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ABSTRACT. Endonuclease V is a deoxyinosineehdonuclease which initiates removal of inosine from
damaged DNA. A thermostable endonuclease V from the hyperthermophilic bactéhiamotoga
maritimahas been cloned and expresselscherichia coliThe DNA recognition and reaction mechanisms

were probed with both double-stranded and single-stranded oligonucleotide substrates which contained
inosine, abasic site (AP site), uracil, or mismatches. Gel mobility shift and kinetic analyses indicate that
the enzyme remains bound to the cleaved inosine product. This slow product release may be required in
vivo to ensure an orderly process of repairing deaminated DNA. When the enzyme is in excess, the
primary nicked products experience a second nicking event on the complementary strand, leading to a
double-stranded break. Cleavage at AP sites suggests that the enzyme may use a combination of base
contacts and local distortion for recognition. The weak binding to uracil sites may preclude the enzyme
from playing a significant role in repair of such sites, which may be occupied by uracil-specific DNA
glycosylases. Analysis of cleavage patterns of all 12 natural mismatched base pairs suggests that purine
bases are preferrentially cleaved, showing a general hierarchy=ofGA> T > C. A model accounting

for the recognition and strand nicking mechanism of endonuclease V is presented.

Living cells experience various DNA damage caused by  Several bacterial, archaeal, and lower eukaryotic genomes
intracellular and environmental assault. It is estimated that contain an evolutionarily conserved enzyme which recog-
spontaneous deamination of cytosine to uracil occurs at anizes deaminated DNA, originally termed deoxyinosite 3
rate of 46-400 and 400640 000 per cell division for an  endonucleasel@). This enzyme makes a hydrolytic incision
Escherichia coliand mammalian cell, respectivelyl)( at the second phosphodiester bohtb3a deoxyinosine site.
Chemicals such as nitrous acid and sodium bisulfite or UV- This endonuclease can also cleave AP and uracil slf2s (
induced cyclobutane pyrimidine dimers promote cytosine 13), mismatchesi4), FLAP and pseudo Y structures),
deaminationZ, 3). To prevent the C to T transitions, cells and small insertions/deletion&5). E. coli endoV is also a
are equipped with uracil glycosylases to remove the uracil urea endonuclease but is not active toward thymine glycol
base and with AP endonucleases and other enzymes to repaif12). This deoxyinosine endonuclease is in fact identical to
the subsequent abasic sitg §). Deamination of adenine to  the previously identified endonuclease Mif (13, 15—18).
inosine causes A/T to G/C transition. Although in general Genetic analyses of endoV insertion mutants and overpro-
the deamination rate of adenine may be low, environmental ducing strains show thd. coli endoV plays a significant
factors such as nitrosative reagents or high temperaturerole in deoxyinosine and abasic site repa)( More recent
promote this reaction&-8). Hypoxanthine glycosylase genetic studies suggest tHatcoli endoV participates in the
activities have been detectedincolit (9, 10) and eukaryotic repair of the deaminated guanine base (xanthine) as 2@ll
organisms 7, 11). 21).

Apparently, theE. coligenome has evolved several means
T This work was supported by grants from the National Institutes of to repair deaminated purine. Database search indicates the

Health (PO1-CA65930-02-04 and R0O1-CA81467-01). existence of an endonuclease V orthologue in several
* Corresponding author. E-mail: wgc@clemson.edu. Tel: (864) 656- b ial h | d e habditi

4176. Fax: (864) 656-0435. acterial, archaeal, and yeast _genom senorna .|t|S
*The Joan and Sanford I. Weill Medical College of Corell elegansyenome appears to contain an endoV domain at the

University. C-terminal region of a putative glucosyltransferase (GenBank

§ Clemson University. .
1 Abbreviations: ATP, adenosiné&iphosphate; BSA, bovine serum accession no. P52887). Endonuclease V orthologues are

albumin; dNTP, deoxyribonucleoside triphosphate; DTT, dithiothreitol; found in several thermophilic bacteria and archaea, which

6-Fam, 6-carboxyfluoresceit, coli, Escherichia coli HEPES N-(2- may be required for inosine repair due to accelerated adenine
hydroxyethyl)piperazind¥-2-ethanesulfonic acid; PAGE, polyacryl- deamination at high temperature. In this study, we report

amide gel electrophoresis; PCR, polymerase chain reaction; SDS, . . .

sodium dodecy! sulfate; PMSF, phenylmethanesulfonyl fluoride; Tet, the biochemical properties of a thermostable endonuclease

4,7,2,7-tetrachloro-6-carboxyfluoresceifima Thermotoga maritima V from the hyperthermophilic bacteriufhermotoga mar-
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extension step at 72C for 5 min. The PCR product was

nicking mechanisms through cleavage and binding analysespurified by routine phenol extraction and ethanol precipitation

of double- or single-stranded inosine, AP, uracil, and
mismatch substrates. The kinetic properties offttiaendoV

suggest a high likelihood that it plays a role in in vivo inosine
repair. By remaining tightly bound to the nicked inosine

to remove thermostable Pfu DNA polymerasz8)( The
purified PCR product was digested wittdd and BanH]|

and ligated to pEV1 vector which was digested with the same
pair of restriction enzymes. pEV1 is derived from pFBT69

strand, the endonuclease may help to recruit downstream(24) by inserting anNdd site after the ShineDalgarno

repair proteins to ensure an orderly “hand off”, as described
for DNA glycosylases. Both local deviation from Watson

sequence in the phoA promoter region and a downstream
multiple cloning site BanHI—Kad —BsX| —EcoRV—EcdRI—

Crick base pairs and specific base contacts may contributeMlul). The plasmid containing the putatifenaendonuclease

to DNA recognition. When an inosine-containing DNA
substrate is in excess, cleavage only occurs on the inosine
containing strand. When the enzyme is in excess, a free
enzyme molecule may bind to the complementary strand and
make a second nick, resulting in a double-strand break. A
kinetic scheme and alternative reaction pathways are dis-
cussed.

MATERIALS AND METHODS

Reagents, Media, and Strain®ll routine chemical

V gene was designated as pEV5 and transformed Ento
<oli strain AK53 by a one-step protocol as describ28).(
The endonuclease V gene is regulated by a phoA promoter.
The insert containing th&ma endonuclease V gene was
sequenced to ensure authenticity of the plasmid constructs.
An overnightE. coli culture containing peV5 was diluted
100-fold into FB medium supplemented with %@/mL
ampicillin. TheE. coli cells were grown at 37C with 200
rpm shaking until the optical density at 550 nm reached 0.8.
The culture was diluted 50-fold iotl L of MOPS medium
supplemented with 5@g/mL ampicillin and grown under

reagents were purchased from Sigma Chemicals (St. Louis,the same conditions overnight. After centrifugation, the cell

MO) or Fisher Scientific (Fair Lawn, NJ). Restriction
enzymesE. coli uraci-DNA glycosylase, and T4 DNA
ligase were purchased from New England Biolabs (Beverly,
MA). DNA sequencing kits and PCR kits were purchased
from the Applied Biosystems Division of Perkin-Elmer Corp.
(Foster City, CA). BSA, dNTPs, and ATP were purchased
from Boehringer-Mannheim (Indianapolis, INPfu DNA
polymerase was purchased from Stratagene (La Jolla, CA).
Protein assay kit was from Bio-Rad (Hercules, CA). HiTrap

pellets were suspended in 10 mLBfaendoV sonication
buffer and sonicated on ice for two to three times at 10 s
each.

To purify the endonuclease V protein, cell debris was
removed by centrifugation. The supernatants were incubated
at 70°C for 15 min to denature thermolabile host proteins.
After inactivatedE. coli proteins were separated by centri-
fugation, the supernatants were dialyzed against the starting
buffer (50 MM HEPES, pH 7.4; 1 mM EDTA; 50 mM NacCl;

SP columns were purchased from Amersham-Pharmaciag 1 mm DTT) overnight. The partially purified endonuclease

Biotech (Piscataway, NJ). Deoxyoligonucleotides were or-
dered from Integrated DNA Technologies Inc. (Coralville,
IA). FB medium (1 L) consisted of 25 g of Bacto tryptone,
7.5 g of yeast extrac6 g of NaCl, 1 g of glucose, and 50
mL of 1 M Tris-HCI, pH 7.6. MOPS medium was prepared
as described2?). TmaendoV sonication buffer consisted
of 20 mM HEPES (pH 7.4), 1 mM EDTA (pH 8.0), 0.1 mM
DTT, 0.15 mM PMSF, and 50 mM NaCl. GeneScan stop
buffer consisted of 80% formamide (Amresco), 50 mM
EDTA (pH 8.0), and 1% blue dextran (Sigma Chemicals).
TB buffer (1x) consisted of 89 mM Tris and 89 mM boric
acid. TE buffer consisted of 10 mM Tris-HCI, pH 8.0, and
1 mM EDTA. E. coli host strain AK53 ihrrB~, MM294)
was from our laboratory collection.

Plasmid Construction, Cloning, and Expression of Ther-
motoga maritima Endonuclease The putative endonuclease
V gene @fi) from T. maritimawas amplified by PCR using
the forward primer EV.Tma.01A (85GA GGG AAT CAT
ATG GAT TAC AGG CAG CTT CAC A 3, theNdd site
is underlined) and reverse primer EV.Tma.02RGEG CCT
GGA TCC ACT AGT TCA GAA AAG GCC TTT TTT
GAG CCG T 3; the Spe and BanHlI sites are underlined).
The PCR reaction mixture (10@L) consisted of 50 ng of
T. maritima genomic DNA, 10 uM forward primer
EV.Tma.01A, 10uM reverse primer EV.Tma.02R X1 Pfu
PCR buffer, 10«M each dNTP, and 2.5 units of Pfu DNA

V protein (5 mL from a 500 mL culture each time) was
further purified by ion-exchanger chromatography using a
5 mL HiTrap SP column. The proteins were eluted stepwise
with 150 mM NacCl to 500 mM NaCl at 50 mM intervals.
Tma endoV was eluted out at 2500 mM NaCl. The
protein concentrations were determined by measuring optical
density at 280 nm and Bradford assay using BSA as
standards. Both methods gave similar values.

DNA SubstratesDeoxyoligonucleotide DNA substrates
were purified on denaturing sequencing gels (7 M urea/10%
polyacrylamide) as describe@@). Purified oligonucleotides
were dissolved in TE buffer at a final concentration of 100
uM. Equal molar amounts of two complementary single
strands were mixed and incubated at°€for 3 min and
allowed to form duplex DNA substrates at room temperature
for 30 min. To generate AP site DNA substrates, a double-
stranded substrate containing a T/U mismatch (10 nM) or a
single-stranded oligonucleotide containing uracil was di-
gested with 1 unit of uractDNA glycosylase in a 30@L
reaction mixture containingx UDG buffer provided by the
supplier. The glycosylase reactions were carried out at 37
°C for 30 min. AP sites were confirmed by heating at°@5
for 10 min in 50 mM NaOH.

Tma Endonuclease V Cleage ReactionThe cleavage
reactions were performed at 8& for 30 min in a 20uL
reaction mixture containing 10 mM HEPES (pH 7.4), 1 mM

polymerase. The PCR procedure included a predenaturatiorDTT, 2% glycerol, 5 mM MgC] unless otherwise specified,

step at 95°C for 2 min, 25 cycles of two-step amplification
with each cycle consisting of denaturation at°@for 30 s
and annealingextension at 60C for 6 min, and a final

10 nM DNA substrate, and the indicated amount of purified
Tmaendonuclease V protein. Reactions were terminated by
adding an equal volume of GeneScan stop buffer. The
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Ficure 1: Purification ofTmaendonuclease V. (A) 12.5% SB®AGE. (B) Gel filtration of the purified endoV. Molecular mass markers
were from Sigma Chemical Co. (St. Louis, MOJ = elution volume;Vy = void volume.

reaction mixtures were then heated at°@for 2 min and purchased from a commercial source (Trevigen, Gaithers-
cooled on ice. Three microliters of samples was loaded ontoburg, MD). While the untreated enzyme was active as
a 10% denaturing polyacrylamide gel (Perkin-Elmer). Elec- reported, the heat-treated enzyme lost its enzymatic activity.
trophoresis was conducted at 1500 voltagelftn using an Thus, the heating step used in our purification procedure is
ABI 377 sequencer (Perkin-Elmer). Cleavage products and likely to have inactivated the mesophilic coliendonuclease

remaining substrates were quantified using the GeneScarV. In contrast, the thermophilitmaendoV did not experi-

analysis software version 2.1 or 3.0. ence significant loss of its enzymatic activities even after 8

Gel Mobility Shift AssayThe binding reaction mixtures  h of incubation at 63C (data not shown). To determine the
contained 100 nM double-stranded fluorescence-labeledoligomerization state of the purified enzyme, we performed
oligonucleotide DNA substrates, 5 mM MgQir CaC} or gel filtration chromatographyT'maendoV eluted at about
2 mM EDTA, 20% glycerol, 10 mM HEPES (pH 7.4), 1 the 25 kDa position, indicating that it exists as a monomer
mM DTT, and the indicated amount dmaendonuclease  in solution (Figure 1B).

V protein. The binding reactions were carried out at°65 Cleavage and Binding of Inosine-Containing Oligonucleo-
for 30 min. Samples were electrophoresed on a 6% nativetides. To investigate the nicking behavior dimaendonu-
polyacrylamide gel in &« TB buffer supplemented with  clease V, we devised a simple assay system using two
10 mM MgCk or CaCh or 2 mM EDTA. The bound and  fluorescence-labeled oligonucleotides (Figure 2A). The top
free DNA species were analyzed using Fluorimager 595 strand is 6-Fam labeled, and the bottom strand is Tet labeled.
(Molecular Dynamics) with the following settings: PMT at  The base pair being queried (underlined in Figure 2A) is
1000V, excitation at 488 nm, and emission at 530 nm (filter off-centered such that the nicked products can be readily
530 DF30). Data analysis was carried out using ImageQuaNT gjstinguished when separated on a denaturing polyacrylamide
v4.1 (Molecular Dynamics). gel. The differential double labeling allows the nicking events
on both strands to be easily observed on a denaturing
polyacrylamide gel.

Purification and Oligomerization State of Tma Endonu-  We initiated our characterization using inosine-containing
clease VThermophilic microorganisms may be susceptible Substrates becauge coliendonuclease V shows high activity
to accelerated adenine deamination to inosine in their naturaltoward an inosine-containing strant#j. When the inosine
environments. Endonuclease V in these organisms maysubstrate was in excess (E:S51:10), Tmaendonuclease V
initiate repair of inosine-containing DNA. A homologous hicked exclusively at the inosine-containing strand for all
protein fromT. maritima which is 34% identical to th&. of the substrates tested (Figure 2B). The nicking event
coli endonuclease V genef{), was cloned as described in predominantly occurred at the second phosphodiester bond
detail in Materials and Methods. The protein was purified on the 3 side of the inosine (Figure 2D). When the enzyme
to apparent homogeneity as judged by SIPRGE (Figure was in excess (E:$ 10:1), virtually all of the inosine-
1A). To ensure that the purifieimaendonuclease V was  containing strand was converted to nicked product (Figure
devoid of endogenous. coli endonuclease V (which has a 2C). The complementary strand was also nicked (e.g., nicking
similar molecular weight), the protein was transferred to a the A-containing strand in an I/A duplex oligonucleotide
PVDF membrane and subjected to N-terminal sequencingsubstrate), resulting in the appearance of two major cleavage
according to a procedure we previously us@f)( The products. For I/A and I/G substrates, the nicking events at
peptide sequencing result matched the predicted N-terminalthe complementary strands (A- or G-containing strand)
sequence ofma nfigene. Additionally, we performed a 70  primarily occurred at the second phosphodiester bdrtd 3
°C 15 min heat treatment oi. coli endonuclease V  the A or G base. However, for I/C and I/T substrates, the

RESULTS
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Ficure 2: Cleavage assays dmaendonuclease V on double-stranded inosine-containing substrates. (A) Assay design. The top strand is
6-Fam labeled and the bottom strand is Tet labeled to allow fluorescence detection on a GeneScan gel (Perkin-Elmer). The positions of
nucleotide changes at both strands are underlined. The lengths of the substrates and predominant products are marked. The cleavage site:
are marked by arrows. The cleavage reactions were performed as described in Materials and Methods in the presence of 5witid MgCl
different E:S (enzyme:substrate) ratios. (B) EzS.:10. The relationship between substrate and product is shown at the arrows. (€) E:S

10:1. The first lanes of (B) and (C) are the substrate negative control. (D) Location of cleavage sites. The length markers were synthetic
oligonucleotides identical to the top strand or the bottom strand as shown in (A).

complementary strand generated an unanticipated product To assess the binding affinity GmaendoV to inosine-
at a lower molecular weight position (Figure 2C). Compari- containing substrates, we devised a nonradioactive gel
son with our length markers suggested that the cleavage sitesnobility shift assay. Using fluorescent substrates as shown
were approximately 23 nt at the 5side of the T or C base  in Figure 2A, we were able to observe distinct gel retardation
(Figure 2C,D). The complementary strand nicking product patterns (Figure 4). When the binding of an inosine-
was not observed with the C/I substrate, suggesting that thiscontaining substrate (T/I) was performed without any metal
short cleavage product may not be stable during®°65 cofactors, we could not observe any distinct protddiNA
incubation and might have been degraded further (Figure complex. At very high E:S ratios (Figure 4A, lanes 5 and
2C). 6), a smear was formed but not stable and distinct complexes,
To confirm the two complementary strand nicking events, suggesting thaffma endoV requires a metal cofactor for
we synthesized and assembled oligonucleotide substrates wittspecific binding. These results differ frob coli endoV in
a preexisting nick at the inosine-containing strands. The time that equal binding affinity was reported with or without ¥g
course analysis showed that the enzyme indeed nicked thg28). To test how a metal cofactor would modulate binding
complementary strand at two distinct positions, and the specificity and affinity, we first performed binding experi-
nicking events were independent of each other (Figure 3). ments in the presence of Mig (Figure 4B). A distinct
The cleavage patterns were consistent with single time pointretarded band was observed starting from lane 3 where the
data (Figure 2C). For I/G substrate, complementary strand E:S ratio was 1:4. Given that the binding reactions contained
nicking occurred primarily at the'3ide but with minor Mg?* which would support inosine specific nicking activity,
cleavage at the'side (Figure 3A). For I/A, complementary some nicked products were expected (Figure 4B). One
strand nicking occurred primarily at thé 8ide but with indication that nonspecific nicking events had occurred was
significant cleavage at the' Side (Figure 3B). For I/T, the appearance of a low molecular mass smear in lanes 5
complementary strand nicking occurred predominantly at the and 6 of Figure 4B. Nevertheless, the enzyme binds to the
5' side but with minor cleavage at thé dde (Figure 3C). nicked inosine-containing products with high affinity, sug-
For I/C, complementary strand nicking occurred exclusively gesting a slow dissociation of enzyme after nicking the
at the 5 side (Figure 3D). inosine-containing strand.
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Ficure 3: Cleavage of nicked inosine products. Schematic drawings of nicked inosine products are shown on the top of each gel. The

6-Fam-labeled top strand is represented by a diamond. The Tet-labeled bottom strand is represented by a square. The cleavage reactions
were performed as described in Materials and Methods in the presence of 5 mM MgCE:S = 10:1.

To investigate the binding affinity ofmaendoV to the With increasing enzyme concentrations, the equilibrium
intact inosine-containing substrate, we replacedMgith shifted to forming the secondary two-enzyme two-inosine
C&" in the binding reaction for two reasons. First,>Chas ElI—IE complex. Evidently, the binding of the first enzyme
been shown to support specific binding of endonucleases tomolecule to one of the inosine-containing strand did not
their cognate sequence®%-31). Second, C&# does not occlude the binding of the second enzyme molecule, sug-
support cleavage activity oafmaendonuclease V (data not gesting that the proteislDNA interactions are primarily
shown). The enzyme bound to the inosine substrate with veryconfined to a single strand (Figure 4G,l). Formation of the
high affinity as demonstrated by the appearance of distinct two-enzyme complex is consistent with nicking the comple-

retarded bands even at the E:S ratio as low as 1:20 (Figurementary strand in enzyme excess (Figures 2 and 3).
4C, lane 2). These results are consistent with a previous Cleavage and Binding of the AP Site and Uracil-

report thatE. coli endoV binds to both inosine substrates Containin , ; : :
o ) L - g Oligonucleotide§.he enzyme nicked the AP site
an_? Inosine tr;:Ckﬁdh?rOdudCtStht.h dhlgh afﬁmt?&f). d gel or uracil-containing strand specifically at low enzyme
mot?ili\t/ergift easga SpI’OSilI:I]C Irrclydmgt’ \éve Feir o[;mi tggt concentrations (Figure 5A, lanes 4 and 5 and lanes 7 and
e >ays using product dup o 8). When the enzyme concentration was increased to 100
contained a preexisting nick on the inosine-containing strand nM (E:S = 10:1), nicking was observed on the complemen-

at the 3 penultimate position. Again, the enzyme failed to tary strand (Figure 5A, lanes 6 and 9), suggesting that this
form a stable complex in the absence of WM¢Figure 4D). A . N _
activity is not unique to inosine-containing substrates. The

However, the enzyme showed tight binding to the synthe- . X .
sized nicked product in the presence of eitheMgy C&* enzyme formed a weak but distinct complex with an AP site

: . i substrate but not with a uracil substrate (Figure 5B),
(Figure 4E,F), suggesting that only the ternary endow suggesting that the enzyme does not solely rely on base

product complex were stable. Furthermore, at high enzyme . hi nitial q binding. The lack
concentrations, a faint secondary complex was observed (Ianerecognltlon to achieve initial ground-state binding. The lac

4, Figure 4E,F). The formation of secondary complex is more of st_able bi_nding toa uracil Site. Is consistent with genetic
distinct when an 1/l substrate was used, in which inosine Studies which indicate that. coli endoV does not play a
was base-paired with another inosine (Figure 4H,l). The Significant role in uracil repairl(®).
enzyme and the I/l substrate appeared to be in the following Kinetics of Inosine, AP Site, and Uracil Clege. The
equilibrium: extremely tight association to the nicked inosine-containing
product raises the question whether endoV dissociates from
E+I-I=EI-I=EI-IE the product after the first cleavage event. To discern the
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Ficure 4: Gel mobility shift assay oTmaendoV with or without metal cofactor. The substrate sequences are shown in Figure 2A. The
binding reaction mixture contained 100 nM double-stranded oligonucleotide DNA substrates, 2 mM EDTA or 5 mi dv&0inM

CaClb, 20% glycerol, 10 mM HEPES (pH 7.4), 1 mM DTT, and 10 nM tal TmaendoV. The reaction mixtures were incubated at 65
°C for 30 min before being loaded onto a 6% native polyacrylamide gel. Lanes: &k B;2, E:S= 1:10; 3, E:S= 1:2; 4, E:S= 1:1;

5, E:S= 5:1; 6, E:S= 10:1. (A—C) Binding of T/l substrate. (BF) Binding of nicked T/l substrate. (&) Binding of I/l substrate.
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Ficure 5: Cleavage and binding of AP and uracil sites. (A) Cleavage of double-stranded oligonucleotides containing the abasic site (AP
site) or deoxyuridine. Lanes: 1, untreated substrate control; 2, AP substrates incubaté@ &1m©950 min in 50 mM NaOH as an AP site
control; 3 and 10, oligonucleotide length markers; 4 and 7, 1TmvhendoV (E:S= 1:10); 5 and 8, 10 nMmaendoV (E:S= 1:1); 6 and

9, 100 nMTmaendoV (E:S= 10:1). (B) Gel mobility shift assay of AP and uracil sites. Reactions were performed with 20 nM double-
stranded oligonucleotide DNA substrates, 5 mM Ga&hd the indicated amount @maendoV as specified below. Other buffer components

are unchanged. Lanes: 1, substrate control; 2, 10TmMendoV; 4 and 6, 100 nMmaendoV; 7, inosine substrate control; 8, 100 nM
TmaendoV with 20 nM inosine subtrate as positive control.

kinetic differences among inosine, AP site, and uracil when the E:S ratio was raised to 2:10 (data not shown). On
substrates, we performed a time course analysis (Figure 6)the other hand, the enzyme continuously nicked the AP site
For an inosine substrate (T/l), the enzyme generated an initialand uracil substrates, resulting in close to 100% cleavage
burst of product followed by a flat linear phase, resulting in (Figure 6A). Thus, the enzyme was able to readily dissociate
about 10% cleavage even afte 6 hincubation at an E:S  from the nicked AP site and uracil product to perform

ratio of 1:10 (Figure 6A). The amplitude of the burst doubled multiple turnovers. When the E:S ratio was raised to 1:1,
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Ficure 6: Time course of inosine, AP site, and uracil cleavage. Cleavage reactions were performed in the presence of 5 yréd MgCl
described in detail in Materials and Methods. (A) Cleavage of T/AP, T/U, and T/l substrates with an E:S ratio of 1:10. (B) Cleavage of
T/AP, T/U, and T/I substrates with an E:S ratio of 1:1. (C) Cleavage of A/AP, A/U, and C/I substrates with an E:S ratio of 1:1. (D) Kinetic
scheme of cleavage reactions. OvaimaendoV.

the enzyme converted most of the inosine substrate into(12). To gain a better understanding of how the enzyme
products (Figure 6B). Although active site titration experi- cleaves single-stranded DNA, we examined cleavage and
ments were not performed to determine the percentage ofbinding of inosine, AP site, and uracil substrafBsiaendoV
the active enzyme3@, 33), these results indicate that most cleaved the single-stranded inosine substrate with eithér Mg
of the purified endonuclease V enzyme is in the active form. or Mn?" as the metal cofactor (Figure 7A). The cleavage of
These single turnover results suggest that a stoichiometrysingle-stranded inosine did not show burst kinetics, suggest-
of one endoV monomer is required for each inosine- ing that the product release step is not rate-limiting (data
containing substrate. Furthermore, these results demonstrateot shown). The cleavage of single-stranded AP sites or
that the rate constant of product dissociatiky) i very small uracil substrates appeared to prefer usingVas the metal
for nicked inosine product (about 3:310~4 min~?), thereby factor (Figure 7A). In addition, M#t promoted the non-
effectively preventing the enzyme from releasing the product specific cleavage of single-stranded DNA (Figure 7A). The
(Figure 6D). On the other hand, the larggefor the nicked nonspecific endonuclease activity was further confirmed
AP site and uracil products allows the endonuclease to using a supercoiled plasmid substrate (Figure 7B). Witf'Mg
proceed as a usual multiple turnover enzyme (Figure 6D). as the metal cofactor, the nonspecific endonuclease activity
The kinetic profiles of T/I and C/I are similar, suggesting primarily nicked the plasmid once. With Mhas the metal
that in vivo the enzyme is capable of efficiently initiating cofactor, the enzyme could nick a plasmid molecule at least
repair of inosine before replication (T/I) and after replication, twice to generate a linear plasmid (Figure 7B). The two
which may result in insertionfea C base opposite of an | nicking events are sequential as evidenced by the appearance
base (Figure 6B,C). However, the cleavage rate of the A/U of the nicked plasmid intermediate. The conversion of
substrate was considerably slower than that of the T/U supercoiled plasmid into nicked or linear plasmid suggests
substrate (Figure 6B,C). We estimated the first-order rate that the enzyme does not need a fré®53 end to access
constant for A/U to be 1.& 1072 min~! and the lower limit a DNA molecule.
for T/U to be 2.2x 107! min~* (Figure 6B,C). Thus, the As with the double-stranded inosine substrate (Figure 4),
cleavage of the mismatched T/U is at least 22-fold more binding to the single-stranded inosine substrate also required
efficient than that of A/U. Although these data do not reveal a metal cofactor (Figure 7C). The binding affinity to the
the detailed kinetic basis for this observation, the results single-stranded inosine substrate appeared to be weaker than
suggest that the enzyme may be better equipped to recognizéo the double-stranded (compare Figure 7C,"Qaith Figure
a non-Watson Crick base pair (T/U) than a WatserCrick 4B). A stable complex was formed in the presence ofMg
base pair (A/U). Cleavage of the mismatched C/U and G/U suggesting thama endoV maintained a relatively high
substrates was comparable with that of T/U (data not shown).affinity to the nicked single-stranded product (Figure 7C,
Cleavage and Binding of Single-Stranded Substraidése Mg?h).
binding data obtained from the I/l substrate suggested that Cleavage of Mismatch-Containing Oligonucleotiddhe
the enzyme may be able to interact with inosine substrate inkinetic experiments described above indicate that the enzyme
a single-stranded fashion. Previous studies demonstrate thaappears to preferentially cleave a mismatch substrate (Figure
E. coliendoV cleaves the single-stranded inosine substrate6B,C). We surveyed mismatch cleavage activity toward all



Thermotoga maritim&ndonuclease V Biochemistry, Vol. 40, No. 30, 2008745

A B
Inosine AP Uracil NS endo V
I 1 I 1 T 1 1 Mg2+ + + +
Mg2+ + + + + :
Mﬁl’f + + + + Mn2* oy
1 2 3 4 5 6 7 8 9 10 11 M123456738

- Nicked
g _____ «— Linear
- — p Nk S G el <+— Supercoiled
2 -
-——R.e B w &
C  Metal No Metal Mg2* CaZ*
EndoV = —— | _ ] —_ ]

1 23 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

? H“uu uuuu._m__
I’ HHU e b bt
ol o g -

Ficure 7: Single-strand and nonspecific cleavage and bindingrogendonuclease V. (A) Cleavage of single-stranded oligonucleotides.
Cleavage reactions were performed in the presence of 5 mM MygQImM MnClL with 10 nM TmaendoV (E:S= 1:1). NS= nonspecific
sequence. (B) Cleavage of plasmid substrate. Cleavage reactions were performed with 10 nM pFB76 plasmid in the presence of 5 mM
MgCl; or 1 mM MnCk. Lanes: M, 1 kb DNA ladder; 1, intact plasmid pFB76; 2, cleavage reaction performed with 100nzsdndoV

but without adding metal cofactor; 3 and 6, E£S1:10; 4 and 7, E:S= 1:1; 5 and 8, E:S= 10:1. (C) Binding of single-stranded inosine
substrate. The binding reaction mixtures contained 100 nM single-stranded inosine substrate, 2 mM EDTA or 5 mMNr\sg@M

CaCl, 20% glycerol, 10 mM HEPES (pH 7.4), 1 mM DTT, and 10 nM tall TmaendoV. The reaction mixtures were incubated at 65

°C for 30 min before being loaded onto a 6% native polyacrylamide gel. Lanes: & B;2, E:S= 1:10; 3, E:S= 1:2; 4, E:S= 1:1;

5, E:S=5:1; 6, E:S= 10:1.
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FicUrRE 8: Mismatch cleavage activity ofmaendonuclease V with Mg or Mn?*. (A) Cleavage of mismatch substrates at an E:S ratio
of 10:1 (§= 10 nM) in the presence of 5 mM Mgg&I(B) Cleavage of mismatch substrates at an E:S ratio of 3% (L0 nM) in the
presence of 1 mM MnGl

12 mismatch substrates. The enzyme showed strong cleavag® those identified using inosine-containing substrates, i.e.,
preference toward a purine base in a mismatch, resulting inat the 3 side one nt after the mismatches (data not shown).
about 25% cleavage of A-containing mismatch and 20% Mn?* enhanced the mismatch cleavage, thereby allowing for
cleavage of G-containing mismatch, respectively (Figure 8A, a lower E:S ratio (Figure 8B). The cleavage preference
lanes 2-4 and 8-10). T-containing mismatches were cleaved remained the same regardless of the metal cofactors used in
to a lesser extent (about 14%). C base was nicked much lesshe cleavage reaction. It has been reported that mismatch
efficiently when it base-paired with an A @ T base (about  cleavage by th&. coli enzyme exhibits strand preference;
1-2%), and C/C mismatch appeared to be refractory to i.e., the cleavage occurs at mismatch sites close to 'the 5
endoV cleavage. For comparison, under the same reactiorend (4). However, we have not observed any strand-
conditions (M@" and E:S= 10:1), the cleavage of double- preferred or terminus-dependent cleavage for any mismatch
stranded inosine, AP site, and uracil substrates was essentiallgubstrates. Instead, mismatch cleavage occurred at both the
complete (Figures 2 and 5). The cleavage sites were identicatop and bottom strands regardless of the distance between
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the mismatch base and thetérmini (Figure 7). We do not A /
yet know whether this result is the consequence of different
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o} o H M
reaction conditions or whether it reflects an intrinsic differ- R 7N/ . L' '/ N :': /
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DISCUSSION
. g X u ¥
Endonuclease V orthologues have been found in all three i o
domains of life, eubacteria, archaea, and eukaryotes. De- A o HNTOS HN O OB
amination may become more problematic for an organism g Jz\?él A% JZ\U J Ny
living at high temperatures. Thus, DNA repair mechanisms © |
are required for correcting deaminated bases. Deamination

of cytosine results in U/G mismatches. Uracil glycosylases B O N

have been found i. maritimaandPyrobaculum aerophilum © S %p—_ — Fay

(34, 35). The repair of adenine deamination seems to rely 5—I—2 = % <r:

on endoV as homologous sequences have been found in :%_. :%

hyperthermophilic bacteria such &smaritimaandAquifex b

aeolicusand archaea such @schaeoglobus fulgiduand P~ ——

Pyrococcus horikoshii This study provides biochemical ‘ﬁ, C\), 8

evidence that endonuclease V in these organisms initiates =&>— — —LJL — %9—_ — E—

inosine repair. A recent report confirms that endonuclease @ O

V from A. fulgidusis an inosine-specific endonuclea8é) amip i: o
EndoV and DNA RepairDespite the fact that endoV Alternative =~ Lr-T

cleaves at various damaged DNA sites (this work and refs S O )

13 and 15), genetic analyses indicate that it may only Z, , N

participate in inosine and AP site repair in vivb9. Our L =, e - Ty

binding and DNA cleavage data presented here are consistent T RO
with the genetic studies. For example, although endoV —
contains uracil endonuclease activity, it may not be able to OH

COT“Pete with u_raC|I-spec_|f|C glycosylases due _to weak Ficure 9: Hypothetical model of endonuclease V recognition and
affinity to a uracil base (Figure 5B), thereby playing little  eaction scheme. (A) Potential base contacts. The possible favorable
role in uracil repair. This study and previous reportskn interactions are marked by an arrow. The unfavorable interactions
coli endoV clearly show that endoV has evolved an are marked by an X. (B) EndoV reaction scheme. GvaindoV.

extraordinarily strong affinity for both the inosine substrate See text for details.

and the nicked product (Figure 4 and &8). Our kinetic ) .

analysis demonstrates that endoV functions as a single¢main bound to the nicked product after the cleavage of
turnover enzyme for an inosine substrate (Figure 6). A similar the inosine substrate (Figure 4F). Thus, divalent metal ion
case has been reported for MutY, a glycosylase responsible’S required for the formation of both enzymsubstrate (ES)

for removing an A base from an A/oxo-G oxidatively and enzymeproduct (EP) complexes.

damaged base paiBZ?). This enzyme property may have Recognition and Strand Cleage MechanismA DNA
important functional consequences for DNA repair. First, if recognition mechanism has been put forward on the basis
a damaged site under repair is not protected, endoV es-of studies ofE. coliendoV (3). This proposal suggests that
sentially converts an adenine deamination site into a more 6-keto in a purine and 4-keto in uracil may interact with
deleterious single-strand break, which could become aendonuclease V. Our recent data on base analogue studies
double-strand break if left unrepaired. Second, the nicked indicate that the N7 position of a purine base may also play
endoV product is an excellent substrate for DNA lige&8,( a critical role in mismatch substrate recognition (Huang et
and if left exposed it would be sealed by this enzyme. If al., unpublished data), suggesting that N7 is a point of base
this occurs, the nickingsealing process becomes a futile contact (Figure 9). The major groove contacts at the 6-keto
cycle, preventing the completion of inosine repair. Thus, the and N7 positions are consistent with preferential cleavage
retention of the enzyme at the nick for an extended time of purine mismatch bases (Figure 8 andX4f. The 2-amino
may protect the site under repair from unwanted enzymatic group of guanine has also been proposed to play a role in
actions and may serve as a sensor for recruiting otherdistinguishing different purine basek3j. The N3 of purines
repairasome components. in the minor groove could potentially help to distinguish

Metal lon and BindingIn contrast to théE. coli enzyme, purine from pyrimidine. The lack of net favorable interactions
TmaendoV does not show specific binding in the absence &t the base contact level may explain the poor cleavage of
of a metal cofactor (Figure 3). Addition of a metal ion (Mg~ C-containing mismatches (Figure 9). The precise contacts
or C&*) greatly increases the affinity of endoV to inosine €stablished by the enzyme to various substrates await solution
substrates, suggesting that the endiosine-metal ternary ~ Of the endoV-DNA three-dimensional structures.
complex is more stable than the endeiiosine complex. As with restriction enzymes, the endoV substrate recogni-
This conclusion is consistent with extensive investigation of tion may only partly rely on direct readout of individual base
the role of metal ion in the binding step by restriction contacts. Cleavage of AP substrates suggests that certain local
endonucleases3t, 38, 39). The metal ion(s) appear(s) to distortions at an AP site are sufficient to trigger strand
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incision. Structural studies have demonstrated extrahelicity by different inosine substrates, the complementary strand
and local melting at AP sitegt(—42). For example, the T nicking occurs at either the' Sor 3 side (Figure 9B).
base in a T/AP site is in intrahelical and extrahelical Alternatively, formation of a secondary complex to the
equilibrium, while both the C and the abasic sugar in a C/AP nicked inosine product may occur in two distinct modes, each
site are extrahelicalQ). Apparently, the local distortion or  creating a different complementary strand cleavage product.
melting may help to recruit endoV to an AP site. What is The efficiency and ratio of those products may be a function
the enzyme recognizing at an AP site? The extrahelical natureof the base opposite inosine (Figure 3). For an AP site or
of the bases opposite of an AP site suggests that endoV mayuracil substrate, the enzyme may form a similarly higher
have adapted to recognizing an inosine substrate when eitheordered complex to achieve complementary strand nicking,
the inosine base or the complementary base is flipped out.or alternatively one molecule of the enzyme may dissociate
An extrahelical AP site may somewhat mimic this base- from the nicked AP or uracil strand first before embarking
flipping conformation, thereby being recognized. The base- on the complementary strand nicking (Figure 9B). For a
flipping mechanism has been widely observed in methyl- mismatched base pair, we cannot distinguish if one or two

transferases and repair enzymé3 @4). Flipping of the base

subunits are required to achieve nicking, but the purine base-

opposite of an AP site has been proposed as a recognitioncontaining strand is preferred.

mechanism for exonuclease lll, which is the major AP
endonuclease i&. coli (45). Endonuclease IV, an inducible
AP endonuclease iB. coli, recognizes a doubly flipped AP
flipped out @6). It will be interesting to see whether a base-
flipping mechanism is indeed operative in endoV.

A slight deviation from the WatsonCrick base pair
geometry may cause the enzyme to pause at a mismatche
site. For example, for a T/G mismatch, the formation of a
wobble base pair displaces the pyrimidine into the major
groove and the purine into the minor goowY), causing
the enzyme to pause. Subsequently, favorable base contact-
(s) may further distort the local conformation and ultimately
trigger strand cleavage (Figure 9).

Although a non-WatsonCrick base pair may recruit the
enzyme to a potential DNA damage site, other signals are
also important for recognition. Several inosine base pair
structures have been solved. I/A and I/T form a non-
Watson-Crick base pair 47—49), whereas I/C forms a
Watson-Crick base pair with geometry similar to that of a
G/C base pairq0, 51). If the enzyme only relies on the
regularity of the WatsonCrick base pair for recognition,
then the inosine in an I/C base pair may not be singled out
as a damaged base. The efficient cleavage of the inosine
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