanthosine. ThK,, values of AIKA and endo VIII for xanthine web8 nM and
124 nM respectively (164). AAG, endonuclease lihdaormamidopyrimidine-DNA
glycosylase(Fpg) also cleave deoxyxanthosine from DNA butitiah to X:C mispair

(140).

a. Endonuclease V

See Section 1I-B, page 27

b. 3-methyladenine-DNA glycosylase Il (AlkA)

See section I-C-2-a, page 17

c. Alkyladenine DNA glycosylase gene (AAG)

See section |-C-2-c, page 18

d. Endonuclease VI

nei, the gene folE. coli endonuclease VIII, was first cloned in 1997 (164).
encodes a 263 amino acid protein that has signifisamilarity in both the N-terminal
and C-terminal regions with bacterial Fpg protdit®4).E. coli singlenei mutant has no
obvious phenotype whil&. coli double mutants ohth (endonuclease ll})nei, are
hypersensitive to the lethal effects of ionizingliedion and hydrogen peroxide (164-
166).nei nth double mutant has 20-fold spontaneous C to T itrans above background

(167). E. coli endonuclease VIIIng) is a bifunctional glycosylase with botN-
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glycosylase and AP lyase activities. It excises iffex pyrimidines, including thymine
glycol, dihydrothymine, B-ureidoisobutyric acid, urea residues, hydroxycdytes 5-
hydroxyuracil, and uracil glycol from DNA (168-170Endonuclease Vlllalso can
recognize  8-oxoguanine (8-oxoG) (171), 2,6-diamdroydroxy-IN-methyl-
formamidopyrimidine (171) and xanthine (132). ThexKalue of endonuclease for
xanthine was 50-fold lower than that for thymingogll (132). Humame homologs
hNEI1 andhNEI2 was cloned recently (172, 173). hNEI1 cleaves satest containing
thymine glycol, dihydrothymine, dihydrouracil, 5dnpxycytosine and 5-hydroxyuracil
(174). It was demonstrated that hNEI1 can recoghi&PY-A and FAPY-G from X-

irradiated DNA and have weak activity against 8-GXd75).

e. Endonuclease lli

Endonuclease Il nth) initiates baseexcision repair of oxidatively damaged
pyrimidine bases in DNA (176). The primary substsatorE. coli EndonucleasH! are
5,6-saturated pyrimidines, such as 5,6-dihydrotimayb,6-dihydro-5-hydroxythymine
and thymine glycol (5,6-dihydro-5,6-dihydroxythymeip and  5-hydroxy-5-
methylhydantoin formed by-irradiationin DNA (177). E. coli Endonuclease Il also
excise a pyrimidine ring-opened derivative ofNf;ethenoadenine (178), 8-oxoguanine
in 8-0x0G:G mispair (179), hydantoins derived bytter oxidationof 8-oxoguanine
(180), apurinic/apyrimidinic (AP) site, thymine ghls, urea residues (181), and 5-
hydroxycytosine an&-hydroxyuracil (182).E. coli endonuclease Il first excises the
damaged base by hydrolyzing the N-glycosylic boativeen the damaged base and the

DNA backbone, and then cleaves the phosphodiéstaage on the 3' side of the
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resultant AP site by a R-eliminatioeaction to generate a strand scission product
containing a 5' phosphate and a 3' unsaturatechyalde(183-186). Endonuclease |li
contains a [4Fe-4S] cluster which is not directlyalved in the substrate binding (187-
190). It is reported that endonuclease Il may tiee[4Fe-4S] cluster to mediate redox

chemistryas part of a signaling mechanism to detect basenle$191).

f. Formamidopyrimidine-DNA glycosylase (Fpg)

E. coli formamidopyrimidine-DNA glycosylase (Fpg, also kmoas MutM) is a
bifunctional glycosylase which has 269 amino acwish a molecular weight of
30.2 kDa The monomeric zinc finger repair enzyme excise dggdabases such as 8-
oxoguanine (8-oxoG) (192, 193), 2, 6-diamino-4-loygyr5-formamido pyrimidine
(Fapy-G) (194, 195), which were indicated as thgomaubstratein vivo. Fpg also
remove 7-hydro-8-oxoadenine (8-0xo0A), Fapy-A (1¥g)urinic/apyrimidinic (AP) sites
(197), 5-hydroxycytosine, 5-hydroxyuracil (5-OHW8(), dihydrouracil (DHU) (198),
uracil glycol (170), thymine glycol (199), and hydi@n (200). Fpg has three enzymatic
activities, DNA glycosylase activity that removestdamaged base from the DNA to
generate an abasic (AP) site (192), AP lyase é&gtithat cleaves the’-3and %
phosphodiester bond at AP sites via pa-elimination mechanism (201, 202),
deoxyribophosphodiesterase (dRpase) activity #rabres the 'sdeoxyribose phosphate

moiety (Figure 1.6) (202).
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Figure 1.6 Fpg activities.1l. Glycosylase activity. 2. AP lyase activity.. dRpase
activity. Adapted from (202).
E. Discovery of oxanine in DNA and related repair ezymes
1. dOTP discovery and enzymes that recognize oxarnios in DNA

Oxanosine was discovered as a new antibiotic in1188m Streptomyces
capreolus MG265-CF3 (204). Oxanosine suppresses the groth 1210 leukemia in
mice, HelLa celldn vitro, and exhibits antibacterial activity agaiistcoli K-12 (204-
206). The antitumor studies of oxanine using rdnkly cells infected with mutaRous
sarcoma virus showed that oxanosine is more cytotoxicumdr cells than to normal
cells (207). Oxanosine also can reverseaktransformed rat kidney cells to normal
phenotype (208). Majumdar and colleagues showedastae and 2'-deoxyoxanosine are
substrates of adenosine deaminase (ADA) (209).986,1 Suzuki and colleagues first
reported deoxyoxanosirfdO) which is generated through nitric oxide (NO) nitrous
acid (HNQ) induced nitrosative oxidation of deoxyguanosine (210). Camap to

deoxyuridine, deoxythymidine, deoxyinosialed deoxyxanthosine, deoxyoxanosina is
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unique deaminated form in which an endocyclic g atonof guanine is substituted
by an oxygen atom (210-212). Several groups demaisst that the ring-opened
intermediate of guanine, after loss of dinitrogamguanine diazonium ions, results the
formation of oxanine as well as xanthine (212-2Mhether dO exists in the cellular
system is still under debate. Dong and colleagus®ved that there are no 2'-
deoxyoxanosine in DNA exposed to nitric oxide atntoolled physiological
concentrations (215) while Shuker and Glaser show@d exists at physiological
condition (211, 214). Several groups have used dignmerase (exg or Pol | Klenow
fragment to prepare O-containing DNA (142, 216-2E88cently, a chemical method for
preparing O-containing oligos also has been deeelof219). To assess genotoxic
potential of dO,in vitro DNA polymerase studies have been conducted bréifi
groups. It was shown that dOTP can pair with C or DNA by the Klenow fragment of
DNA polymerase | using O-containing template, reésglin G/C to A/T transition
mutations (216). Recent studies showed that agosidenine and thymine all can be
incorporated opposite oxanine. Deoxyoxanosine dsphate only pairs withytosine
using human DNA polymeragg (142). Several enzymes, including endo V, hAAG,
AlkA, Fpg, Endo VIII, which recognize oxanine in BN\have been reported (142, 132,
217, 218). hAAG can cleave oxanine from O-contanitigos, but only 30% substrate
can be cleaved using excess of enzyme (E:S=10Xgni@e DNA glycosylase (ODG)
activity was detected in spleen celtracts of wild type age-matched mice but not in
AAG-knockout mice, suggesting that AAG is the prisn@nzyme for oxanine (142).
Other studies showed that hAAG can cleave only 3%he O-containing substrates

using hypoxanthine-containing substrates as corf2d8). It was reported that DNA-
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binding proteins such as histone, high mobility urdHMG) protein, and DNA
glycosylases can crosslink with O-containing DNApkéx to form DNA-protein cross-
links (DPCs) which are potentially carcinogenic @2 UvrABC nuclease was
demonstrated to have activity towards Oxanine—speranoss-link lesions (218). Endo
V can cleave O-containing DNA at the second phodm@ster bond 3b the lesion in the
presence of M or Mr**. Thecleavage of T/O substrate can reach 70% when enigyme
in excess. Both Endo V and hAAG have similar céepas efficiency towards alibur

oxanosine-containing base pairs (A/O, T/O, C/O @Ma) (142, 217).

lll. Endonuclease V initiated DNA repair
A. History of research on endonuclease V

E. coli Endonuclease V was first discovered and charaetrby Linn and
colleagues (135, 221). During the course of punifyihe RecBC deoxyribonucleasetof
coli K-12, the researchers found that endodeoxyribonucleetsaty eluted from DEAE-
cellulose prior to the RecBC enzyme. Unlike the BlRécenzyme the activity was not
stimulated by adding ATP. It differed froB coli endonuclease Il by requiring ¥fg It
is also distinguishable from the restriction enzgnoé E. coli which require ATP and
require, or are stimulated by S-adenosylmethionihagrther characterization of this
enzyme by Linn’s group found it has endonucleasevigctoward DNA, treated with
osmium tetroxide, or 7-bromomethyl-benz[a]anthra;emadiated with ultraviolet light,
or exposed to pH 5.0. The uracil-containing dupl@X¥A was a good substrate. The

enzyme was then designated as endonucleaseB/ alli. It was thought the enzyme
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may provide an alternative mechanism for removeutieil residue from DNA due to its
high activity towards uracil-containing duplex DN2A21).

In 1988, Sperling’s group published a paper whiciggested there was a
hypoxanthine-DNA glycosylase ta. coli. The enzyme had a molecular mass of 56 kDa.
This hypoxanthine-DNA glycosylase froB coli requires M§" and is totally inhibited
in the presence of EDTA (222). In an effort to @ddhe gene encoding the hypoxanthine-
DNA glycosylase described by Sperling and colleagl®w’s group started to purify
the activity. During the purification they detectadleoxyinosine-specific endonuclease.
SDS-PAGE showed that the enzyme had an apparemicoial mass of 25 kDa. Since
the enzyme made an incision at the second phosggtedibond 3’ to a deoxyinosine this
enzyme was named as deoxyinosine 3’ endonucle&8¢. (b late 1996 and early 1997,
two papers were published by Kow’'s group and Wsiggoup, both groups cloned
endonuclease V genenf(), which was the same gene encoding deoxyinosine 3’
endonuclease (161, 223). Thé gene was located in a cluster of four codirectiona
genes,yjaD-hemE-nfi-yiaG and expressed independently (223). Since thersd\&md
colleagues set out to study the function of endwase V inE. coli. In order to
understand its role in DNA repair pathways, thepstnuctednfi insertion mutants and
over-expression strains. #i mutant displayed a 12- to 1,000- fold in the frexaey of
nitrite-induced A:T to G:C transition mutation coanp to the wild-type strain. Afi xth
dut (dutpase) mutant also had increased lethality coenfgeanxth anddut mutant. These
results suggested that endo V played an importdatin the repair of deoxyinosine and
abasic sites in DNA (224). Further study also slewlo V was important in remove

deaminated guanine (xanthine), while AlkA did nohtibute to repair deaminated base
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in vivo, though it has hypoxanthine-DNA glycosylase atyivi225). Endo V from
Thermotoga maritime was first cloned and studied by Cao and collead@é3, 226,

227).

B. Properties of endonuclease V from different spées
1. Escherichia coli endonuclease VE. coli endo V)

Endonuclease V (Endo V) is a ubiquitous enzyme htimologues have been
found in different species from bacteria to euké&goincluding Escherichia coli,
Sreptomyces coelicolor, Bacillus subtilis, Archaeoglobus fulgidus, Thermoplasma
acidophilum, Ferroplasma acidarmanus, Sulfolobus solfataricus, Pyrococcus furiosus,
Salmonella typhimurium, Yersinia pestis Schizosaccharomyces pombe, Caenorhabditis
elegans, Arabidopsis thaliana, rats, mice, and humang&. coli endo V is the first
endonuclease V discovered (135, 221). Charactemzabf E. coli endo V has
demonstrated that the enzyme recognizes a widestyadf DNA lesions including
deoxyinosine, deoxyuridine, AP sites, tetrahydrafur(an AP site homolog), base
mismatches (136, 162, 228, 229), deoxyxanthosirtd)(1ldeoxyoxanine (217)N-6-
hydroxylaminopurindHAP) (230), loops, hairpins, pseudo-Y and flapustures (162).
Endo V cleaves the lesion containg DNA at the sdgomosphodiester bond ® the
DNA damage, results in a nick with l8ydroxyl and Sphosphoryl end groups (163). The
enzyme forms stable complexes with deoxyinosinetatnimg DNA before and after
cleavage, exhibiting similar affinityp the substrate and the product (228). This ptgper
is also observed in endo V from other species (Bad3ed on the tight binding of endo V

with the substrate, it was suggested that the eazyray function to target other repair
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protein(s) to the lesion to continue the subsequepdir (163). It was reported that
coli endo V cleaves mismatch containing oligos in amstrspecific manner; it cleaves
the DNAstrand containing mismatch closer to the 5’ termi(ll62). Usingima endo V,
the strand-specific manner of cleavage was notoatsvi(226). Mismatch activity dE.
coli endo V is much higher in the presenceMsf’* than Md* (162). Deoxyinosine-
specific activity of E. coli endo V is not affected by the sequence contexthef
deoxyinosine containing oligo while the mismatcle@pc activity of the enzyme is
reduced when the flanking sequence of the mismetc®:C pairs. Based on these
findings, it was speculatefl. coli endo V adopts different modes of interacti@tween
DNA containing deoxyinosine and mismatches (16E). coli endo V cleaves
deoxyuridine in the duplex efficiently in the prase of Md* or M, but it has a very

weak activity on deoxyuridine in single-stranded A{L62).

2. Salmonélla typhimurium endonuclease V (Sty endo V)

Salmonella typhimurium endonuclease V{y endo V) was recently cloned and
characterizedty endo V shares 93% amino acid sequence identiitbsBwcoli endo V
(231). The study ofty endo V’s activity towards deaminated lesions reagdhatSty
endo V possesses single-stranded deoxyxanthosol@neclease activity whil&. coli
endo V doesn't.Sy endo V turns over double-stranded deoxyuridine-aairig
substrates very slowly (231) whilena endo V shows rapid turn-over of deoxyuridine-
containing duplex DNA when the substrate is in 88c@26). The results demonstrated
thatSty endo V binds deoxyuridine-containing products mhetter than doesma endo

V.
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3. Thermotoga maritime endonuclease VTma endo V)

Endonuclease V fronThermotoga maritime (Tma endo V) is a thermal stable
enzyme, prolonged incubation at 65°C which is atinmygm reaction temperature for 8
hours doesn’t cause significant loss of the enzgtity (226). The enzyme recognizes
inosine, abasic site (AP site), uracil, mismatc{g26), oxanosine (217), and xanthosine
(W Cao, unpublished data). ExcessTafa endo V in the reaction may lead to a second
nicking event on the complementary strand and geéeex double-stranded break (227).
Study of mismatch cleavage activity dfma endonuclease V showed that purine bases
(A, G) in the mismatch are cleaved preferentiatiytosine is the most difficult one to
cleave forTma endo V (226). Mutational study ofma endo V revealed residues
important for the functions of the enzyme. Sevenifisianiversal to all endo V family
proteins have been identified (227, 232). D43 irtifrig E89 in motif 1ll, and D110 in
motif IV are residues essential for coordinationcatalytic metal ions. Y80, G83, and
L85 in motif Ill, G113, H116, and G121 in motif G136 and A138 in motif V, and
S182 in motif VI are involved in both substrate grdduct binding. Interestingly, some
Tma endo V mutants defective in DNA binding showe@@nuclease activity, based on
the results, an alternative model of endonucleasetited DNA repair was proposed by

Cao and colleagues (232).

4. Archaeoglobus fulgidus endonuclease VAfu endonuclease V)
Endonuclease V fromArchaeoglobus fulgidus (Afu endo V) which is a
hyperthermophilic archaeshows 39% identity to the. coli nfi gene (231). In contrast to

E. coli endo V, A. fulgidus endo V only recognizes deoxyinosine. Abasic site,
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deoxyxanthosine, deoxyuridine and base mismatateesa cleaved by the enzyme. The
fact that A. fulgidus endo V recognizes exclusively deoxyinosine indisathat

deoxyinosine activity may be a primordial activity endo V (233).

5. Mouse endonuclease V

Moe and colleagues recently cloned and expressesgenendonuclease V, a 37-
kDa protein which has weak activity toward hypoxame and uracil (234). Expressioh
the mouse protein in & coli mutantstrain 6fi alkA) suppresses its spontaneous mutator
phenotype. The study showed mouse endo V doesanetliroad substrate specificity as
has beedescribed foE. coli endo V. It has the following substrate preferesseDNA
containing hypoxanthine > DNA ds containing hypakame> ss DNA containing uracil
(234). No obvious activity was monitored on uraedidues in double-stranded DNA, nor
against 8-oxoguanine, AP-sites or 5' flap structukéke other endo V, the mouse endo V

is a metal dependent enzyme (234).

6. Ferroplasma acidarmanus endonuclease V (AGTendo V)

AGTendonuclease V is a DNA repair protein of 303iremacids from the
archaeal organisrierroplasma acidarmanus (235). It consists of two domains, the C-
terminal activesite domain ofO°-alkylguanine-DNA alkyltransferase (AGT) arah
endonuclease V domain. AGT is a DNA repair enzyvhech excises alkyl damages
from the O°-position of guanine an@*-position of thymine in DNA (236, 237). AGTs
directly repair alkyl adducts by transferring thi&yh groupto a cysteine amino acid

residue at the active site of thetein and restore the damaged DNA to its unmediifi
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form. The enzyme thus loses the activity permagenfiGTendoV repairsO°-
methylguanindesions but noO*-methylthymine adducts in DNA. The enzyme shows
optimal AGT activity at pH 6.6 and 46°C. AGTendoMsa recognize uracil,
hypoxanthine, or xanthine in DNA. It exhibited goeddo V activity at pH 6.6-pH 7.6
and 46°C in the presence of fglnactivation of the AGT domain of AGTendo V by
formation ofSmethlycysteine at Cys-58 did not alter the endactivity of AGTendoV
(236, 237).

Endonuclease V was studied extensively by differeaearchers. Unfortunately,
the repair pathway initiated by the enzyme remainknown after one decade of
research, mostly due to no other component wasdfalanwvnstream of endo V. Several
repair models have been proposed, | will discusséhmodels in detail in the following

sections.

C. Proposed models for endonuclease V mediated pathys

Genetic studies done by Weiss’s group clearly ssiggetha€. coli endonuclease
V prevents mutations from nitrosative deaminationivo (238, 239)In vitro study also
showed that deoxyinosine and deoxyxanthosine acema&jor substrates for endo V
(136, 161, 226, 227). Based on genetic and bioaterdata, Kow proposed a model for
the repair pathway d&. coli endo V (161, 240). Endo V first recognizes hypdkare or
xanthine and makes a nick at the second phosphediasnd 3’ to the lesion. It does not
remove the lesion, but only initiates repair. Thigiation of the repair resembles that of
the VSR protein in the repair of T:G mismatch in ANvhich showed that the

subsequent step of repair involves a 3'-5" exorasge(Figure 1.7) (241, 242). So it is
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likely that the repair initiated by endo V may algguire a 3'-5’ exonuclease to remove
the lesion followed by polymerase and ligase to glete the repair. It is also likely that
an unknown 5’ endonuclease that cleaves the phdggster bond 5’ to the deaminated

purine. However, despite great efforts, no sucérslonuclease was found (240).

5 NXNN

(Damaged DINA)

l Endonuclease V

S N XN N

(Nicked DNA)

‘ 3'-5" exonuclease

[ I— N

(Gapped DNA)

DNA polymerase
DNA ligase

5t NNNN

(Repaired DNA)

Figure 1.7 Alternative repair pathway of endonucleae V proposed by Kow.Taken
from (241).

Klungland and colleagues proposed a similar modehfouse endo V initiated
DNA repair scheme, incision at hypoxanthine ressdire DNA by a mammalian
homologue of thé&. coli endo V (234). In this model, mouse endo V firstayate a nick
at the second phosphodiester bond 3’ to the deaedmarine, then APE1 which posses
3’ mismatch-specific exonucleolytic activity or Mas which posses a 3’ flap specific

endonuclease activity remove a short 3’ region a@ioimg the lesion. Finally polymerase
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fills in and ligase seals the nick. Cunningham aolleagues proposed a model for endo
V to remove purine bas#l-6-hydroxylaminopuringdHAP) based on genetic studies
(230). They suspected that endo V initiated repsy be a slow process in which the
repairintermediates is subject to recombinational repad induce SOS response.
Recently Cao and colleagues found an interestireng@menon infma endo V
(232). In the presence of M this enzyme displays a 3’ exonuclease activitynédel
was proposed that endo V may play a dual role e rdpair pathway, after endo V
cleaves the lesion-containing DNA and forms a cexplith the product, downstream
proteins may be recruited to the repair complex, @range the conformation of endo V.
This may trigger the endo V’s exonuclease actigitg remove the lesion and generate a

gap for polymerase and ligase to finish the re@/agure 1.8).
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Figure 1.8 Proposed models for endonuclease V-metkd repair. | represents
deoxyinosine. The ovals represent endo V and theesi putative endo V interacting
proteins. After the inosine strand is nicked, thedel shown at the top suggests that endo
V is displaced by downstream protein(s) from thede and a 3'-exonuclease other than
endo V initiates the removal of the deaminatedlesAn alternative model shown at the
bottom based on data obtained from this studytriss that endo V recruits other
protein(s) to the repair site, which switch endofiddm endonuclease mode to 3'-
exonuclease mode for removal of the deaminatedrigsbom DNA. Taken from (232)
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IV. Endonuclease V related techniques
A. Alternative method for DNA fragmentation with endonuclease V
1. DNA shuffling and its applications

DNA shuffling, also called sexual polymerase chepaction (PCR) was first
developed by Stemmer and colleagues (243, 244 i@thod generates libraries by
random fragmentation of one gene or a pool of edlaenes, followed by the reassembly
of the fragments into full length chimeric sequebgePCR reaction (245). The libraries
are then screened to identify desired recombindiits. methods of DNA shuffling and
screening which develop novel chimeric DNA and gireg with desirable characteristics
are also known as Molecular Breedifi¢maxygen, Inc., Redwood City, CA), directed
molecular evolution (246). Directed evolution iswnavidely used in academic and
industrial labolatories to enhance protein stabiihd improve the activity or overall
characteristics of enzymes and organisms or to atieyme substrate specificity and to
obtain new activity. An emerging field in biotechogy is to modify DNA-modifying
proteins which can lead to novel application inejenengineering, functional genomics,
and gene therapy. One of the enzymes which haveqexessfully modified by directed
evolution is DNA polymerase. The modified enzymasénenhanced activity (247, 248)
or have been converted to RNA polymerases (249triekBon endonucleases are good
targets for directed evolution because they arelyidsed in modern molecular biology.
Many restriction enzymes with altered substrateisipgy have been developed with the
method (250-252). Other enzymes, such as transpa2&s3), integrase/recombinase
(254-258) have been modified using directed ewvolutio obtain desired properties.

Directed evolution technique is not limited to ttesearch, the method also has great
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applications in industry. Many novel industrial gmes variants have been developed by
the directed evolution technique to yields desimdperties, including proteolytic
enzymes (259-268), cellulolytic enzymes (269-2Tipases and esterases (272-278) and
SO on.

Directed evolution has played an important roleplmrmaceuticals. Directed
evolution can be used to generate improved antigegn®ther immunomodulatory
molecules, and DNA vaccines (279-288). Therapeatitbodies represent the fastest
growing area in pharmaceutical industry. High-atfimntibodies have been developad
vitro by direct evolution (289-295). Directed evolutidras great impact on the
development of therapeutic proteins with betteppraes, such as P53 (296-297), insulin
(298), hormones and hormone receptors (299-30&8m'Stmethod to use DNase | to
generate a pool of random DNA fragments has praeebe very useful in directed
evolution (244), but the experimental procedur@xitremely labor intensive and time
consuming. DNA fragmentation by DNase | is problémaince the reaction has to be
carefully controlled in order to obtain fragmenfsappropriate length. In addition, the
length of the fragment generated by DNase | digastaries greatly with minor changes
in conditions, including the amount of nuclease, gshurce or lot of nuclease, the reaction
temperature and the purity of DNA substrates. Tioege using fragments generated by

DNase | digestion may induce a sequence bias etoeicombination (302, 303)

2. Endonuclease V as an enzyme for DNA fragmentatio

Endonuclease V can cleave uracil containing DNAyadaki prepared uracil-

containing recombinant templates by PCR in thegmes of dUTP (304). ThE. cali
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endo V was incubated with the PCR products thusmggimg random fragments. The
length of random fragments can be controlled bystd)g the number of the uracil
residues in the DNA simply by changing the conadidn of dUTP in the PCR. Using
the random fragments generated by endo V digestioogessful DNA shuffling was

achieved with shuffling efficiency equivalent to Bbé | (304).

B. Balanced Linear DNA amplification by Endonucleae V and Polymerase
1. In vitro nucleic acid amplification methods

In vitro nucleic acid amplification techniques can be dlesk into two
categories, isothermal systems which include Nacléhcid Sequence-Based
Amplification (NASBA) (305), Strand Displacement Alification (SDA) (306), and
those requiring temperature cycling, which inclié@ymerase Chain Reaction (PCR)
(307) and Ligase Chain Reaction (Ligase Chain Raac{308, 309). Here | will focus
on a strand displacement amplification method #raploys endo V combined with

polymerase.

2. Strand displacement amplification (SDA)

Strand displacement amplification was first devebbpn 1992 by Walker and
colleagues (310). In 1994, walker and colleagualdeed a multiplex form of SDA
which allowed two target sequences and an inteangplification control to be co-
amplified by a single pair of primers after comn@iming sequences are spontaneously

appended to the end of target sequences. Althoughipiex amplification has its
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advantage, it often leads to large decreases inifazapon efficiency (311)nonspecific

amplification, especially when low concentratiofisemnplate DNA are used (312).

3. Modified SDA method usingThermotoga maritima endonuclease V

Recently, Barany and colleagues developed a methdsDA by nicking and
extending that relies on the cooperationThé motoga maritima (Tma) endonuclease V
(endo V), a DNA mismatch-cleavage enzyme, &adillus stearothermophilus (Bst)

polymerase (313).

GATAG
Extension by Bst polymerase. # 5T T T 13°
. ) —
TUTC  Uni1

Nicking by EndoV. 3

GATAG
I

13"

I
4 15
\ TUTC  Unit

Figure 1.9 Endo V facilitated DNA amplification. Primer Unil anneals to a template
containing the pentanucleotide GATAG, creating ar Unismatch. The primer is
extended byBst polymerase and is nicked Ajermotoga maritima (Tma) endonuclease
V (Endo V), 2 phosphodiester bonds to thei@e of the mismatch, leaving the mismatch
intact. The top strand is unaffected. Because timegp contains uracil, after cleaving the
strand, Endo V dissociates. The newly generatexh@ can again be extend@&acillus
stearothermophilus (Bst) polymerase is able to displace the strand intfemnit extends
the primer. Cycles of nicking and extending amplifie template molecule. Product
molecules can be detected and quantified by tlasdigietection reaction (LDR) followed
by capillary electrophoresis. Taken frdB13).

Extension and strand displacement by 5T
Bst polymerase, ¢ 3
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Compared to multiplex strand-displacement ampliftcg this method minimizes
the chance for amplification of primer artifactsdamther nonspecific products by using
single primer, coupled with a high reaction tempee (65°C). In addition, unlike the
restriction enzymes used in strand-displacementlifocation, endo V can nick one
strand of duplex DNA without requiring the present@ phosphorothioate nucleotide in
the template strandn this method,a uracil-containing primer is annealed to a DNA
template generating a U:N mismatdima endo V will only nick the uracil-containing
strand preferentially if the mismatch is in an aygrate position and sequence context.
The enzyme dissociates after nicking and producgsead that can be extended Bst
polymerase, resulting in repeated cycles of extenillowed by nicking, which amplify
the template in a linear fashion (Figure 1.8PA performed by this way has more
products than conventional SDA which usstriction endonucleaskaq | to nick the
primers that contain a phosphorothioate linkagjthough the phosphorothioate bond can
preventcleavage of the template strand, it also hampersathplification. The method
currently allows 100-fold multiplexed amplificatiaf target molecules to be performed

isothermally, with an average change of <1.3-falthieir original representation.

C. Mutation scanning by endonuclease V
1. Mutation detection methods

The detection of sequence in DNA is important iae thiagnosis of both genetic
and somatically acquired diseases. Many technifaes been developed during the past

two decades in an effort to detect minor changeBNA. Such changes may take the
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form of insertions or deletions, or single basengjes. The following review will focus

on single base mutation detection.

a. Sequencing method

The most direct way to detect a mutation is to saqa the DNA using the
Sanger & Coulson dideoxy chain termination metHoNA sequencing has been a very
accurate and reliable tool for pinpointing mutaseduences. However, DNA sequencing
can involve time-consuming cloning and purificatisteps. These additional steps make
rapid and routine high-volume screening very diffic Thus, methods based upon non-
sequencing mutation detection principles are neadegh alternative to DNA sequencing

which is expensive and laborious.

b. Nonsequencing mutation detection techniques

Several methods that based on melting temperahaege of the DNA have been
developed, such as denaturing high-performancedligaromatography (DHPLC) (314,
315), single-stranded conformational polymorphiS8CP) (316), heteroduplex analysis
(HA) (317), and denaturing gradient gel electrophoresis (DGGE) )J31®:veral
chemicals like osmium tetroxide, KMn@nd hydroxylamine can react with mismatched
thymine or cytosine. Based on the findings, Cotatnal. (319), Gogos et al. (320)
Lambrinakos et al. (321) developed the chemicawdge of mismatch (CCM) method
which was first a solution-based reaction and rigenodified as support-based assay of
more convenience (322-325). This methods offer tgresensitivity than the melting

temperature-based systems.
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The enzyme mismatch cleavage (EMC) of mutation afiete is similar to
chemical cleavage of mismatch method. Both methmdgire amplification of the
mutant and wild type using fluorescence labeledners or radiolabeled primers.
Heteroduplexes are formed by annealing mutant DNth wild type DNA. Mismatch
signals can be subsequently detected after chemicahzyme cleavage. However the
enzymatic technique offers greater simplicity amehon-toxic compared to the chemical
method. Bacteriophage T7 endonuclease | is a 148caatid protein that is a Holliday
junction-resolving enzyme (resolvase) (326, 32’ hddhuclease VII, the product of gene
49 of phage T4, was shown to have activity on Huoligunctions (328), Y junctions
(329), and heteroduplex loops (330). Later, bottyeres were found to posses activities
towards mismatches, and were useful for mutatiaeesing (331-333). The phage
resolvase-based mutation detection systems tehdw® high noise background because
both enzymes naturally function to recognize Hagliglanctions instead of mismatches.
Recently several DNA N-glycosylases have been usedetect DNA mismatches,
including MutY (334) and Thymine DNA glycosylase3&. DNA glycosylases are
highly specific DNA repair enzymes that cleave khglycosidic bond between the base
and the sugar deoxyribose in a DNA molecule anceigga an apyrimidinic (AP) site.
The AP site can subsequently be cleaved chemibgilalkali or an AP endocuclease
(336, 337). The MutY protein and Thymine DNA glyglase are involved in a DNA
repair pathways which convert A:G or T:G mismatchespectively to C:G base pair
(338-340). CEL 1 nuclease from celery is a membigh® S1 nuclease family. It was

found that the enzyme can cleave mismatches apdimss/deletions (341).
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2. Endonuclease V-based mutation scanning method

The enzymatic detection methods described abovedearify the mutations and
polymorphisms of DNA fragments. However these emzymlso nick matched DNA
resulting in high background in the assays. Bawmy colleagues in Cornell University
developed an endonuclease V (endo V)/ligase muatatanning method which has very
high sensitivity and is suitable for low-frequeritayown or unknown mutation detection
(342). This method has been shown to detect misrastansertions/deletions in DNA
fragments up to 1.7 kb (342). Endonuclease V reizegm wide variety of DNA lesions
including base mismatches, insertions/deletionise lather mismatch cleavage enzymes,
endo V also nicks matched base pairs slightly,mebntrast to other enzymes, it leaves
ligatable ends. TAK16D ligase is a high fidelityetmostable ligase fronThermus
species (342). By using the two enzymes sequentid@léy can religate the nonspecific

nicks, while maintain the desired nicks (Figure0).1
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Endo V / DNA Ligase Mismatch Scanning Assay.

1. PCR amplify gene using primers with - G F1 A
different fluorescent labels and Tag . i el o
DNA polymerase. Denature and "f-’ k2 C =
reanneal PCR products to form
heteroduplexed DNA
G Y A ) 4
2. Preferentially nick DNA one base to 4 r Pl
the 3’ side of mismatches using "y 4 F2 ———— F2
thermostable Endonuclease V. AT C
. G A
3. Add thermostable ligase to re-seal Fi . F1 e e s ——
background nicks at perfect match K2 ~ K2
regions. -, T ® ®
= = - X 3.
EndoV - + &
Ligase . ” +
4, Separate fluorescent products on B RN /12
a DNA sequencer (using length
standards) to approximate siteof |
mismatch. — i F2 Cleavige
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Figure 1.10 Endonuclease V/DNA ligase mismatch scaing assay for scoring
unknown mutations. Heteroduplexes are formed from PCR amplicons hotimal and
variant sequence. Mixed amplicons of variant segeezan be obtained by amplifying
heterozygous germline samples, or from tumor sasnpleere stromal cell contamination
provides sufficient amount of wild-type DNA, or byixing the PCR products from
unknown and wild-type samples in a 1:1 rationa Endo V nicks DNA one base 3’ to
the mismatch (big triangle), and it can also geteeremn-specific nicks in homoduplex
DNA with minor activity (small triangle). Additioof Thermus. $p. AK 16D DNA ligase
(solid circle) seals these non-specific nicks, pfimg a proofreading mechanism to
improve signal-to-noise. Both top and bottom strB@R primers are 5’ end-labeled with
different fluorescent dyes (6-FAM and TET, respeslii) allowing for cleavage products
to be distinguished on a denaturing polyacrylangde The approximate position of the
mutation can be determined from the resultant fiagrtengths. Taken from (342).

V. DNA lesion recognition mechanisms

A fundamental question in DNA repair is how misni&d or modified bases are
located within the vast excess of normal base pérsthe basis of the frequency at
which spontaneous DNA lesion forms in mammaliascd is estimated that one DNA
repair enzyme need to survey 10,000 to 100,000derdo locate a single lesion (344).

The lesion recognition mechanism may be considerdd/o parts: how a DNA repair
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enzyme finds a lesion embedded in genome, and holesian, once found, is

accommodated in the enzyme’s active site.

A. Models for enzymes to locate ‘targets’

It is known that proteini®cate their specific targets on DNA up to two osdef-
magnituddaster than the three-dimensional diffusion rategeheral explanation of this
fact is that proteins are randomly bound with DN#d sliding along DNA (facilitated
diffusion) provides for the fasteme-dimensional scanning (344-346). Several models
including ‘sliding’, ‘hopping’ and ‘intersegmentatansfer’ have been put forward to
explain how facilitatedliffusion of a protein to a target actually occ@Fsgure 1.11)

(347).

Figure 1.11 Models for target site location(1) ‘sliding’, a protein might ‘slide’ along
the double helix, transferring from one base paisigon to the adjacent one without
dissociating from the DNA (2) ‘hopping’, if diss@tion occurs, the protein might re-
encounter the same DNA, but at a new contour posi{3) ‘intersegmental transfer’, on
scales beyond the persistence length of the DNAldduelix, 150 bp (50 nm), the DNA
can run into itself as a result of its random thaiynexcited bending. Such encounters
permit the protein to move from one DNA site to teo via an intermediate in which the
protein is bound transiently to both sites. Takemf (347)
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For proteins which do not use biochemical energyatolitatetheir diffusion,
target search along DNA is a thermally activaé@d directionally unbiased process.
Sliding is a process which tipeotein undergoes diffusion while remaining bouadhe
DNA. Hopping refers to the process that the protepeatedly dissociates from thslA
and rebinds at a new location on the DNA. Intersagal transfer is a process that the
protein molecule bound at one end jumps to ano#mer of the same DNA lattice.
Whether proteins use ‘sliding’ or ‘hopping’ to moa#ng DNA remains controversial.
Studies with restriction enzymes halamonstrated that hopping is the primary mode of
translocation and that sliding, if it occuosily contributes to movement on length scales
of <173 bp (349, 350). Recently, Blainey and caless proved that at near-physiologic
pH and saltconcentration, human oxoguanine DNA glycosylaseh®ggl) has a
subsecond DNA-binding time and slideish a diffusion constant as high as 5 X b§?/s
(351). However, the searching for the targets myees may be not juat naive one-
dimensional sliding or hopping but rather a dei&batweightedmixture of ‘sliding’
‘hopping’, ‘intersegmental transfer’ and three-dims®naldiffusion. In the following
review, | will focus on how DNA mismatches or darea@re recognized by the enzymes

through different mechanisms.

B. Models for DNA repair enzymes to recognize DNA danges
1. Structure-based recognition

Early hypotheses which tried to explain the recbgni of damaged or
mismatched DNA focused on the structural detailtied lesion and the difference

between lesion and normal DNA. The X-ray crystaiiqipy and NMR study of damaged
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and mismatched DNA showed that the incorporatioa bhse mismatch does not result
in large changes in the overall conformation of -foBn DNA helix (352-362). The
structure of an oligonucleotide containing the &-@uanine lesion showed almost no
structural differences from B-DNA (363). Bulky lesicontaining DNA showed more
structural distortion as revealed by NMR studie$4(369). The small differences
between DNA lesion and normal DNA may be used byADBpair enzymes to identify
the lesion through direct read out (direct baseranacid interactions). DNA repair
enzyme may also detect bulky lesions which distOMA by indirect read out
(conformational properties of the DNA). 8-oxo-guamiand guanine differ in chemical
composition at only two positions: C8 (O versusadyl N7 (H versus lone electron pair).
The crystal structural studies showed that the dgein bond made by the N7 H of oxoG
to the main-chain carbonyl of Gly 42 of human 8-gxoanine DNA glycosylase |
(hOGG), which would be missing with G, contribute the discrimination (370).
Hanawalt and Haynes proposed a model of DNA danmagegnition mechanism for
nucleotide excision repair, termed ‘close fittingeve’ model, which postulated that
DNA repair is dependent on the difference betwéerstructure of the DNA surrounding
the lesion and that of the normal Watson—Crick deielix (371). Gunz and colleagues
demonstrated that the efficiency of bulky lesiocognition by the human NER pathway
can vary over several orders of magnitude and theiemcy of repair of a particular
lesion is related to the amount of helical destadtilon it can cause (372). Crystal
structure of T4 endonuclease V (a DNA repair enzymerelated to endonuclease V
family) complexed with thymine dimer revealed argh&ink at the central thymine

dimer in the bound DNA that split the DNA duplexarntwo halves of B-DNA, which
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may facilitate the recognition (373). Further sasdion different DNA repair enzymes
indicate that structural discrimination of damagel anismatch in DNA do not explain
the full range of mechanisms applied in DNA damageognition. In addition, some
DNA repair enzymes, such as AAG, AIkA, MutY etc,vbhavery wide substrate
specificity (374, 375). It is noteworthy that Alkéleaves not only damaged nucleobases,
but also releases undamaged native bases at aaldkground level (376). Models based
upon structural recognition cannot explain widestrdie specificity of these DNA repair

enzymes which identify and correct lesions of défe sizes and structures.

2. Thermodynamic and kinetic aspect

Thermodynamic studies of base lesions and mismsiclécate that the damages
tend to induce destabilizing influences on the Dh&lix (376-378). This destabilization
can be measured through a reduction in the dentgarperatureT,) compared to their
undamaged counterpart. In addition, the thermoalymaonsequences of the damage are
sequence dependent (379-380). Also, damage candralkinetic destabilization of the
helix lead to the increase of the rate of base @a#ning events at the aberrant site (381).
NMR studies showed that for some mismatches, sadB:&, interconversion between
different conformations of the mispair is fast, app 1¢ s* at 303 K (30°C), while the
G:A mismatch had a conformational exchange ratenbf 100 s at 303 K comparable
to the rates of opening for Watson—Crick base g882). Modified DNA base pairs tend
to adopt extra-helical conformations. The non-ptatigymine glycol lesion has been
shown to undergo significant motion by NMR studaesl may be completely extra-

helical (383). It is generally believed that bothdiagtortion of the DNA helix and a
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modification to the DNA chemical structure are resbdor a NER substrate (384, 385).
DNA helix distortions, including disruption of Wais-Crick base pairing, DNA bending,
and unwinding of the DNA strands, are thought tayphn important role in the NER
recognition process (386-388). Simple mismatchebutnbles are not processed by the
NER pathway, indicating the local thermodynamictalesization of duplex DNA is not
sufficient to be considered as a NER substrate. Atnman NER complex remains
inactive on DNA substrates in which only the baaikbof the duplex has been modified
(389). However, the presence of covalent DNA baokbmodifications in conjunction

with mismatches results in a robust response biNEiR machinery (389).

3. Base unstacking initiated recognition

Yang recently proposed that DNA repair proteins riiest recognize poor base
stacking in the search for DNA damages among & larsgess of normal bases (390).
The hypothesis suggests that all lesions have weakbase stacking. It results in local
flexibility, reduced melting temperature, changashelical parameters, steric clashes,
duplex opening, bending of helical axis, and béggihg in the lesion containing DNA
(391-394). The structure of the DNA helix is sted@tl mainly by hydrogen bonding of
coplanar base-pairs and vertical stacking poterietiveen base-pairs. Wobble base
pairing between mismatched bases requires bastackspent (a shift in the plane of
base pair), which may cause the base to unstackthén crystal structures of
oligonucleotides containing a G:T wobble base [mse stacking in the neighborhood of
the mismatch is perturbed and helical parametegsattered (395). Yakovchuk and

colleagues recently demonstrated that in DNA dugsexith solitary nicks or gaps, base
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stacking is the dominant stabilizing factor whileTApairing is always destabilizirand
G:C pairing contributes almost no stabilizationB9t may explain why DNA lesions
are favorably repaired in some sequences, since $tasking stabilization is sequence
dependent. DNA lesions in less stabilized sequentgs be better recognized by DNA
repair enzymes when they search for the ‘unstacgigigal’. Fluctuations in local helical
conformation of DNA, known as ‘DNA breathing’, idsa sequence dependent (397-
398). Lesions in some sequences may open moreendguand result in favorable
repair. Crystal structures & coli MutS complexed with a variety of mismatches reveal
a common recognition mechanism. Mismatch bindingBoycoli MutS involves the
stackingof a phenylalanine residue (Phe 36) of one of tlmmaemers, ontone of the
mismatched bases and causes the mismatched baaekungh neighboring bases. The
same base is reoriented and brought into proxitoitige glutamate (Glu 38) and forms a
hydrogen bond with this amino acid (399). VSR endiease recognizes T:G
mismatches in a particular sequence contexC[HA or T) GG-3 paired with 5CC(T

or A)GG-3] and cleaves the DNA’' ®f the mispaired T. Tsutakawa and colleagues (400)
showed that in the crystal structure of VSR-DNA qpdemes, three aromatic residues
intercalate into the DNA next to the T:G mismatald ghe T:G mismatch forms a wobble
base pair, which is completely unstacked from tljacent base pair at thé fide of the
mismatched guanine. Mismatch Uracil DNA glycosylg®4UG) excises uracil or
thymine base from U:.G or T:G mismatches. The cha&taicture ofE. coli Mug-DNA
complex shows that the U:G mismatch is unstackeswh fihe neighboring base pair. Phe
30 of Mug makes-n stacking interaction with uracil. The guanine ogip®this uracil is

separated from its' Bieighbor by Arg-146 side chain (401).
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4. Nucleotide flipping mechanism

Nucleotide flipping was first observed in cytosibenethyltransferases bound to
their target DNA sequences (402). Nucleotide fingpia process in which a target DNA
nucleotide is flipped out of the DNA base stacks baen demonstrated to occur in some
damage-specific DNA repair enzymes. Accumulatinglewce shows that many repair
enzymes use nucleotide flipping mechanism to reeegand remove damaged DNA
(403-407). Crystal structures of repair enzymesplered with damaged DNA exhibit a
flipped-out base accompanied by substantial bendimdy distortion of the DNA. DNA
bending and distortion by the enzymes may faoditzise-pair opening (408-410). In the
processive mechanism, the enzyme scans along thlexdand samples every base it
encounters. Normal bases are released and reamitieial the duplex. When the enzyme
reaches a lesion that displays enhanced affinityhfie enzymatic binding pocket, it stops
and removes the base. This scenario applies tleshans, such as 8-0xoG, which induce
little destabilization of the duplex and show ét#éxtrahelical tendency. Lesions causing
destabilization of the DNA duplex adopt extrahdlicanformation frequently. These
lesions are subject to the repair of nonprocessmeehanism in which the random
extrusion of lesions from the duplex substrate sameommodated and processed by the
repair enzymes. Nucleotide flipping is thought ® the primary mechanism for base
excision repair enzymes to detect and remove &tyaoi base lesions within a large pool
of undamaged DNA (411). Crystatructures of uracil-DNA glycosylase (407),
alkyladenine glycosylase (412nd 8-oxoguanine-DNA glycosylase (413) complexed
with lesionshave shown that the damaged base exists in anhekt@ mode. Uracil

DNA glycosylase (UDG) is a highly specific DNA repanzyme which only removes
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uracil lesions from DNA. Crystal structure of humdidG bound to uracil-containing
DNA shows that UDG uses pinch-push-pull mechansiiigg the uracil out (407). UDG
rapid scanning by DNA backbone compression (pistightly bends the DNA. The Leu
272 side chain (L of the HPSPLS moitif) penetratés the base stack through the minor
groove, causing extrahelical localization ("pusbf)the target uridine, which was then
accommodated ("pull") into the active site pockgtspecific interaction between them
(407). However nucleotide flipping is not confinéal base excision repair enzymes.
Photolyase in direct reveral (414) and uvrB in NER5) also use nucleotide flipping
mechanism to facilitate the DNA repair. DNA photmdes use the energy of a blue-light
photon to transfer an electron onto UV-damaged DBblfh as theis-syn cyclobutane
pyrimidine dimers (CPDs) and the resulting radarabn then splits into two pyrimidines
and transfers back the excess electron to the emz#h4). Crystal structure of a
photolyase bound to a CPD-Like DNA lesion shows tthymine dimer is specifically
recognized in the activ@te by being completely flipped out of the dupBXA (416).
The DNA bends about 50°C at the CPD beRde complementary adenines stack with
neighboring basdsut do not stack on top of each other becauseeofatfye intrahelical
bend (416). UvrB, a DNA helicase, is a central comngnt of the bacterial NER system
participating in damage recognition, strand excisamd repair synthesis (417). Crystal
structure of uvrB complexed with fluorescent aderamalogue 2-aminopurine indicates
that binding of UvrB to the damage containing DNAwves the base adjacent to the
lesion at the 3' sidato an extrahelical position and the base oppdkitdlipped base is

also extruded from the DNA helix. Tyr 95 in the iai region is involved in base
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flipping in the non-damaged strand. This conformatiartelnge in the non-damaged

strand may be critical for 3' incisidy UvrC (417).
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CHAPTER TWO
Switching Base Preferences of Mismatch Cleavage Endonuclease V:

An Improved Methods for Scanning Point Mutation

|. Abstract

Endonuclease V recognizes a broad range of almrsatin DNA such as
deaminated bases or mismatches. It nicks DNAeas#tond phosphodiester bond 3’ to
a deaminated base or a mismatch. Endonuclease¢aihed fromThermotoga maritima
preferentially cleaves purine mismatches in cersquence context. Endonuclease V
has been combined with a high fidelity DNA ligasedevelop an enzymatic method for
mutation scanning. A biochemical screening of-ditected mutants identified mutants
in motifs Ill and IV that altered the base preferesm in mismatch cleavage. Most
profoundly, a single alanine substitution at Y80sigon switched the enzyme to
essentially &-specific mismatch endonuclease, which recograreticleaved A/C, C/A,
T/C, C/T and even the previously refractory C/Cnmasches. Y80A can also detect the
G13D mutation in Kras oncogene, an A/C mismatch embedded in a G/C aghence
context that was previously inaccessible using hie-type endonuclease V. This
investigation offers insights on base recognitiowl @active site organization. Protein
engineering in endonuclease V may translate inteebtols in mutation recognition and

cancer mutation scanning.



Il. Introduction

Techniques to scan unknown single nucleotide poipimems (SNPs) or point
mutations are an essential tool in the post-gencenéic Current mutation scanning
methods include single-stranded conformational molyphism (SSCP) and heteroduplex
analysis (HA) (1,2), denaturing high performanapiid chromatography (DHPLC) (3),
and chemical or enzymatic cleavage (4-7). Sevemaimatic cleavage methods have
been developed (7,8). T4 endonuclease VII and fidoruclease |, the two phage
resolvases, have been used for mutation scannitiy hmited success due to high
background generated by cleavage of non-mismatphesees (9). Other enzymes such
as MutY DNA glycosylase and thymine DNA glycosylg3®G), and CEL1 nuclease
have also been employed in mutation scanning (7,10)

Endonuclease V (endo V) is a DNA repair enzymehwinique enzymatic
properties. Under physiological conditions, endoclgaves deaminated bases at the
second phosphodiester bond 3’ to a lesion. Byisbifeaction conditions to higher pH,
metal cofactor to Mfi, using excess enzyme, and/or using solvents ssi€MSO and
betaine, this repertoire may be extended to inckldavage of most mismatched DNA
base pairs (11-13). This enzymatic property hashlexplored for the development of
mutation scanning techniques (8,14). We have ddvasscheme that uses thermostable
endonuclease V obtained frofimermotoga maritima (Tma) to cleave mismatches and a
high-fidelity thermostable DNA ligase froithermus species AK16D to seal nonspecific
cleavage (8,15,16). Co-incubation of the two enzmnaflows for endonucleolytic

cleavage of mismatches with real-time resealinafched nicks, allowing for detection
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of low-abundance mutations in tumor tissue at @ rat 1:50 mutant to wild-type DNA
(8,15).

Tma endonuclease V preferentially cleaves purine basasmismatch in certain
sequence context (13). The wild-type enzyme ckedlre C-containing mismatches the
least and C/C mismatches are essentially resistanteavage (13). Even some A/C
mismatches are refractory to cleavage when located G/C rich sequence context, as
exemplified in the G13D mutation in kKas (8). ldentification of endo V variants that can
cleave C-containing mismatches will broaden thelieplpility of the endo V/ligase
mutation scanning technique. Although an endo VADBbmplex structure is not
available, an extensive site-directed mutagenesaysis has identified motifs and
specific amino acid residues that influence baseogeition and DNA-protein
interactions (17). Taking advantage of a battérgver sixty endo V single-site mutants
previously isolated, we screened for and identi@ado V variants that possessed altered
base preference in mismatch cleavage. Y80A infriibtonverted endo V to essentially
a C-specific mismatch cleavage variant that wasalolgp of nicking refractory A/C

mismatches in the KKas gene.
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lll. Materials and Methods
A. Materials

Purified deoxyribooligonucleotides were ordered nfrointegrated DNA
Technologies Inc. (Coralville, 1A). Duplex deoxigdnucleotide substrates were
prepared as previously described (17). The wipktgnd mutanTma endonuclease V

proteins and Tsp AK16D DNA ligase were purifiedoasviously described (16-18).

B. Endo V cleavage assays

The cleavage reaction mixtures (10 pl) containid@gM HEPES-KOH (pH 7.4),
1 mM dithiothreitol, 2% glycerol, 5 mM Mnglunless otherwise specified, 10 nM
oligonucleotide DNA substrate and 10 nM Bfna endo V protein unless otherwise
specified were incubated at 65°C for 30 min. Téwctions were terminated by addition
of an equal volume of GeneScan Stop Buffer (80%n&mide, 50 mM EDTA (pH 8.0),
and 1% blue dextran). The reaction mixtures wkem theated at 94°C for 3 min and
cooled down on ice. Samples (3.5 ul) were loadedo oa 10% denaturing
polyacrylamide gel containing 7 M urea. Electrom@sis was conducted at 1500 volts
for 1.5 h using an ABI 377 sequencer (Applied Baisyns). Cleavage products and

remaining substrates were quantified using the Geae analysis software version 3.0.

C. PCR amplification of K-ras exon |
For detecting Kras mutations, genomic DNA was extracted from celedinas
described (19). Cell lines HT 29 contains wildéyg-ras gene. SW480 contains G12V

(G->T) mutation (pure G12V mutant). DLD-1 contai@d3D (G->A) mutation. Kas
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exon | was amplified by PCR as described (8). drnaveTaq DNA polymerase, 4 ul of
20 mg/ml proteinase K (QIAGEN) was added to the R@Rures (50 pl) and incubated
at 70°C for 10 min. Proteinase K was inactivatgdiricubating at 80°C for 10 min.
Amplicons containing wild-type sequence were addedpproximately equal ratios
when missing from the sample (i.e. pure mutant te# DNA). The mixed PCR
fragments, were heated at 94°C for 1 min to depatue DNA, and then cooled at 65°C
for 15 min and at room temperature for 15 min téoval efficient formation of
heteroduplex DNA.

To generate sticky ended PCR productsakexon | was amplified as described
with the exception that the PCR primers are asowdl (8): Oligo 1, 5-
CCCCGCTGAGATAGTGTATTAACCTTATGTGTGACATGTTC-3’ (underlined:
N.BbvC IA site); Oligo 2, 5-Fam-CCCCCCTCAGRAAATGGTCAGAGAAACCTTT
ATCTGTATC-3' (underlined: N.BbvC IB site, which isomplementary to the N.BbvC
IA site). After PCR, the top strand contained ti@bvC IA sites and the bottom strand
contained two N.BbvC IB sites (Fig. 2.4A). PostP@rocessing and formation of
duplex DNA were carried out as described above.R R@oducts (6 png) were then
digested at 37°C overnight with 60 units of N.BbMCin NEB buffer 2 (New England
Biolabs). The reaction mixtures were extractechwihenol/chloroform/isoamyl alcohol
(25:24:1) to remove proteins and passed throughrocon YM-50 spin column

(Millipore) to remove the small DNA fragments geatexd by BbvC IA nicking.
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IV. Results and Discussion
A. Examination of base preferences of mismatch cleavagin endonuclease V
mutants.

Endonuclease V contains seven conserved motifdinhamotifs 11l and IV play
a major role in protein-DNA interactions (17). \Weeened a total of sixty-four mutants
previously isolated for mismatch cleavage actiifyg. 2.1) (17). The assays were
performed in the presence of Mrnstead of M§" since endo V enzymes show enhanced
mismatch cleavage with Mh(12,13). As expected, a majority of mutants ai&match

cleavage activity.

Gl27V:
WI: A, GT>C HLZoA W
+: <20% wt cl eavage activity E89D: - Gl21V: -
-1 No cleavage activity ES9H: - K119R *
ESOA: - K119A: =
R88Q W R118L: -
R88E: WI R118K: -
R88K: WI' R118A: WI'
R8BA: + H116Y: + H214E: +
iggﬁ/l 2 H116T: A %%38 wWr
H116Q * ;-
L85A: - HllB% A H214A: -
&B3V: A H116A" A K139Q - A213L: -
E46A: - P82A: WI GL13V: - K139R: - R211K: WI
D43E: - 1 81A: WI GL11V: - K139E: - R211A: WI
DA3H: - Y80H T D110E: - K139A: - P209A: WI
D43C: - Y80F: WI D110H * Al138I : - P207A: W
D43A: - Y80A: C D110C: - VI137A: - G184V: - R205K: WI':
QOA: + GALV: WI P79A: * D110A: - GL36V: - S1821: - R205A: -
e LI o [ [ o I HV _ —W T}

Figure 2.1 Base preference of mismatch cleavage Bima endonuclease V mutants.
Cleavage reactions were performed as describedaiterdls and Methods. Motifs are
shown in Roman numbers. See (17) for sequencenadigt.

Other mutants still maintained mismatch cleavadge/iacin a pattern similar to
the wild-type enzyme, which included G41V in madtjfY80F, I81A, P82A, R88K and
R88Q in motif Ill, R118A and H125A in motif IV; RBK, P207A, P209A, R211A,

R211K, and H214D in motif VII (Fig. 2.1). Yet, seaé mutants in motifs 1ll and IV

showed quite distinctively altered base prefereimcenismatch cleavage. An alanine
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substitution at Y80 position essentially switchd® tbase preference from purine
mismatches to C-specific mismatches (Figs. 2.1-AR)five C-containing mismatches
were cleaved by Y80A (Fig. 2.2, compare the baneénsities in wild-type and Y80A).
Most remarkably, even the refractory C/C mismatcthis sequence context was cleaved
on both strands (Fig. 2.2, C/C lane in Y80A). Oe tither hand, cleavage of other
mismatches was minimum or not detected. A histidinlstitution at Y80 rendered the
enzyme more active in cleaving T-containing misrnas; while reducing the cleavage of
other mismatches (Fig. 2.2, Y80H). Apparently, A86Meferentially cleaved A-
containing mismatches. All four A-containing strar@d/A, C/A, A/G and A/C and both
strands in A/A were cleaved by A86M. Other mutasiteh as G83V and F87A also

showed preference for A bases (Fig. 2.1).
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5'-Fam-TA CCC CAG CGT CIG CGG TGT TEC GT.C AGT TGT CAT AGT TTG ATC CTC TAG TCT TET TGC GEG TIC C-3'
3'- GGG 6TC GCA GAC GOC ACA ACG CAC TCA ACA GTA TCA AAC TAG GAG ATC AGA ACR ACE CCC- Tet—5'

W
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EEETTT

T
AGTACT A
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Figure 2.2 Representative GeneScan gel pictures ofismatch cleavage Cleavage
reactions were performed as described in MatesiatsMethods

The base preference in R88E remained similar tontiebtype enzyme, i.e., G
and A bases were preferred. However, the cleaviéd@®s the top strand (blue band) is
more promiscuous. Cleavage at one nt closer onbhether away from the mismatches
was observed (Fig. 2.2, R88E). Similar cleavatgemiomiscuity occurred in R88Q (data
not shown). A few H116 mutants such as H116A, H1l6#l H116T somewhat

preferred the A base in a mismatch (Figs 2.1-2.2)
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B. Cleavage of A/C mismatches in synthetic Kas substrates.

Given the strong preference of Y80A for the C biasa mismatch, we tested its
ability to cleave C-containing mismatches that werfeactory for the wild-type enzyme.
Previously, we developed an enzymatic mutation rscgn method, which takes
advantage of the mismatch cleavage of endo V aoking joining activity of DNA
ligase to seal nonspecific cleavage at matchedsl{&e During the course of that study,
we found G13D mutation in Kas was completely refractory to endo V cleavage when
using Md* as cofactor in the presence of both 5% (V/V) DM&@l 1.5 M betaine.
G13D is a G to A transition that yields G/T and Afismatches. A closer look at the
flanking sequence indicates that the mismatcheslan&ed in a G/C rich sequence
context (TG&G, the mutation site is underlined), which may makdifficult for endo
V to cleave (11). To test the ability of Y80A tteave this sequence, we synthesized an
oligodeoxynucleotide substrate that was identioalhe G13D sequence in tas (Fig.
2.3A, A/IC). The overall design was consistent vtk mismatch substrates used for
initial activity screening (Fig. 2.2). When usiMn?* as the metal cofactor, the wild-type
endo V exhibited non-specific fragmentation of btk top and the bottom strand as a
result of non-specific cleavage, but did not yielrrect length fragments from the
mismatched base pair (Fig. 2.3B). Remarkably, Y@@herated a cleavage band from
the bottom C-containing strand at about 38-39-numitjpn, indicating that the altered
base preference has enabled the mutant to cleaveftlactory sequence (Fig. 2.3B). To
verify the specificity of the cleavage by Y80A, wgnthesized a similar substrate but
with the C base on the top strand, which would geeea 27-mer if cleaved (Fig. 2.3A,

C/A). Again, the Y80A cleaved the C-containingasul in the C/A mismatch at the
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anticipated position, while the wild-type enzymengeted lower molecular weight
fragments (Fig. 2.3B). These results confirmed @hdase preference of the Y80A

mutant in the refractory sequence.

A 66-—mer
T —mer ;
B 5r Fam—TA T TTCC—37
=) 3 ACCGC. Tet—57
38 —mer
olJ—merT
6 6-—mer
E ?—Iner
C EfrFam-TA = . 0000 0 Troec-—3F
A 3 GCRGT =~ Tet—5-
38-—-merT
al—mer
WT

YB0oA

Figure 2.3 Cleavage of A/C mismatch in synthetic Kas G13D sequence by Y80A
Tma endonuclease V mutant. Cleavage reactions were performed as described in
Materials and Methods with 2.5 mM MnCIA. Schematic illustration of A/C cleavage.
A/C heteroduplex was formed by annealing of 5-FAMACTTGTGGTAGTTGG
AGCTGGTGACGTAGGCAAGAGTGCCTTGACGATACAGCTAATTCATTCC-3

and 3-TGAACACCATCAACCTCGACCACGCATCCGTTCTCACGGAACTGCGA
TGTCGATTAAGT-TET-5". C/A heteroduplex was formed annealing of 5-FAM-
TATCGTCAAGGCACTCTTGCCTACGCACCAGCTCCAACTACCACAAGTTTAT
ATTCAGTCATTCC-3' and 3-AGCAGTTCCGTGAGAACGGATGCSTGGTCGAG
GTTGATGGTGTTCAA ATATAAGTCAGT-TET-5'. B. Cleavage of A/C Kas G13D
mismatch by wild-typd'ma endonuclease V and Y80A mutant.
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C. Cleavage of A/C mismatch in Kras amplicons.

To test the ability of the Y80A mutant to cleaveRP@roducts, we amplified the
exon 1 of the Kras gene from both the wild-type, G12V, and G13D muiall lines.
Heteroduplexes were generated by mixing the wiietl?CR amplicon with the mutant
amplicons (Fig. 2.4A, left). The 286-bp long hetluplexes containing T/C and G/A
mismatches from G12V and A/C and G/T mismatchemf®13D were treated with
Y80A mutant endo V. Since Y80A acted as a C-speaoiismatch endonuclease (Figs.
2.2-2.3), we scored the specific cleavage bandessting from cleaving C-containing
mismatches. As expected, G12V was cleaved by Y80Ahe C-containing strand to
yield a 166-mer product (Fig. 2.4B, left). Howeveleavage of A/C mismatch in the

G13D was minimal (Fig. 2.4B, left).
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Figure 2.4 Cleavage of A/C mismatch in Kas G13D sequence amplified from colon
cancer cell lines byTma endonuclease V mutant Y80A. ASchematic illustration of
blunt end and sticky end heteroduplex G12V and GEPEIR products. See Materials
and Methods for detailsB. Cleavage of G13D by Y80Ama endonuclease V mutant.
Cleavage reaction mixtures (10 pl) containing 10 HEMPES-KOH (pH 7.4), 1 mM
DTT, 2% glycerol, 2.5 mM MnG| 100 ng of wild-type Kras homoduplex or G12V
heteroduplex or G13D heteroduplex and 100 Trivh endo V mutant Y80A protein were
incubated at 65°C for 30 min. For the reactiorat tivere followed by ligation, the
amount of Kras homoduplex or heteroduplex was increased to 20thrige cleavage
reactions. The cleavage reaction mixtures weterétl through an YM-10 microcon spin
column and washed with TE buffer containing 10 mkis-HCI (pH 7.6) and 1 mM
EDTA. To seal the nonspecific nicks, the washeawhge reaction mixtures (in 6 pl TE)
were supplemented with 1 pl of 10 x Taklig buff2d (mM Tris-HCI (pH 7.6), 100 mM
KCI, 10 mM dithiothreitol, 20 pg/ml bovine serunbamin), 1 pl of 2100 mM MgGJ 1

ul of 10 mM NAD', and 1 pl of 20 nM Tsp AK16D ligase. The ligatimixtures were
incubated at 65°C for 20 min.
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Previously, we have observed a reduction in flumese signal in blunt end
amplicons due to cleavage of the fluorescent |lapel the adjacent base by endo V,
liberating the label from the amplicon (15). Wepected a similar cleavage event might
have occurred in the blunt ended amplicons thake h@&duced the cleavage product
signals (Fig. 2.4B left, bottom of gel). Given ththe synthetic duplexes contained
overhangs (Fig. 2.3), we thought the overhangshatends may reduce the loss of
fluorescence signal by endo V. We, therefore,giei a method to convert the PCR
amplicons to sticky ended duplexes (Fig. 2.4A, tighN.BbvC IA recognizes double-
stranded 5-GCTGAGG-3’ sequence and nicks between the C and fie récognition
sequence was incorporated into the PCR primerarfglifying the exon | of Kras gene
(see Materials and Methods for details). The teguPCR amplicons were then treated
with N.BbvC IA to generate a two-base overhandhat3’ end and five-base overhang at
the 5’ end for the C-containing strand, respecyi@lig. 2.4A, right). Both the G12V
and G13D heteroduplexes were cleaved by Y80A mwadb V (Fig. 2.4B, middle).
The nonspecific products were sealed by the higelify Tsp. AK16D ligase, thus
reducing the background (Fig. 2.4B, right). Sonighe mismatch cleavage products
were also sealed by the DNA ligase (16), resulimg reduction in the intensity of the
specific band.

This work identified endo V variant enzymes withbstantially altered base
preferences in mismatch cleavage. Since all thagant enzymes contained changes in
motifs 1l and 1V, this underscores the importatier these motifs play in base
recognition (Fig. 2.1). Consistent with a previastisdy (17), Y80 and H116 appear to be

important determinants of base recognition. AltHougn endo V-DNA co-crystal
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structure is not available, secondary structurdyarsaindicates that both Y80 and H116
are located in loop regions (20). We speculate ri@tifs Il and IV are components of
recognition loops that are involved in specificdascognition.

Y80A is the most striking in that it essentiallynwerts the enzyme to a C-specific
mismatch endonuclease (Fig. 2.2). Consequentyptivious refractory C/C mismatch
for the wild-type enzyme now becomes cleavablehey80A mutant. First, how does a
single alanine substitution at Y80 position accastpbkuch a dramatic alteration in base
preference? A simple model is illustrated in R2gb. In the wild-type enzyme, Y80
imposes an unfavorable interaction with a C basewhich the amino group at C4
position spatially clashes with the bulky tyrosmesidue. This steric hindrance prevents
the wild-type endo V from recognizing and cleavidgontaining strand in a mismatch.
By substituting the phenol side-chain with a smadithyl group, Y80A releases the steric
tension and allows the C base to be accommodatdteinecognition pocket (Fig. 2.5).
A comparison with uracil DNA glycosylase (UDG) buminating. The N204 in the
recognition site of human uracil DNA glycosylasenis hydrogen bonds with O4 and
N3 of uracil via the amide side chain and the Y#&4¢ludes a thymine base by steric
complementarity (21). Interestingly, N204D confeggosine DNA glycosylase activity
to hUDG by forming hydrogen bonds with the C4-amgrmoup and the N3-nitrogen via
the carboxyl side chain, while Y147A switches theymne to thymine DNA glycosylase
by preventing the steric clash with the C5-methylup of the thymine base (22). It is
possible that endo V and UDG adopted a similartesgsa as part of base-specific

recognition mechanism (22-26).
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Figure 2.5. A hypothetical model for alteration ofbase recognition by Y80A. See
text for details.

The surprising alteration in base preference ohmaish cleavage prompted us to
investigate the potential implication in improvitige endo V/ligase mutation scanning
technique previously reported (8). The use of thehnique in scanning Kas mutations
met with difficulty partly due to the inability ofhe wild-type endo V to cleave A/C
mismatches in some G/C rich sequence contextd@}ja presented here indicate that the
Y80A is not only specific for C-containing mismagsh but also for those embedded in
G/C rich environment (Fig. 2.3). Therefore, thesficific mismatch cleavage ability
may have enabled the Y80A to recognize and niclCisérand previously not accessible
by the wt endo V. Based on the model explained/@pbfavorable interactions between
Y80A and a C base may facilitate the base recagnjprocess, which assists in guiding
the complex to a catalytically competent path. eliise, the previously inaccessible C/C
mismatch now becomes a substrate for Y80A (Fig. ZTae difference in A/C mismatch
cleavage efficiency between amplicons with bluntowerhang ends is due to loss of

fluorescence signal by endo V cleavage. This prmbWas previously addressed by
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synthesizing modified primers that are refractaryfghdo V cleavage (15). Introducing a
nicking site into a PCR primer provides a simpléer@ative method to maintain
mismatch cleavage signal. This study demonstiat@s malleable endonuclease V is,
allowing for alteration of base preference in misthacleavage by single amino acid
changes. Some of these mutants offer the potediotialeveloping base-specific Endo

V/DNA ligase mutation scanning assays.
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CHAPTER THREE
Role of Tyrosine 80 in Base Recognition in Endonueése V

from Thermotoga maritima

|. Abstract

Endonuclease V recognizes and cleaves deaminatedl & mismatch base
pairs. Tyrosine 80 located in motif 11l is involvéd protein-DNA interactions. This study
investigates the role of Y80 in base recognitiorsblgstituting it with all nineteen natural
amino acids. The resulting mutants were chara@eriaochemically using deaminated
base-containing and mismatch-containing DNA. Sulggins with aromatic amino acid
residues retained partial binding affinity as destoated by gel mobility shift analysis
with double-stranded inosine-containing DNA. Urigiicontaining double-stranded DNA
as an adenosine/uridine base pair was only cledyethe wild type endo V in the
presence of MgCl Uridine-containing double-stranded DNA as a gsam@uridine base
pair was cleaved by the wild type endo V and to uchnless extent by Y80F in the
presence of MgCl indicating an essential role of the aromatic ramgd the hydroxyl
group in base recognition. For mismatched bases,pai80H preferred cleavage of
thymidine-strand in a thymidine-containing mismat&f80P and Y80S, along with
previously identified Y80A, enhanced the cleava@i¢he cytosine-strand in a cytosine-
containing mismatch, Y80R tended to cleave thynadimnd cytosine-strand in a

mismatch. The ability to alter cleavage prefererinea mismatch further underscores the



role of Y80 in base recognition. Base recognitign¥80 and its relationship to amino

acid substitutions were discussed.
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Il. Introduction

Endonuclease V (endo V) is a DNA repair enzymé thaognizes deaminated
bases and mismatch base pairs and in general thiekssecond phosphodiester bond 3’ to
the aberrant site (1-5). Its broad substrate fpigiraises important questions as to how
endo V recognizes deaminated bases and mispairshanble of specific amino acid
residues in base recognition. Based on the bioda¢ranalysis of enzymatic activities
towards different deaminated bases, we previouslggsed that endo V may use a three-
element base recognition mechanism to distinguisteaminated base from a regular
base (6). This model suggests that recognition eh¢rA of endo V may interact with the
6-keto in deaminated purine bases or 4-keto inilunahile element C recognizes the
position in purine bases (6). Element B may begdieiween the 2-keto amNf in uracil.

To define the DNA-protein interactions in endo Ve wreviously conducted a
systematic site-directed mutagenesis and biochémamalysis using the thermostable
endo V fromThermotoga maritima (Tma) as a model system (7). This study reveals that
some conserved residues such as Y80, G83 and L&%iif 11l and H116, R118 and
G121 in motif IV make significant contribution t@a&e recognition. In particular, Y80 in
motif Il and H116 in motif IV are interesting aket hydrogen bond donor capacity of
these residues appear to be important for DNA-protgeractions (7). It was speculated
that Y80 and H116 might act as elements A and lgage recognition.

The notion that motifs Ill and IV contain importamase recognition elements is
further supported by biochemical analysis of misthatleavage activities in endo V
mutants (8). In a biochemical screening usingMrs the metal cofactor, we found that

several mutants in these two motifs that altereskhaeference in mismatch cleavage.
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While the wild type endo V prefers A and G in a méch, YB0H showed some degree
of preference for a T base (8). Y80A, on the otieand, became a C-specific mismatch
endonuclease. Several mutations at H116 convefiedpteference to an A base.
Consistent with the above-mentioned three-elemertteinand the implication of Y80 as
recognition element A, we proposed that YS80A migtdvent the steric clash with a C
base due to its smaller side chain, thus altehegoise preference in mismatch cleavage.
The interesting biochemical properties exhibitgdsbme Y80 mutants prompted
us to survey the effects of all possible amino atidnges at position 80 ima endo V.
Here, we report a biochemical analysis of nineté8@ mutants using deaminated base-
and mismatch-containing DNA substrates. This cofmgmeive amino acid substitution at
a single site underscores the importance of aremratg and hydrogen bond donor
capacity in base recognition, reveals additionatamis with altered base preference in

mismatch cleavage, and offers new insight on theeabY80 in base recognition.
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lll. Materials and Methods
A. Reagents, media, and strains

All routine chemical reagents were purchased fragm& Chemicals (St. Louis,
MO), Fisher Scientific (Suwanee, GA) or VWR (SuwanéA). Restriction enzymes and
T4 DNA ligase were purchased from New England BislgBeverly, MA). DNA
sequencing kits were purchased from Applied Biasyst (Foster City, CA). BSA and
dNTPs were purchased from Promega (Madison, W#g DNA polymerase was
purchased from Eppendorf (Hamburg, Germany). Deliyyoucleotides were ordered
from Integrated DNA Technologies Inc. (Coralvilld). Duplex deoxyoligonucleotide
substrates were prepared as previously describetBmedium was prepared according
to standard recipes. GeneScan Stop Buffer consiste80% formamide (Amresco,
Solon, OH), 50 mM EDTA (pH 8.0), and 1% blue dent(&igma Chemicals). TB Buffer
(1X) consisted of 89 mM Tris base and 89 mM bodcaTE buffer consisted of 10 mM
Tris-HCI, pH 8.0 and 1 mM EDTAEscherichia coli host strain AK53rfrrB-, MM294)

was from our laboratory collection.

B. Site-directed mutagenesis of hermotoga maritima endo V

An overlapping extension PCR procedure was usediferdirected mutagenesis
(9). PCR products digested with a paiiNakl andBamHI were ligated to cloning vector
PEVS treated with the same pair of restriction endidleases. The ligated vectors were
transformed intde. coli strain AK53 (rrB-, MM294). Plasmids containing inserts were
reisolated and sequenced on an ABI sequencer dgawgideoxy terminator chemistry to

identify mutated sequence and ensure that the rcmtstwere free of PCR error. An
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overnight E. coli AK53 LB culture containing the desire site-direttmutation was
diluted 100-fold into MOPS medium supplemented Vaighpg/ml ampicillin. Thee. coli
cells (1 liter) were grown at 37°C while shaking2&0 rpm overnight. The cells were
collected by centrifuging at 4000 rpm at 4°C andshesl once with pre-cooled PBS
buffer and stored at -20°C. Protein purificationd aguantitation were carried out

essentially as previously described (4, 10).

C. Endonuclease V cleavage assays

The cleavage reaction mixtures (10 pl) containid@gM HEPES-KOH (pH 7.4),
1 mM dithiothreitol, 2% glycerol, 5 mM Mgglor 5 mM MnC), 10 nM oligonucleotide
DNA substrate and 10 nM ofma endo V protein unless otherwise specified were
incubated at 65°C for 30 min. The reactions werenitgated by addition of an equal
volume of GeneScan Stop Buffer (80% formamide, BO BDTA (pH 8.0), and 1% blue
dextran). The reaction mixtures were then heat&daC for 3 min and cooled down on
ice. Samples (3.5 pl) were loaded onto a 10% dengtpolyacrylamide gel containing
7 M urea. Electrophoresis was conducted at 1506 Vol 1.5 h using an ABI 377
sequencer (Applied Biosystems). Cleavage produnt$ @maining substrates were

guantified using the GeneScan analysis softwargae3.0.

E. Gel mobility shift assays
The binding reaction mixtures (20 pl) contained X0 fluorescently labeled
oligonucleotide DNA substrates, 5 mM Cg&@0% glycerol, 10 mM HEPES-KOH (pH

7.4), 1 mM DTT, and 100 nM dfma endo V protein. The binding reactions were carried
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out at 65°C for 30 min. Samples were electropharesea 6% native polyacrylamide gel
in 1 x TB Buffer supplemented with 5 mM CgCIhe bound and free DNA species were
analyzed using a Typhoon 9400 Imager (Amersham cigioses) with the following

settings: PMT at 600 Volts, excitation at 495 nmjssion at 535 nm.
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IV. Results
A. Cleavage of inosine-, xanthosine-, oxanosine-daming DNA

Endonuclease V contains seven conserved motifdinhamotifs 11l and IV play
a major role in protein-DNA interactions (7). Y8@chted in motif 11l is implicated in
base recognition (8). To better define the rolér80 in protein-DNA interactions and
base recognition, we systematically substituted ¥&8 all nineteen amino acids. Since
endo V recognizes and cleaves all three deamimatede bases, hypoxanthine, xanthine
and oxanine, we tested the cleavage activity oféhmutants against inosine (I)-,
xanthosine (X)-, oxanosine (O)-containing oligomatide substrates first. The
deaminated purine bases were placed in the boti@mdsat position 37 (Fig.3.1A). Endo
V in general cleaves at the second phosphodiestat fsrom the lesion at the 3’ side (1-
4). Therefore, cleavage by Y80 and its mutants dogénerate a 38-mer product
(Fig.3.1). Under that assay condition that theyaresubstrate ratio of 1:1, all the
mutants achieved a close-to-complete cleavageeof thsubstrate (Fig.3.1B), suggesting
that inosine in DNA is still recognized by Y80 muts. A similar cleavage pattern was
observed with C/X substrate, i.e., all the Y80 mtgaas well as the wild type enzyme,
achieved a close-to-complete cleavage of the T/stsate (data not shown). On the
other hand, C/O substrate was only partially cldabg the wt enzyme. None of the
nineteen Y80 mutants exhibited detectable cleavaigéhe C/O substrate (data not
shown), suggesting that the any amino acid sulistittat Y80 disables its oxanosine
endonuclease activity. These results are consisteith a previous large-scale
mutagenesis analysis, which indicated that oxaeosleavage is vulnerable to amino

acid substitutions at the positions that affeceb@sognition (7).
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A 5'-TACCCCAGCETCTGCGET BT TGCGTTAGT IGT CATAGT TTGAT CCTCTAGT CTT ST TGCGEETTCC-3T
37 -GEGET CECAGACGE CACAACGCAT TCAACAGT AT CARACT AGEAGAT CAGAACAACGCCC-FAN-57
1 |

60-mer 3%-mer

WIGA VLI STNQCMP EDREKHTEFW

- n a N R E N N
'..u-—l -u..-

< 38-mer

Figure 3.1 Cleavage of T/l substrate by Y80 ma endonuclease V mutants.Cleavage
reactions were performed as described in Mateaats Methods with 5 mM MgGl A.
Lesion-containing deoxyribooligonucleotide substrati: deoxyinosine. The 5 end of
the bottom strand was labeled with FAM fluorophoi&. Cleavage activity of wt and
Y80 Tma endo V mutants on inosine-containing substrat®.(Trhe single letter amino
acid code is shown above the gel
B. Binding of inosine-containing DNA and kinetic analis of T/l cleavage

One of the unique enzymatic features endo V posseasghat the enzyme retains
tight binding to inosine- and xanthosine-containiDBlA after cleavage, resulting in
single-turnover of these substrates (4, 5, 7).cdimpare the binding affinity of the Y80
mutants with the wt enzyme, we performed gel mbbishift assay using the T/I
substrate (Fig. 3.2A). Among the three aromatig4gontaining mutants (Y80F, Y80H
and Y80W), Y80F retained the highest degree of inméaffinities to the T/l substrate
(Fig. 3.2B). The binding affinity of YBOR to the/lTsubstrate was about one fourth of
level demonstrated by the wt enzyme (Fig. 3.2BheDtmutants either showed no

detectable retarded band by gel mobility shift erywlow level binding to the T/I

substrate (Fig. 3.2B). To evaluate the bindingnaiés to the cleavage product, we
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performed gel mobility shift assay using the nickiéd substrate (Fig. 3.2C). The four
mutants (Y80F, Y80H, Y80W and Y80R) that retaineghgicant binding to the T/I

substrate also retained binding to the nicked Tbssrate (Fig. 3.2D). Y80F again
exhibited highest degree of binding affinity amaailgnineteen mutants, while the other
mutants showed low or no detectable binding tonilcked T/I substrate (Fig. 3.2D). In
repeated experiments, Y80R consistently showed ssmesaring in the retarded band,
indicating that the Y8B0R-T/I complex or the Y80R:ked T/l complex is less stable that

the complexes formed by the wt enzyme and some aotheants such as Y80F (Fig.

3.2A, 3.2C).
A c
5 _____TTA 3 [ y . S
3 AT FAME 3 _p AIT FAM &'
WTGA VLI STNGQCMPEDREKHFW WITGAVLISTNGCMPEDREKHFW
T .
|
cat | |
Bowmd i U u ' H Iiu

rree | W WUV W W NN

WTGAVLISTNOCMPEDRKHFW WTGAVLISTNOCMPEDRKHFW

o IO T

Figure 3.2 Binding analysis of Y80rma endo V mutants on double-stranded inosine-
containing DNA. Gel mobility shift assays were performed as dbedrin Materials
and Methods.A. Gel mobility shift analysis of binding of Y80ma endo V mutants to
double-stranded inosine-containing substrate (With 5 mM CaCj. B. Quantitative
analysis of binding affinity of Y8'ma endo V mutants to T/l substrate. The binding
affinity of the wtTma endo V was taken as 1.@. Gel mobility shift analysis of binding
of Y80 Tma endo V mutants to nicked double-stranded inosorgaining product
(nicked T/1) with 5 mM CaGl D. Quantitative analysis of binding affinity of Y8na
endo V mutants to nicked T/l product. The bindaffinity of the wt Tma endo V was
taken as 1.0.

Relatwe Binding
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Previously, we have observed that tight binding rhayt the turnover of the
enzyme to inosine-containing DNA substrates (7, 1) test the kinetic behavior of the
Y80 mutants, we conducted a time-course analydisea¢nzyme: substrate ratio of 1:10.
As expected, the wt enzyme behaved as a singlesarrenzyme (Fig. 3.3). Among the
nineteen mutants examined, Y80F showed limited owgn of the T/l substrate, in
keeping with the retention of tight binding to thieked T/I (Fig. 3.2D). Other mutants
achieved close-to-complete cleavage, suggestinghbaeduced binding affinity caused

the mutants to dissociate from the nicked T/l (Bi@. and data not shown).

100 :
- ¥ v 2
—
8 o Y80S
;-fn . Y8ow
= Y80R
5"‘ A Y80H
. Y8OF
= W
= | | | |
4 | T g T i f 4 o T i | T
60 80 100 120
Time (min)

Figure 3.3 Representative time course analysis of/[Tcleavage by wt and Y80Tma
endo V mutants. Cleavage reactions were performed as describedaterMls and
Methods with 1 nMI'ma endo V protein (E:S = 1:10) and 5 mM MgCReactions were
stopped on ice at indicated time points and folldwey adding equal volume of
GeneScan Stop Buffer. Time course ®f vt Tma endo V; @) Y80F; (A) Y80H; ()
Y80R; (V) Y80W; (o) Y80S.
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C. Cleavage of uridine-containing DNA

Deamination of cytosine yields uracil in DNA, whichrecognized and cleaved
by endo V (4, 5, 11, 12). However, a uridine imi@matched base pair seems to be more
recognizable than an A/U base pair, which maint&i@son-Crick base pair symmetry
(4, 5). To investigate the effects of amino acidsiiiutions may have on uridine
endonuclease activity, we tested cleavage of both and G/U substrates. In the
presence of M, the wt enzyme was the only one that cleaved A&/ timited extent
(Fig. 3.4A). Both the wt endo V and the Y80F cledthe G/U substrate, albeit the latter
was about 15% of the wt activity (Fig. 3.4B). Sindrf* often relaxes the specificity of
nucleases, we then tested uridine endonucleaseétpiti the presence of M For the
A/U substrates, nine mutants exhibited detectaldavage activity (Fig. 3.4C). The
general trend was that substitutions by aromatigsri(Y80H, Y80F, Y80W) retained
higher activity followed by two substitutions wiimall side chains (Y80C and Y80A).
Other substitutions (Y80I, Y80S, Y80R and Y80K) wled lowest activity (Fig. 3.4C).
For the G/U mismatched base pair, Y80G, Y80V, Y8080T, Y80M, YBOE and Y80D
did not show detectable activity (Fig. 3.4D). Tt¢leavage activity of the rest of Y80
mutants followed the order of Y80A = Y80F > Y80A8QS > Y80C, Y80H > Y80W,

Y80P, Y80R > Y80K > Y80I, YBON, Y80Q, Y80V, Y8O0L (& 3.4D).
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Figure 3.4 Cleavage of uridine-containing DNA by Y8 Tma endonuclease V
mutant. Cleavage reactions were performed as describechierMls and Methods with
inosine-containing substrate substituted by uridioetaining substrateA. A/U cleavage
by endo V in the presence of 5 mM MgCB. G/U cleavage by endo V in the presence
of 5 mM MgCh. C. A/U cleavage by endo V in the presence of 5 mM Mn®. G/U
cleavage by endo V in the presence of 5 mM MnCl
C. Cleavage of mismatched base pairs

The analysis of uridine cleavage illustrates thadceV recognize uridine more
readily in a mismatched base pair than a Watsoock@rase pair. In fact, in addition to
recognition and cleavage of all four deaminatecebasndo V is also capable of cleaving
mismatched base pairs, especially with*Mas the metal cofactor (3). Previously, we
reported that a single alanine substitution at fition switched the enzyme to
essentially a C-specific mismatch endonuclease;iwt@cognized and cleaved A/C, C/A,
T/C, CIT and even the previously refractory C/C masches (8). Therefore, it is of
interest to evaluate the cleavage of mismatchee Ipasrs by all Y80 mutants. In
addition to Y80A that prefers C-containing misma&ghand Y80H that prefers T-

containing mismatches (8), several mutants showemtdsting cleavage patterns for the

mismatched base pairs in the presence of*MRig. 3.5). The majority of mutants

121



showed low or no detectable mismatch cleavage @%). However, similar to Y80A,
Y80P and Y80S showed preference to C-containingnaiishes as demonstrated by
cleavage of C-containing strands in C/A, C/T, ATGC and weak cleavage of C/C (Fig.
3.6). YBOR somewhat reduced cleavage of purineatoing mismatches while enhanced
cleavage of pyrimidine-containing mismatches (Bi@). These data underscore the role
of Y80 in mismatch recognition and cleavage.

YB0G:
YBO0A:

c
Yggv: - EES%J? ggﬁ: YBB%Q: + WT:A,G>T>C
¥BOL: - o e YBON:- i G
¥YB0I:-  YBOT:- YBOF:WI  YBOK:t YB0E: - = <2%th dea"’agf’ a,‘:t”"ty
¥BOP:C ¥B0S:C  ¥B0 :WT  YBOR:T,C  YBOD:- =+ No cleavage activity

T
FEYITPELAFRE PDVVVEDEDGLAHPR FIGLASHMG
Ll _— ine

T {0 —{ 1m v H vV VI VIl |
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FBT7A:A E116T:A
BAB6M:A H116E:A
GB3V:A H116A:A

Figure 3.5 Base preference of mismatch cleavage &80 Tma endonuclease V
mutants. Cleavage reactions were performed as describedaterMls and Methods
with 5 mM MnCb. Motifs are shown in Roman numbers. The sequehaeotif Il is
FPYIPGLLAFRE (The catalytic residue E89 is underlined). Seg ff sequence
alignment.
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a'-FAM —ITA CCC CAG CGTCTG CGG TGT TGC.GTT .E\GT TGT CATAGT TTG ATC CTC TAG TCT TGT TGC GGG TTC -3
F-GOGE GTC GCA GACGCE ACA ACG %Q TCA ACA GTATCA AAC TAGGAG ATC AGA ACAACE CCCI'? ET-3
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Figure 3.6 Representative GeneScan gel pictures ofismatch cleavage Cleavage
reactions were performed as described in Mateaats Methods with 100 nM endo V

protein and 5 mM MnGl
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V. Discussion

Y80 in endonuclease V is an invariant residue tetan a highly conserved
region we defined as motif Il [Fig. 3.5 and (7)fpeveral amino acids in this motif affect
DNA-protein interactions (7). E89 in this motifpsurt of the active site that may involve
coordination of a catalytic metal ion (12). Prewlyy we proposed a three-element base
recognition mechanism for endo V, which suggesét thcognition elements A and C
may interact with the 6-keto (or 4-keto in uraehdN’ position of a deaminated purine
base while element B may be snug between the 2dwdl® in uracil (6) (Fig. 3.7). A
biochemical analysis implicates that Y80 may po&diytplay a role as element A in base
recognition (7). This notion is further strengthén®y the observation of altered base
preference in mismatch cleavage (8). Prompted bigh from previous studies, this
work intended to conduct a systematic analysis ulysttuting Y80 with all nineteen
possible amino acids to gain a deeper understandinthe role of Y80 in base

recognition.

Figure 3.7 A hypothetic model of deamianted base cegnition mechanism by
endonuclease VSee text for detail. I: Inosine X: Xanthosine O:abgsine U: Uridine.
Adapted from (6).
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A. Substitutions with aromatic residues at Y80 posion

One of the major findings revealed from this stuslyhat aromatic amino acid
residues play an important role at this positiohe TY80OF mutant retains much of the
binding affinity to both the T/l substrate and tieked T/l product (Fig. 3.2), indicating
that the aromatic benzene ring of the tyrosinedtesiin the wt enzyme obviously is
involved in Protein-DNA interactions. The requirarhéor the tyrosine residue is specific
and can only be substituted partially by other atenresidues as seen in Y80H and
Y80W. From the kinetic analysis of the T/l cleagag is clear that the wt enzyme and

the Y80F mutant are the only ones that maintaiglsiturnover character (Fig. 3.3).

This conclusion is also well illustrated by cleggaof uridine-containing DNA
(Fig. 3.4). The wt enzyme is the only one that shaleavage of A/U, while the wt
enzyme and the Y80F mutant are the only ones tea@ive on the G/U in the presence
of Mg** (Fig. 3.4A-3.4B). The discrepancy in A/U and G/léavage is likely due to
mismatch nature of the G/U base pair. For all neetontaining substrates, endo V
enzymes prefers mismatched uridine-containing lpeses (4, 5). It appears that the
ability of endo V to recognize a Watson-Crick baséred A/U is highly dependent on
the tyrosine residue at this position (Fig. 3.4Ajow a tyrosine residue play such a role
is still unknown. However, among the other DNA regazymes, when F114 in MutM
(a glycosylase that recognizes 8-oxoguanine) weexiad into duplex DNA, causing loss
of helix stacking and localized destabilizationtafget base pair (14). Whether Y80 in

endo V plays a similar role in base recognitiomatr remains to be seen.

The three aromatic side chains show differentwaga patterns of mismatched

base pairs (Fig. 3.5), while YBOF maintains wt lesiecleavage, Y80W is not quite as
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active on mismatches. Y80H is more distinct asamewhat prefers T-containing
mismatches (Fig. 3.6). The structural basis of saichalteration is not clear. Yet, we
speculate that the imidizole ring may facilitate tlecognition of a thymine base in a

mismatch by formation of a hydrogen bond with teketo group.

B. Substitutions with small side-chain residues at80 position

The systematic site-directed mutagenesis allowsnaplete view of amino acid
substitutions. Another finding emerged from thigdst is that substitutions with small
side-chain amino acids help maintain mismatch @gavor alter base preference in
mismatch cleavage. The first scenario is exenaglifn the case of G/U cleavage in the
presence of M (Fig. 3.4D). Y80A, Y80S and Y80C retain greatemrth50% of
cleavage activity as compared with the wt enzyntee $econd scenario is observed in
mismatch cleavage by Y80A and Y80S (Fig. 3.6). Bothtants prefer C-containing
mismatches rather than the purine-containing mishest as seen in the wt enzyme. Itis
not clear why substitutions with small side-chaiesidues retain greater uridine
endonuclease activity in the G/U base pair. Howetee alteration of base preferences
in mismatch cleavage may be explained by sterifac In the wt enzyme, cytosine in a
mismatch may spatially clash with the bulky tyr@snesidue. Substitutions with Ala and
Ser may prevent the steric hindrance, thus accorata@C base in a mismatch. How to
explain the narrowing of mismatch cleavage spatffio almost exclusively a C-only
endonuclease? Both T and G bases may be excludmdidee they lose a favorable
interaction between the hydroxyl group in Y80 ahé keto group at the C4 or C6

position (6, 7). How the A base is excluded is abvious from the model. Yet, we
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speculate that with a small side-chain substituabrY80, the recognition pocket may
become more compact that makes the A base (antbjyodse G base as well) difficult

to fit into it. Consequently, the A base is alsaladed. A caveat is that this model would
not explain all the small side-chain substitutioibe lack of mismatch cleavage by
Y80G is a case in point. Amino acid substitutionay cause effects beyond steric

factors.

C. Substitutions with Arg and Pro at Y80 position

Y80R and Y80P exhibit some unique effects on evidbirst, YBOR still retains
some binding affinity to the T/l substrate and theked T/l product (Fig. 3.2). Second,
both Y80R and Y80P cleave the uridine strand in GfUhe presence of Mh (Fig.
3.4D). Third, both mutants show altered base peaf@ in mismatch cleavage (Fig. 3.6).
While Y80R prefers T and C, Y80P predominantly eksathe C-containing strand in a
mismatch. These observations can not be simplyaemgd by steric effects, perhaps,
Y80R and Y80P cause localized conformational charsgethat only pyrimidine base is
accommodated in the active site during mismatcavelge.

In summary, this work probes the effects of aliatéen amino acid substitutions
on endonuclease V. Data presented here furthersoate the role of Y80 in recognition
of deaminated bases and mismatched base pairs.ardh@atic ring and the hydroxyl
group in Y80 play important role in base recogmticAlthough Y80A, Y80S, Y80P and
Y80R cause a similar alteration in base prefereimceanismatch cleavage, but the
underlying mechanism may not be the same. Thesendi®ns, thus, highlight the

dynamic nature of the active site in endonuclease V
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CHAPTER FOUR
A Cell-Free System fromEscherichia coli for Study of
Endonuclease V Initiated DNA Repair

|. Abstract

Deamination of deoxyadenosine can occur spontahgogsnerating highly
mutagenic deoxyinosine which can cause A:T to Gadsition mutationEscherichia
coli endonuclease VE coli Endo V) recognizes deoxyinosine-containing DNA and
cleaves the DNA strand at the second phosphodibstedt 3’ tothe damage, leaving a
nick with 3’-hydroxyl and 5’-phosphorgroups. Endo V remains bound to the nicked
lesion-containing DNA, exhibiting similar affinitp both the substrate and the product.
Little is known about the subsequent repair praeesdter the nicking step initiated by
endo V. In order to understand the repair pathwéated by endo V, we established a
cell-free system fronk. coli to monitor the repaim vitro. Plasmid containing an inosine
lesion was incubated with cell-free extracts madenfwild type andchfi mutantsE. coli
strains in the presence af’P-dCTP and non-radiolabed dNTPs to characterizeEthe
coli endo V mediated DNA repair pathway. The cell-freactions showed significant
repair synthesis using wild tye coli cell-free extracts while little repair synthesiasv
monitored usingifi mutant cell-free extracts. The preliminary reswoltgained from the
cell-free assays indicated that the repair patobnaio V mediated DNA repair pathways
may consist of a long patch (longer than 2.3 kbimeded) and a short patch (less than

330 bp, estimated).



Il. Introduction

The DNA molecules that carry the vital genetic mateof cells are constantly
subject to spontaneous decay under physiologicatlitons. Hydrolytic deamination
occurs at non-negligible rates (1-2). For examipjelrolytic deamination of cytosine has
been estimatetb introduce between 100 and 500 uracil residuethenformof U:G
mismatches per cell per day (3). Nitric oxide (N@jrous acid and high temperature can
further enhance this process (4-5). It is specdldtat chronic inflammation is associated
with cancer. Tissues with chronic inflammation hévgh concentration of NO secreted
by activated macrophage which can induce nitrosalamage to DNA in cells, thereby
increasing cancer risk (6-8).

Uracil, hypoxanthine, and xanthine are the deangnaproducts of cytosine,
adenine and guanine, respectively. Deaminatiordehime to hypoxanthine causes A:T
to G:C transition mutation. Endonuclease V, an @waharily conserved DNA repair
enzyme, found in bacterial, archaeal and eukarye#ils, recognizes deaminated DNA.
This enzyme incises the DNA at the second phosplsteti bond 3’ to a deoxyinosine
site (9). The enzyme has almost equal affinitytfer substrate and the product (10). It
stays bound with the product after the cleavagee@e studies oE. coli endo V suggest
thatE. coli endo V is involved in the repair of hypoxanthinanshine and abasic sites in
DNA (11-12). It was showed th&. coli endo V is the primary DNA repair enzyme
deals with deoxyinosine lesiom vivo while AIkA is not involved in the repair of
deoxyinosinen vivo (11-12). It was suggested that endo V may usevelralternative
excision repair pathway, in which an exonucleaseedgiired to remove the lesion (13-

15). The gap is then filled in by polymerase amalest by ligase to finish the repair. Both

132



in vivo andin vitro studies of DNA repair mechanism have used DNA sates which
contain specific DNA lesions at defined sites. Fovitro studies using purified proteins,
short linear synthetic substrates are useful.iRoivo studies oiin vitro studies using
cell-free extracts, closed circular duplex subssaire more desirable to avoid substrate
degradation and other effects that short lineassates may encounter (16).

Studies of the repair patch size associated wighfijang DNA synthesis using
cell-free extracts and closed circular plasmidsehlagen conducted by many researchers
(16-18).In order to understand the repair pathway initidigcendo V, we established a
cell-free system to monitor the repairvitro. We constructed a pUC19-derived plasmid
which contained two nicking sites (N.BstNB | andHRvc 1A) at the same strand with 32
flanking bases. The plasmid was nicked by the tigking enzymes and a fragment of 32
bases was removed, producing a gapped plasmidt 8Rgonucleotides containing a
single deoxyinosine was annealed and ligated togtpged plasmid. Closed circular
inosine-containing plasmid was purified by the Ce@tification method. The inosine-
containing substrate was confirmed by convertirogget! circular form of the plasmid to
nicked form byE. coli endo V. We incubated inosine-containing plasmithwiifferent
endonuclease Wh{i) mutants (Table 4.1) [BW1034f( ,ung’) (ung is the gene for uracil
DNA glycosylase), BW1162n{i ",nfo") (nfo is the gene for endonuclease V), BW1163
(nfi ",nfo ", xth ") (xth is the gene for exonuclease Ill), BW11T8 (alkA") (alkA is the
gene for AlkA)] cell-free extracts and AB115i() cell-free extract together wit2P-
dCTP and non-radiolabed dNTPs. The results showat significant repair synthesis

occurred using WE. coli cell-free extracts, while usingfi” E. coli cell-free extracts only
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a little repair synthesis was monitored. This aonéd that endo V is the major enzyme
responsible for inosine repair.

To determine the repair patches of endo V initiatghir, we used Hpa Il and
EcoR | to digest the plasmids recovered from thi-fime assays. Following the
restriction enzyme digestion and non-denaturing elelctrophoresis, the extent of
incorporation of the radioactively labeled dCTP the plasmid was determined by
autoradiography. The results from the cell-fresags indicated that the repair patches of
endo V-initiated DNA repair pathways may consist aoflong (longer than 2.3 kb,

estimated) and a short patch (less than 330 bmadst)
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lll. Materials and Methods
A. Materials

All routine chemical reagents were purchased fraghét Scientific (Suwanee,
GA), Sigma Chemicals (St. Louis, MO), VWR (Suwan&d)). Restriction enzymes,
nicking enzymes, T4 DNA ligase, T4 polynucleotidedse and BSA were purchased
from New England Biolabs (Beverly, MA). dNTPs weparrchased from Promega
(Madison, WI).o**P-dCTP and*’P-ATP were purchased from MP Biomedicals (Irvine,
CA). Purified deoxyribooligonucleotides were ordkrefrom Integrated DNA
Technologies Inc. (Coralville, 1A). YM-3 and YM-108pin columns were purchased
from Milipore Corporation (Bedford, MA). LB mediunwas prepared according to
standard recipe. 1 X TBE buffer contains 89 mM -B@ic acid and 2 mM EDTA. 10 X
agarose gel loading buffer contains 0.02% bromophétue, 25% sucrose, 0.01 M
EDTA, 1% SDS, 0.25% xylene cyanol. 1 X T4 DNA bgabuffer contains 50 mM Tris-
HCI (pH 7.5), 10 mM MgCl 10 mM dithiothreitol, 1 mM ATP, 25 ug/ml BSA. 1 X4T
polynucleotide kinase Buffer contains 70 mM TrisdH@GH 7.6), 10 mM MgCl 5 mM
dithiothreitol. Protein purification and quantit@ti were carried out as previously

described (19).

B. Preparation of E. coli cell-free extracts

E. coli wt strain AB1157 was obtained from tiie coli Genetic Stock Center
(MCDB Department, Yale University). BW1034fi( -, ung ), BW1162 (fi °, nfo ),
BW1163 (fi °, nfi , xth "), BW1179 (fi -, dkA ") were kind gifts from B. Weiss (Emory

University) (Table 4.1). Cell-free extracts werepared according to (17 coli cells
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were grown to an &0=1.0-1.2 in 1-Liter cultures of LB media [with oritout
antibiotics, (wt: without antibiotic), (BW1034: 3diml chloramphenicol and 50ug/ml
thymine), (BW1162: 34ug/ml chloramphenicol and l@ugkanamycin), (BW1163:
34ug/ml  chloramphenicol and 10ug/ml kanamycin), (BMO: 34ug/ml
chloramphenicol)] supplemented with 0.1% glucoseellsC were collected by
centrifugation at 4°C and suspended in 5 ml of AM3ris-HCI (pH 7.6) with 10%
sucrose, and frozen in liquid nitrogen and storeéd78°C. The thawed cells were
supplemented with 1.2 mM DTT, 0.15 M KCI, 0.23 mglgsozyme, followed by heat
shock at 37°C until a final suspension temperanire20°C. After cell debris was
removed by centrifugation at 13,000 rpm for 20 rat4°C, proteins were precipitated
from the supernatant by addition of 0.5 g of povedeammonium sulfate per ml of the
extract, and the precipitate was recovered by ifegéation at 13,000 rpm for 20 min at
4°C. The pellet was resuspended in 0.3 ml of adbuffiontains 0.025 M HEPES
(pH7.6)/0.1 mM EDTA/ 2 mM DTT/100 mM KCI, and dialiged against the same
buffer until the conductivity reaches the equivalen0.2 M KCI as measured by a hand
held conductivity meter (model PM6304 Control C@my). The resulting solution was
aliquoted and frozen by liquid nitrogen and stoatd70°C. Protein concentration was

estimated by Bradford method.
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Strain Description® Zource Mote

AB1157 his(H4 argB3 E. coli genetic stock center W
B op..
EW10%4 EWEL Lok upe B Weiss PUEWI160) x BW1132
wung-1 53 kan
AB1157 nfi-Lcat B Weiss PUEWI160) < EPC500
BWllee mff-1 e
— AB1157 - cat Alxile- B Weiss PUEWI160) x EPC501
preA)R0 nia- 1 kan
BW117 EDI0% drpdsBlu B Weiss PIEWI185) < BW1178

Lrreat alc AT Bis+

a All the strains used are derivatres of B, cali K-12

b nfi is the gene for endonuclease WV

c ungis the gene for uracil DINA glycosylase

d nfo iz the gene for endonuclease TV
e xth 15 the gene for exonuclease I

f allcd is the gene for 3-Methyladenine-DINA Glycosylase T (A1kd)

Table 4.1 Bacterial strains used.

C. Construction of a pUC19 derivative plasmid encodg two different nicking sites
pPUC19HE (2 ug) which is a pUC19 derivative contagnone N.BstNB1 nicking
site (a gift from John B. Hays, Oregon State Ursitgy and pUC19 were digested with
20 U Afl Il and Aat Il at 37°C for 3 hours. The8lkb fragment of pUC19HE and 0.87
kb fragment of pUC19 recovered from 1% agaroseagee ligated together to generate
PUC19E. A synthesized double-stranded oligo (5-G&3ACCGCTGAGGAGATC
TGGATCCACATGTGGG-3', complementary strand 5’-CCCAGATGGATCCAGAT
CTCCTCAGCGGTACCCCG-3’) and pUC19E were digestechvidpn | and Afl 11l and
ligated together to generate a plasmid which has micking sites N.BstNB1 and

N.BbvclA in the same strand with 32 flanking basé&ke standard procedures of
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molecular cloning were carried out as describe@@®). The new plasmid was designated

as pUC19ENS3.

D. Preparation and purification of a single inosinecontaining plasmid

pUC19EN3 (1.5 mg) was purified using Qiagen Plasmiidga Kit (Qiagen
Science, Maryland), starting with 1 L of bacteriatare. 60 ug of pUC19EN3 was
completely digested by 200 U of N.Bbvc IA at 37°@emight as determined by 1%
agrose gel. The nicked plasmid was purified by phehloroform/isoamyl alcohol
extraction followed by ethanol precipitation. Therified nicked plasmid was then
digested by 200 U of N.BstNB | at 37°C overnighig(.1). Previous experiments
showed that 200 U of N.BstNB | was sufficient tomquetely digest 60 ug of pUC19EN3
at 37°C (Data not shown). The doubled nicked pldsnas purified by phenol extraction
followed by ethanol precipitation. The recoveredsphid was dissolved in TE buffer (pH
7.4) to a final concentration of 100 ng/ul. It wesated at 85°C for 5 minutes and put on

ice quickly.
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BbvC 1A

N.BstNB |

puc19EN3
2.3kb

PUC19EN3 puci8EN3
TR T, o
N.BbvclA+N.Bst NBI 23kb 2.3 kb _—

puc18EN3 T4 DNA Ligase puc19EN3 1 puc19EN3
-—
23kb 23kb 2.3kb

Figure 4.1 A scheme for preparing inosine-containig circular substrates.
pPUC19EN3 was digested by nicking enzymes N.BstN&l B.BbvclA respectively, the
double nicked plasmid was denatured by heat tre@t@e85°C for 5 minutes and the
small fragment was removed by YM-100 spin columine Tesulting gapped pUC19ENS3
was annealed with an inosine-containing oligo agdtéd to yield the closed circular
pPpUC19ENS3-I.C which contains a single inosine lesion

To purify the resulting gapped plasmid, the smediginent was removed by
passing through an YM-100 spin column and washéd %30 ul TE (pH 7.4) five times.
Gapped plasmid (200 ng) was ligated overnight @ 4sing T4 DNA ligase. Agarose gel
analysis (1%) showed that there was no signifidagdation, indicating the gapped
plasmid was relatively pure. The gapped plasmid arasealed with 20 fold excess of
oligo containing a deoxyinosine (5'-p-TGAGGAGATCIAIFCCACATGTGAGTCCG
AT-3') and then ligated overnight at 4°C using TMMIigase. The ligated products were
then subject to CsCI-Ethidium Bromide Gradient freation and the deoxyinosine-
containing plasmid was collected and purified adoay to (20). Specifically, closed
circular plasmid was withdrawn by using a disposabjringe; Ethidium bromide was

removed by extracting the DNA solution with watattsated n-butanol until all the pink

color disappeared from both the aqueous phasehanarganic phase. CsCl was removed
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from the DNA solution by passing through a YM-10@cracon spin column (Milipore

Corporation, MA) and washed five times with 500T# (pH 7.4). The product was
aliquoted, quickly frozen by liquid nitrogen anadr&d at -70°C. DNA samples were run
on 1% agarose gels and quantified by Quantity Gofen@re of Gel Doc system (Bio-

Rad, CA)

E. E. coli endonuclease V cleavage assays

The reaction mixtures (10 ul) containing 10 mM HEPRPKEOH (pH 7.4), 1 mM
DTT, 2% glycerol, 5 mM MgGl 200 ng deoxyinosine-containing closed circular
substrate or control plasmid, and 20 mMcoli endo V protein were incubated at 37°C
for 30 minutes. The products were resolved bytedpboresis in 1% agarose gel in 1 X

TBE buffer (Tris-Boric acid 89 mM, EDTA 2 mM).

F. In Vitro cell-free assays

Reactions mixture (50 ul) contained 10 mM HEPES p#), 2 mM DTT, 0.5
mM EDTA, 2 mM ATP, 20 uM of dNTP, 10 uci of°P-dCTP, 0.5 mM NAD, 50 ug/ml
BSA, 5 mM MgC}, 1 mM glutathione, 0.2 mM spermidine, 300 ng inescontaining
plasmid or control plasmid and 4 mg/ml of cell-freetract proteins. The mixture was
incubated at 37°C for 1 hour and terminated byragl&0 ul of 40 mM EDTA and 2 ul of
10 mg/ml protease K. The mixture was incubatedaforadditional 30 minute at 37°C.
The reaction product was purified by phenol/chlorof/isoamyl alcoholextraction
followed by ethanol precipitation and dissolved 10 ul TE (pH 7.4). Restriction

digestions were carried out in 20 ul mixtures comig purified substrates, different
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restriction enzymes and buffers at 37°C for 5 hofrsil of 10 X agarose gel loading
buffer (0.02% bromophenol blue, 25% sucrose, 0.0EDTA, 1% SDS, 0.25% xylene
cyanol) was added to the mixture and the produet® \separated by electrophoresis in
1% agarose gel in 1 X TBE buffer (Tris-Boric ac@@®M, EDTA 2 mM). For restriction
digestion with Hpa Il and EcoR I, 10 ul of 50% gdyol was added to the mixture and the
products were resolved by electrophoresis in 6% v@&atolyacrylamide gel in 1 X TBE
buffer. The gels were then analyzed by autoradpgraand quantified by ImageQuant

software using Typhoon Imager (Filter, 390BP; La&ad 633 nM).

G. Preparation of radiolabeled inosine-containing @smid

The reaction mixture (50ul) containing 200 nM seigtranded oligo [5'-
IATCCACAGTGAGTCCGAT-3") (10 pmol), 120 uCi*P-ATP (26.4 pmol), 1 X T4
polynucleotide kinase Buffer (70 mM Tris-HCI (pH6Y,. 10 mM MgC} 5 mM
dithiothreitol] and 30 U of T4 polynucleotide kireasvas incubated at 37°C for 4 hours.
The mixture was then heat treated at 60°C for 2@Gwtes to denature the T4
polynucleotide kinase. The mixture was passed tir@aYM-3 spin column and washed
extensively with TE buffer (pH 7.6) till there wésle radioactivity in the flow-through.
The purified labeled oligo (5 pmol) and another ginstranded oligo (5’-phos-
TGAGGAGATCTG-3’) (10 pmol) were annealed with 10 ggpped pUC19ENS3 in the
presence of 1 X T4 DNA ligase buffer [50 mM Tris-HBH 7.5), 10 mM MgC] 10 mM
dithiothreitol, 1 mM ATP, 25 ug/ml BSA] at 68°C f@ minutes and gradually lowered

temperature to 25°C in 30 minutes. T4 DNA ligas¢ (B was added to the mixture and
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incubated at 4°C overnight. The ligated closedutacplasmid was run on 1% agarose

gel and recovered by glass wool spin column method.

H. Determination of the released inosine-containinfragments in cell-free assay

The reaction mixture contained 100 ng labeled pldst® mM HEPES (pH 7.4),
2 mM DTT, 0.5 mM EDTA, 2 mM ATP, 20 uM of dNTP,2mM NAD, 50 ug/ml
BSA, 5 mM MgCh, 1 mM glutathione, 0.2 mM spermidine, and 4 mgbhlE. coli
AB1157 cell-free extract proteins. The mixture wasubated at 37°C for 1 hour and
passed through a YM-100 spin column (cutoff: sirgjlanded DNA 300 bps, double-
stranded DNA 125 bps) and washed three times Vé@thl 7E buffer (pH 7.4). The flow-
through was then passed through a YM-3 spin col(guatoff: single-stranded DNA 10
bps, double-stranded DNA 10 bps) and washed thmess twith 25 ul TE buffer (pH 7.4).
The flow-through from the YM-3 spin column, whicbrtains DNA fragments smaller
than 10 bps, was collected. The remaining radieiggtiwhich contains DNA fragments
smaller than 300 bps and bigger than 10 bps, on 3YMas also collected. The
radioactivities were determined by scintillationuoter (Model LS 6500 Beckman

Coulter).
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IV. Results
A. Substrate quality and yield

pUC19ENS3 (60 ug) can generate about 9.6 ug of m@esontaining plasmid. The
inosine-containing substrate and control plasmidCpQEN3 were treated witk. coli
endo V, and over 95% of the closed circular formrafsine-containing substrate was
converted to the nicked form (Figure 4.2, Lane %ijlevless than 10% of the control
plasmid was converted to the nicked form (Figué Bane 3). It is reported that endo V

has weak nicking activity on plasmid DNA (21).

Figure 4.2 Digestion of inosine-containing circulasubstrate by E. coli endonuclease V.
Inosine-containing substrate (200 ng) was digestigd 20 nM E. coli endoV in a 10ul
reaction buffer for 30 minutes at 37°C. LaneADNA Hind Ill digestion. Lane 2,
PUC19ENS3 Lane 3, pUC19EN3 digestedtycoli endoV Lane 4, pUC19ENS3-I.C Lane
5, pUC19EN3-I.C digested Il coli endo V

B. DNA repair synthesis in inosine-containing plasma after incubation with E. coli
cell-free extracts

pPpUC19ENS3-I.C (Figure 4.3A) which was identical egtfor the presence of an

incorrect I.C pair was used to determine whetheatoeX is responsible for the repair
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synthesis induced by inosine lesion. Cell-free ysseere carried out using V& coli
cell-free extracts in the presencesdfP-dCTP. After incubationy®*P-dCMP containing
products were isolated and digested with restrncgeadonuclease Afl 1l and AlwN I.
The DNA fragments were resolved by electrophoresi$% agarose gel, followed by
Phosphor Image analysis. Figure 4.3B showed thatraoplasmid pUC19ENS3 did not
show significant repair synthesis (Fig 4.3B, Lang While pUC19EN3-I.C, which
contains a single inosine lesion, had significanbant of radioactive incorporation (Fig
4.3B, Lane 2), indicating that the repair synthésisiosine dependent. Lanes 3-5 showed
thatE. coli cell extracts frormfi mutants did not induce repair synthesis, sugggshat

endo V is responsible for initiating the inosinpag.
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A

pUC19EN3 %ﬁ
pUCI9EN3-I.C &%% b
BamH1
B 1 2 3 4 5 6
pUC19EN3 &
pUC19EN3-I/C + + + + -+
Cell-Free Extracts AB1157 AB1157 BW1034 BWI1162 BWI1163 BW1179
nfi* nfi* nfiung.  nfinfo-  nfinfoxth nfi-alkc

Figure 4.3 Inosine-lesion mediated DNA repair syntésis inE. coli cell-free extracts.

A. pUC19ENS3-I.C restriction maiB. pUC19EN3 and pUC19ENS3-I.C were incubated
with E. coli cell-free extracts at 37°C for 1 hour and termedaby adding 50 ul of 40
mM EDTA and 2 ul of 10 mg/ml protease K. The migtwras incubated for additional
30 minute at 37°C. The reaction products were @ariby phenol/chloroform/isoamyl
alcoholextraction followed by ethanol precipitation andstilved in 10 ul TE (pH 7.4)
and subject to AlwN 1 and Afl 11l digestion and obsed by 1% agarose gel. The gel was
then analyzed by autoradiography. Lan&.coli AB1157 (wt) cell-free extract incubate
with pUC19EN3 (homoduplex, G.C pair). LaneE2,coli AB1157 (wt) cell-free extract
incubate with pUC19EN3-1.C (heteroduplex I.C paine 3,E. coli BW1034 (fi"ung)
cell-free extract incubated with pUC19ENS3-I.C. Lahe. coli BW1162 (fi" nfo) cell-
free extract incubated with pUC19EN3-1.C. LaneE5coli BW1163 (fi” nfoxth’) cell-
free extract incubate with pUC19ENS3-I.C. Lane&e6¢oli BW1179 (nfialkA") cell-free
extract incubate with pUC19EN3-I.C.

There are twelve Hpa Il recognition sites and oneREl recognition site located
in the pUC19EN3-1.C, but only 8 fragments generdtgdipa Il and EcoR | digestion are
larger than 100 bp (Figure 4.4A-B). Among thesegrmants, the 301-bp fragment

generated by EcoR | and Hpa Il digestion is loc@&dnt 5’ to the inosine lesion. In
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order to define the distribution of DNA repair slyesis associated with inosine-mediated
DNA repair involving the inosine-containing plasmikll-free assays were carried out
using E. coli cell-free extracts in the presence o3fP dCTP. After incubationg>P-
dCMP containing products were isolated and digegi#u restriction endonuclease Hpa
Il and EcoR I. The DNA fragments were separateda B0 native polyacrylamide gel
electrophoresis (Figure 4.4). Following the eleglraresis, Phosphor Image analysis of
the o**P labeled DNA fragments showed thafP-dCMP was incorporated into the
whole plasmid, while the 301 bp fragment had tmergfest radioactivity incorporation.
The results suggested that multiple pathways magpJmved in the repair of the inosine-
containing substrates in the cell-free assays. ilGbneactions were conducted using a
PUC19EN3 plasmid (homoduplex) containing a G:C bpae& at the target site to
determine the extent of“P-dCMP incorporation at the same assay conditibe. fésults
showed that there was no significatP-dCMP incorporation in the plasmid, suggesting

that the repair synthesis of inosine-containingmia is lesion mediated.
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Figure 4.4 Characterization of inosine mediated regir synthesis inE. coli AB1157

(wt) cell-free extract. pUC19ENS3-I.C and pUC19ENS3 were incubated \fitloli
AB1157 cell-free extract at 37°C for 1 hour. Thaaton products were purified and
subject to Hpa Il and EcoR | digestion and resoive@Po native polyacrylamide gel. The
gel was then analyzed by autoradiography and duethby ImageQuant software using
Typhoon ImagerA. pUCEN3-I.C restriction maB. Autoradiography of the gel Lane 1,
E. coli AB1157 cell-free extract incubate with pUC19EN&ne 2,E. coli AB1157 cell-
free extracts incubated with pUC19EN3-I@.Relative intensity of radioactivity
incorporation. The incorporation af?P-dCMP in each DNA fragment was normalized
by dividing the amount af-*’P radioactivity detected by the number of cytosamdues
in each corresponding DNA fragment. The 301 bprfraigt which has the highest
normalized value was designated as 1, andHfi'edCMP incorporation in other DNA
fragments was calculated relative to that value d&ta are the average from three
reactions and the standard error is calculated.
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C. Analysis of the released inosine-containing fragents inE. coli cell-free extracts

A synthesized single-stranded oligo was phosphtagland labeled with*2P-
ATP at the inosine position. The labeled oligo ambther single-stranded oligo were
annealed with gapped pUC19EN3 and ligated usindONA ligase to form a closed
circular plasmid. The closed circular plasmid wasubated with wk. coli AB1157 cell-
free extracts and subsequently passed through YMspih column and YM-3 column
(Figure 5.5). The radioactivity remained on the B\Wpin column was 55000 cpm and
the radioactivity in the flow-through was 293000ntpdetermined by scintillation
counter. The results showed that the sizes of wia$te released fragments are less than

10 bps.

Incubate with B.coli
AB1157 cell free
extract

10bps<Fragments<300bps
55000¢cpm «

Fragments<10bps

293000cpm *

Figure 4.5 Analysis of the released inosine-contaig fragments by E. coli cell-free
extract. Inosine-containing pUC19EN3 were labeled wifffP-ATP at the inosine
position, and incubated with. coli AB1157 wt cell-free extract at 3€ for 1 hour. The
mixture was passed through YM-100 spin column; ftber-through was then passed
through a YM-3 spin column. The radioactivity irethow-through and the radioactivity
remained on the YM-3 column were counted usingtiiation counter.

148



V. Discussion
A. Endonuclease V-initiated DNA repair

The pathway of endonuclease V-mediated DNA repgastill unknown. In order
to unravel the problem, we first constructed a@tbsircular substrate which contained a
single inosine lesion. We then developedrmanitro cell-free system which us&s coli
cell-free extracts, inosine-containing closed dacsubstrates, dNTP, and?P-dCTP to
analyze endo V-mediated DNA repair synthesis. Qufimpinary results showed that
endo V-mediated DNA repair may involve multiple lpaays. The preliminary results
from the cell-free assays suggested that the r@péthes oE. coli initiated DNA repair
pathways may consist of a long patch (longer th&nkB, estimated) and a short patch
pathway (less than 330 bps, estimated). After eWdaicks the inosine-containing
substrate, there may be two scenarios (Figure #.8).possible that endo V binds with
the nicked inosine-containing substrate and rezgotme exonuclease (Figure 4.6A). It is
also possible that endo V recruits partner profgjrand switches endonuclease V to an
exonuclease mode. Recently, endonuclease V wasnshovhave a 3’ exonuclease
activity in certain conditions (22). Cao and cofjaas proposed an alternative model that
after endo V binds with the nicked inosine-contagnisubstrate and recruits some
protein(s), endo V changes to an exonuclease muodleesamoves the lesion (22). The 3’
exonuclease activity removes the inosine lesioettogyr with a portion of the plasmid. A
polymerase subsequently fills in the gap and thask seals the nick. This will result in
the incorporation of the radioactivity into the gégat is 5’ to the inosine lesion site, a
short patch repair. The model has been proposesewsral groups (13-15). Analysis of

released fragments bi. coli cell-free extracts showed that most of the rel@ase
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fragments were less than 10 bps, suggesting tlmatuelease activity is involved in the
pathway. Another scenario is that after the pohase fills in the gap, it starts strand
displacement reaction. After the synthesis of a B#WA strand, an endonuclease nicks
the strand and releases the displaced old stragsiilting in a long patch of the

incorporation of radioactivity (Figure 4.6 B).
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Figure 4.6 Hypothetical Model for Endonuclease V iitiated DNA repair pathway in

a single lesion-containing plasmid (from preliminay studies). A, in this pathway,
endonuclease V first nicks at the second phospbktatibond 3’ to the inosine lesion and
stay bound with the substrate. An exonucleaseatisglendonuclease V and removes the
inosine lesion together with a portion of the stdists; alternatively, a partner protein
switches endonuclease V to an exonuclease modereandves the inosine lesion,
generating a gap in the plasmid. A DNA polymerale in the gap and. coli ligase
seals the nick. B, in this pathway, after the extemse activity removes the inosine
lesion and generates a gap, a polymerase fillaengap and starts strand displacement.
After the synthesis of a new DNA strand, an endtease nicks the strand and releases
the displaced old strand. A DNA polymerase fillstlie gap and. coli ligase seals the

gap.
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B. Recent research progresses on endonuclease V
An alternative way to study the endo V mediatechpaty is to find the key

components of this pathway. We have used gel sisgays to test different possible
enzymes but failed to identify one that interacthvendo V (data not shown). Genetic
screening of the strains that are sensitive toosdiive stress may also provide us
important information. It is conceivable that mplé sites will be deaminated when the
cells encounter significant nitrosative stresgh# two sites are very close to each other
and located in different strands, double strandaksemay occur. In this case,
recombinational repair is a pathway to repair #sdns. RdgB is an NTPase with a 100-
fold preference for ITP, XTP and dITP than the caca nucleotides (23-24). RdgB
mutants accumulate Endo V-recognized modificatiod ahow elevated double strand
breaks (25). It is speculated that RdgB may playl@in the 5’ incision around the lesion
site after endo V nicks the lesion containing DNZ5), More experiments need to be

done to understand this pathway.

152



VI. Acknowledgements

We thank Bernard Weiss (Emory University SchooMxdicine, Atlanta, GA)
for E. coli strains and John B.Hays (Oregon State Univer$ty)pUC19HE. We also
thank Huixian Wang (Oregon State University) fos ladvice on preparing inosine-
containing closed circular substrates. We thank beem of Cao lab for stimulating
discussions. This project is supported in partigyNIH, the Concern Foundation and SC

Experimental Station.

153



VIl. References

1.

Lindahl, T. (1993) Instability and decay of the paim structure of DNANature,
362, 709-715

Shen,J.C., RideoutW.M. 3rd and Jones,P.A. (1994 Tate of hydrolytic
deamination of 5-methylcytosine in double-stran®®tA. Nucleic Acids Res., 22,
972-976

Krokan HE,Otterlei M, Nilsen H, Kavli B, Skorpen Bndersen S, Skjelbred C,
Akbari M, Aas PA, Slupphaug GProperties and functions of human uracil-DNA
glycosylase form th&lng gene Prog. Nucleic Acids Res. 2001;68:366—386.

Shapiro, R., and Yamaguchi, H. Nucleic acid reagtiand conformation. I.
Deamination of cytosine by nitrous acid (19Bepchim. Biophys. Acta 281, 501-
506

Lindahl, T., and Nyberg, B. Heat-induced deamimatad cytosine residues in
deoxyribonucleic acid. (1978jiochemistry 13, 3405-3410

Ohshima,H. and Bartsch,H. (1994) Chronic infectiand inflammatory processes
as cancer risk factors: possible role of nitricdexin carcinogenesisiutat. Res.,
305, 253-264

Shacter,E. and Weitzman,S.A. (2002) Chronic inflanam and cancer.
Oncology, 16, 217-226

Hussain SP, Hofseth LJ, Harris CC. 2003. Radicalsesa of cancer. Nat Rev
Cancer 3:276 —285.

M. Yao and Y.W. Kow, Further characterizationkstherichia coli endonuclease
V. Mechanism of recognition for deoxyinosine, dearigine, and base
mismatches in DNAJ. Biol. Chem. 272 (1997), pp. 30774-30779.

10.M. Yao and Y.W. Kow, Interaction of deoxyinosing-eéhdonuclease from

Escherichia coli with DNA containing deoxyinosinel. Biol. Chem. 270 (1995),
pp. 28609-28616

11.Guo, G. and B. Weis€ndonuclease V (nfi) Mutant of Escherichia coli K-12.

Journal of Bacteriology, 1998. 180(1): p. 46-51.

12.Karen A. Schouten and B. Weiss, Endonuclease Vept®Escherichia coli

against specific mutations caused by nitrous.adfiitation Research 435 (1999)
245-254

154



13.He B, Qing H, Kow YW. Deoxyxanthosine in DNA is eped byEscherichia
coli endonuclease V. Mutat Res. 2000 Mar 20;459 (2}1409

14.Burgis, N. E., Brucker, J. J., and Cunningham, R(2003) Repair system for
noncanonical purines iascherichia coli, J. Bacteriol. 185, 3101-10.

15.Moe, A., Ringvoll, J., Nordstrand, L. M., Eide, LBjoras, M., Seeberg, E.,
Rognes, T., and Klungland, A. (2003) Incision apéwanthine residues in DNA
by a mammalian homologue of thEscherichia coli antimutator enzyme
endonuclease Wucleic Acids Res. 31, 3893-900

16.Wang H, Hays JB. Signaling from DNA mispairs to m&ch-repair excision sites
despite intervening blockades. EMBO J. 2004 May3&,0):2126-33. Epub 2004
Apr 22.

17.Lu AL, Clark S, Modrich P. Methyl-directed repaif DNA base-pair mismatches
invitro. Proc Natl Acad Sci U S A. 1983 Aug;80(15):4639-43

18. Sanderson RJ, Mosbaugh DW. Fidelity and mutatisgcificity of uracil-
initiated base excision DNA repair synthesis in hanglioblastoma cell extracts.
Biol Chem. 1998 Sep 18;273(38):24822-31.

19.Feng H, Klutz AM, Cao W. Active site plasticity adndonuclease V from
Salmonella typhimurium.Biochemistry. 2005 Jan 183475-83.

20.Joseph Sambrook, David W. Russell Molecular Clgnid Laboratory Manual
2000

21.Huang J, Lu J, Barany F, Cao. Wultiple cleavage activities of endonuclease V
from Thermotoga maritima: recognition and strand nicking mechanism.
Biochemistry. 2001 Jul 31;40(30):8738-48

22.Feng H, Dong L, Klutz AM, Aghaebrahim N, Cao W. ibgfig amino acid
residues involved in DNA-protein interactions arevelation of 3'-exonuclease
activity in endonucleaseV. Biochemistry. 2005 Aug43!(34):11486-95

23.Chung JH, Back JH, Park YI, Han YS. Biochemicalrekterization of a novel
hypoxanthine/xanthine dNTP pyrophosphatase fromh&leicoccus jannaschii.
Nucleic Acids Res. 2001 Jul 15;29(14):3099-107.

24.Chung JH, Park HY, Lee JH, Jang Y. Identificatioihthe dITP- and XTP-
hydrolyzing protein fromEscherichia coli. J Biochem Mol Biol. 2002 Jul
31;35(4):403-8.

25.Bradshaw JS, Kuzminov A. RdgB acts to avoid chramnues fragmentation in
Escherichia coli. Mol Microbiol. 2003 Jun;48(6):1711-25.

155



CHAPTER FIVE

Research Significance and Concluding Remarks

DNA damages may arise as a consequence of exptiswagious DNA damage
agents. In order to maintain the genetic integyftghromosomes, it is essential that DNA
damages are repaired efficiently. Fortunately, tpenome is under continuous
surveillance by DNA repair mechanisms. Defects MADrepair cause hypersensitivity to
DNA-damaging agents, accumulation of mutationsha genome and finally to the
development of cancer and various metabolic digerd&). So, it is important to
understand different DNA repair pathways in ordemptevent or cure these diseases.
Endonuclease V is a ubiquitous enzyme found ineckfit species from bacteria to
mammals. It recognizes deaminated lesions includeaxyinosine (2), deoxyuridine (3),
deoxyxanthosine (4), and deoxyoxanosine (5). I waggested that endo V prevents
mutations from nitrosative deaminationvivo (6).

Endo V also has mismatch cleavage activity (7). détction of the mutations in
DNA is important in the diagnosis of both hereditaliseases and acquired diseases.
Barany and colleagues in Cornell University devetbpan endo V/ligase mutation
scanning method which has very high sensitivity snglitable for low-frequency known
or unknown mutation detection (8). However some AiGmatches embedded in G/C
rich sequences are refractory to endo V cleavageh as the G13D mutation in s

(8). Despite intensive studies by researchersDtiA repair pathway of endonuclease V



remains unknown. Several models have been put fdr¢@ga12). Most interestingly, in
the presence of M#, endo V displays a 3’ exonuclease activity. A maslas proposed
by Cao and colleagues that endo V may play a adlelin the repair pathway (12). After
endo V cleaves the lesion-containing DNA and forangomplex with the product,
downstream proteins may be recruited to the remamplex, and change the
conformation of endo V. This may trigger the ends ®¥xonuclease activity and remove
the lesion and generate a gap for polymerase gasddito finish the repair.

My projects were aimed to broaden our knowledgeherbiochemical properties
of endo V and its application in mutation scanninge are also interested in
understanding endo V initiated DNA repair pathwdie have screened over 60 endo V
single-site mutants previously isolated and ideedifendo V mutants with altered base
preference in mismatch cleavage. Y80A, a mutamanif I, exhibits strong preference
for C in mismatches. Taking advantage of this prigpé&’80A was successfully used to
detect G13D mutation in Kas (13), an A/C mismatch embedded in a G/C rich secgien
context which was previously inaccessible usingviiid-type endo V. We also devised a
method to covert blunt end PCR products to stickg @roducts thus reduced the
fluorescence signal loss during mismatch cleavagayausing endo V. A hypothetic
model was proposed to explain the dramatic chamdpase preference (12). In the wild-
type enzyme, tyrosine 80 (Y80) imposes an unfaveraiieraction with a C base, in
which the amino group at C4 position spatially bks with the bulky tyrosine residue.
This steric effect prevents the wild-type endo dnfr recognizing and cleaving C-
containing strand in a mismatch. By replacing thenwl side-chain with a small methyl

group, Y80A releases the steric tension and alline<C base to be accommodated in the
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recognition pocket. This investigation providesnsghts on base recognition and active
site organization. Protein engineering in endoras®#eV may translate into better tools in
mutation recognition and cancer mutation scanning.

In view of the interesting properties possesseddyeral Y80 mutants, we further
mutated and characterized the other sixteen Y8@mtsi{14). The nineteen mutants were
characterized biochemically using mismatch-contgynDNA and deaminated base-
containing. Substitutions with aromatic amino acesidues retained partial binding
affinity as revealed by gel mobility shift analysi#th double-stranded inosine-containing
DNA. An adenosine/uridine base pair in a uridineteming double-stranded DNA was
only cleaved by the wild type endo V in the preseatMgCl. A guanosine/uridine base
pair in a uridine-containing double-stranded DNAswdeaved by the wild type endo V
and to a much less extent by Y80F in the presehé4g€l,, indicating an essential role
of the aromatic ring and the hydroxyl group in baseognition. For mismatched base
pairs, Y80H preferred to cleave thymidine-strancaithymidine-containing mismatch;
Y80P and Y80S, along with previously identified ¥8Qended to cleave the cytosine-
strand in a cytosine-containing mismatch, Y80R gureid to cleave thymidine- and
cytosine-strand in a mismatch. The ability to rattieavage preferences in a mismatch
further underscores the role of Y80 in base redamgniThe studies showed that aromatic
ring and hydrogen bonding are very important ineb@cognition for endo V and offers
new insight on the role of Y80 in base recognition.

Endonuclease V initiated DNA repair pathway remaunsknown. No other
component of this pathway is identified. In ortieunderstand the DNA repair pathway

initiated by endo V, we developed amvitro cell-free system which usés coli cell-free
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extracts, inosine-containing closed circular swiss, dNTP, and**P-dCTP to analyze

endo V mediated DNA repair synthesis. The preliminagsults from cell-free assays
indicated that the repair patch of endo V initiaBfdA repair pathways may consist of a
long patch (longer than 2.3 kb, estimated) and artspatch (less than 330 bps,
estimated). More experiments need to be done terstahd the pathway mediated by

endo V.

159



References

1.

Bohr VA. DNA damage and its processing, relatiohtaonan disease. J Inherit Metab
Dis. 2002 May;25(3):215-22. Review.

M. Yao, Z. Hatahet, R.J. Melamede and Y.W. Kow rifiiation and characterization
of a novel deoxyinosine-specific enzyme, deoxyinesi3 endonuclease, from
Escherichia cali. J. Biol. Chem. 269 (1994), pp. 16260-16268.

M. Yao and Y.W. Kow, Further characterizationEstherichia coli endonuclease V.
Mechanism of recognition for deoxyinosine, deoxgume, and base mismatches in
DNA. J. Biol. Chem. 272 (1997), pp. 30774-30779.

He B, Qing H, Kow YW. Deoxyxanthosine in DNA is eeped byEscherichia coli
endonuclease V. Mutat Res. 2000 Mar 20;459 (2)1409-

Hitchcock, T.M., Gao, H., Cao, W. (2004) Cleavagedeoxyoxanosine-containing
oligodeoxyribonucleotides by bacterial endonucléasdéucleic Acids Res., 32, 4071—
4080

Weiss, B., Endonuclease &f Escherichia coli prevents mutations from nitrosative
deamination during nitrate/nitrite respiration. MuRes, 2001. 461(4): p. 301-9.

M. Yao and Y.W. Kow, Strand-specific cleavage ofsmatch-containing DNA by
deoxyinosine 3endonuclease frorscherichia coli. J. Biol. Chem269 (1994), pp.
31390-31396.

Huang J, Kirk B, Favis R, Soussi T, Paty P, Cao Warany F. An
endonuclease/ligase based mutation scanning metpetially suited for analysis of
neoplastic tissue. Oncogene. 2002 Mar 14;21(12%290

Kow YW. Repair of deaminated bases in DNPree Radic Biol Med. 2002 Oct
1;33(7):886-93

10.Burgis NE, Brucker JJ, Cunningham RP. Repair systanmoncanonical purines in

Escherichia coli. J Bacteriol. 2003 May;185(10):3101-10.

11.Moe A, Ringvoll J, Nordstrand LM, Eide L, Bjoras Mgeeberg E, Rognes T,

Klungland A. Incision at hypoxanthine residues iINAby a mammalian homologue
of theEscherichia coli antimutator enzyme endonuclease V. Nucleic Acids.R003
Jul 15;31(14):3893-900

12.Feng H, Dong L, Klutz AM, Aghaebrahim N, Cao W. ibé@fig amino acid residues

involved in DNA-protein interactions and revelatioh 3'-exonuclease activity in
endonuclease V. Biochemistry. 2005 Aug 30;44(34)86195.

160



13.Gao H, Huang J, Barany F, Cao W. Switching bastemeces of mismatch cleavage
in endonuclease V: an improved method for scanpoigt mutations. Nucleic Acids
Res. 2007;35(1):e2. Epub 2006 Nov 27.

14.Gao H and Cao W. Role of Tyrosine 80 in Base Reitiognn Endonuclease V from
Thermotoga maritime. Manuscript in preparation

161



	Clemson University
	TigerPrints
	5-2007

	BIOCHEMICAL STUDY OF ENDONUCLEASE V AND ITS APPLICATION IN MUTATION SCANNING
	Honghai Gao
	Recommended Citation


	Compiled Dissertation-16th edition

