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ABSTRACT:. Endonuclease V (endo V) recognizes and cleaves deoxyinosine in deaminated DNA. These
enzymatic activities are precursors of DNA repair and are fueled by metal ions suchtasndaMg™,

with the former being associated with protein binding and the latter with DNA cleavage. Using the technique
of fluorescence resonance energy transfer (FRET), we determined the single-molecule kinetics of endo V
in a catalytic cycle using a substrate of deoxyinosine-containing single-stranded DNA (ssDNA). The ssDNA
was labeled with TAMRA, a fluorescence donor, while the endo V was labeled with Cy5, a fluorescence
acceptor. The time lapses of FRET, resulting from the sequential association, recognition, and dissociation
of the deoxyinosine by the endo V, were determined at 5.9, 14.5, and 9.1 s, respectively, in the presence
of Mg?*. In contrast, the process of deoxyinosine recognition appeared little affected by the metal type.
The prolonged association and dissociation events in the presence oftheNGg"™ combination, as
compared to that of Mg alone, support the hypothesis that endo V has two metal binding sites to regulate
its enzymatic activities.

Our genetic blueprint is under constant assault from defined amino acid residues in conserved motifs that play
adverse environmental and cellular influencgs?). These important roles in substrate binding, catalysis, and metal
attacks may alter the physical and chemical properties of coordination 18, 19). D43, E89, D110, and H214 in
DNA by introducing pyrimidine dimers, base-pair mis- Thermotoga maritim@&ndo V have been identified as active
matches, double-strand breakages, and miscellaneous formsite residues that are involved in metal coordinati@).(A
of DNA base moadifications such as deamination, in which biochemical analysis of DNA cleavage activities in the
cytosine, adenine, and guanine are converted to uracil,presence of Mff has resulted in the hypothesis that endo V
hypoxanthine, xanthine, and oxanine, respectiv@y4j. contains two metal binding sites, a high-affinity site required
Fortunately, these abnormalities of DNA are largely recog- for catalysis and a relatively low-affinity site involved in
nized and timely counteracted in vivo by a range of enzymes the regulation of nonspecific activitie2d. Biochemical
and proteins to prevent mutagenesis and caigeNaturally, analysis, using a different combination of metal ions, has
the study of DNA damage and repair marks one of the most substantiated the validity of this catalytic and regulatory two-
fundamental research areas in molecular biology. However, metal model 20).
the mechanisms of DNA damage and repair are not yet well  Single-molecule techniques have become increasingly
understood, and the corresponding biochemical studies at themportant tools for the elucidation of the structural, func-

single-molecule level are lacking<10). tional, and mechanochemical properties of biomolecules and
Endo \V is an enzyme involved in the repair of deaminated their complexesZ1—-29). These techniques can probe the
DNA by hydrolyzing its second phosphodiester boh&t@&m highly localized nanoenvironments of biological systems and

the base lesionl(l—16). The ensemble kinetics of endo V  extract the dynamics of single molecules and their interac-
indicates that it is a single turnover enzyme that retains tight tions @4). Utilizing the technique of FRET, the so-called
binding to both deoxyinosine-containing double-stranded “molecular ruler” owing to its nanometric sensitivit4,
DNA (dsDNA) and their corresponding nicked product8,( 25), we have performed a first single-molecule study of
17). It has been proposed that this single turnover behavior lesion recognition and cleavage by endo V, as well as metal
may help endo V recruit downstream protein(s) to facilitate ion dependence in these processes. Our approach was
additional lesion removall@, 18). Mutational analyses have compared with previous biochemistry studies to offer new
information on the functional and kinetic features of endo
fThis work was supported by CSREES/USDA (SC-1700274, V in DNA damage recognition and repair.
Technical Contribution No. 5222), the NIH (GM 067744), the Concern
Foundation, and DOD-Army Research Office (W911NF-05-1-0335). MATERIALS AND METHODS
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0805; e-mail, pckell@clemson.edu. Wild-type (wt) T. maritima endo V was purified as
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resonance energy transfer; ssDNA, single-stranded DNA; dsDNA, maleimide (AmerSham) was dissolved in 1200f dimethyl
double-stranded DNA. sulfoxide and incubated with 250 of 50 uM endo V for
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A 40-mer ssDNA is anchored to the quaftbiviin5 streptavidin

bonding. A deoxyinosine site is represented in yellow and is 4 nt away fronT tfetf3e ssSDNA. FRET is induced when the deoxyinosine

site is recognized by the endo V. The dissociation of the deoxyinosine quenches the fluorescence from both the donor TAMRA and the

acceptor Cy5.

2 h at room temperature. The reaction mixture was then

passed through a Microcon YM-3 spin column (Millipore)
and washed with TE buffer (pH 7.5) to remove unreacted

Our measurements were taken at room temperature with
a prism-type total-internal-reflection microscope (Figure 1).
The sample quartz slide was mounted on the prism via an

Cy5-maleimide. The labeled endo V was concentrated to immersion oil. A Nd:YAG laser (532 nm) was used to excite

about 80uL in TE buffer, frozen in liquid nitrogen, and
stored at—80 °C prior to use. The single-stranded deoxyo-
ligonucleotide substrate '@iotin-CC GCA ACA AGA CTA
GAG GAT CAA ACT ATG ACA ACT |AC GC-TAMRA-

3'; I, deoxyinosine) and its complementary strantTA&
CCC CAG CGT CTG CGG TGT TGC GT AGT TGT
CATAGTTTGATCCTCTAGTCT TGT TGC GGG TTC
C-3) were synthesized and HPLC purified by Integrated
DNA Technologies. To obtain dsDNA, the two complemen-
tary oligo strands of 1:1 ratio were hybridized at 85 for

3 min and gradually cooled to room temperature. During
the experiment, the biotin-oligonucleotide was first im-
mobilized via the 5biotin bound to the streptavidin on a
quartz slide. As endo V began to bind to the deoxyinosine
site, FRET was induced between the TAMRA and Cy5, as
illustrated in Figure 1. The cleavage of the ssDNA by endo
V occurred at the site one nucleotidet8 the lesion.

A quartz slide was immersed in a 2% Micro90 laboratory
cleaning solution and incubated in a sonicator for 10 min.
After a thorough wash with deionized water (Millipore), the
slide was baked in a kiln at 42 for 2 h. A double-sided

the TAMRA attached to the immobilized oligonucleotides.
The donor and acceptor emissions, collected with & 60
water objective (Olympus, NA= 1.2), were split into two
optical channels and recombined onto a CCD camera (Roper,
Cascade 512B). A lateral misalignment between the two
channels was intentionally created to permit their viewing
simultaneously. An LS2Z2 Uniblitz shutter controlled by a
VMMT1 timer (Vincent Associates) was used to extend the
single-molecule fluorescence to approximately 30 min, a time
span much longer than the time lapses studied. The rate of
imaging was set at 2.0 frames/s with an exposure of 0.23 s
for each frame. In our experiment, we first located the
fluorescence spots of immobilized TAMRA-labeled DNA
and adjusted our microscope focus prior to the addition of
metal ions. This method maximized our observation of endo
V—DNA interaction. The recognition and cleavage kinetics
of endo V were obtained by analyzing the intensity traces
against the frame rate in the acceptor channel, while
monitoring the anticorrelation signal in the acceptor channel.
Data analysis was performed using programs written in
MatLab.

tape was used to create a flow channel between the quartRESULTS

slide and a coverslip. A 1@L mixture of biotin-BSA (1
ugluL in a buffer containing 50 mM NaCl and 10 mM Tris

A FRET System for Single-Molecule Study of Endd/¢.
established a single-pair FRET system by labeling both endo

at pH 8.0) was added to the channel and incubated for 10V and the 3-end of a 40 nt deoxyinosine-containing single-

min. The mixture was washed with STE buffer (10 mM Tris,
50 mM NaCl, and 1 mM EDTA), and 10L of streptavidin
(0.2 ugluL in STE buffer) was then added to the channel,
left to incubate for 10 min, and again washed thoroughly
with STE buffer.

Two microliters of endo V (1 nM), 2L of oligonucle-
otides (ssDNA or dsDNA) (0.1 nM), 2L of dI buffer (10
mM HEPES, pH 7.4, 1 mM DTT, 2% glycerol), and 4
of H,O were combined in a vial and incubated at°€5for
30 min. Propyl gallate (4% in glycerol) of Oz, an oxygen

stranded oligonucleotide. Endo V was labeled with Cy5-
maleiimide via its two unconserved cysteine residues. The
fluorescently labeled endo V was still found to be catalyti-
cally active as demonstrated by cleavage of inosine-contain-
ing DNA by our conventional cleavage assay (data not
shown). A TAMRA moiety, coupled at the'-8nd of the
ssDNA, did not seem to interfere with interactions of endo
V as suggested by the gel mobility shift assay (data not
shown). A schematic diagram of our system is illustrated in
Figure 1. Fluorescence excitation of the TAMRA was

scavenger, was added to the vial to prevent photobleachinginduced by a laser beam incident at a quartz/water interface

of the fluorophores. After being cooled for 5 min, &0 of
the reaction mixture was injected using a:d0syringe from

under conditions of total internal reflection. Metal ions were
injected to the sample cell containing endo V and ssDNA

the side of the prepared slide sandwich. The slide was leftimmediately before the measurement. It was discovered that

to incubate for 10 min to immobilize the DNA and again
washed with STE buffer. Mg (5 mM) was added to the
sample channel immediately prior to imaging.

as endo V approached the ssDNA, the acceptor Cy5 on endo
V emitted fluorescence excited by the energy transferred
from the donor TAMRA within its close proximity (Figure
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Ficure 2: Exemplified time lapses of the association and recogni-
tion of deoxyinosine by endo V with various metal ions. The initial 0.28
and ending points for each of the three time durations were taken C

from time-averaged signal and background noike.T,, and T3
denoted association, recognition, and dissociation events. (A) With
ca*t. (B) With Mg?*.

1). Once endo V cleaved at the second phosphodiester bond
3 to the deoxyinosine, the 3 nt TAMRA fragment was
expected to dissociate from the sSDNA, causing the reduction
and eventual disappearance of the fluorescence signal in the
acceptor channel (Figure 1).

Frequency (a.u.)

Single-Molecule Reaction Profiletn the following we A TR
describe the recognition and cleavage kinetics of endo V, in Time (s)
the presence of metal ions €a Mg?", or C&*—Mg?* FiGURE 3: Time lapses with their Gaussian fitting curves for (A)

combination. Upon the inclusion of €awith endo V and  association, (B) recognition, and (C) dissociation by endo V,
the ssDNA substrate (case 1), an initial rise followed by an &Ctﬁa(tggSQY3Cgu(e%a?eesl.e%{i?grll). "I\'f?e(\fgrstiec j;fgg,aa;gdn??n:anzed
extenglon was observed fgr the acceptor signal (Flgl,!re' 2A). 'ngeach case.’The fi’tted Ft)ime Iags'é_sfor the association events in
The rise of the acceptor signal represents the association O{A) are 4.9+ 1.8, 5.9+ 2.0, and 9.5+ 7.9 s for cases 1, 2, and 3.
endo V with the substrate, while the extension indicates the The fitted time lapse$, for the recognition events in (B) are 14.5
binding of endo V to the deoxyinosine site. Here, association =+ 6.6 and 16.0t 9.5 s for cases 2 and 3. The fitted time lap$es
is defined as specific binding of endo V to its lesion- for the dissociation events in (C) are %411.6 and 11.0+ 3.4 s

. . . . for cases 2 and 3.
containing DNA substrate. This observation was consistent
with previous ensemble studie4dj indicating that Ca" V and ssDNA with C&" (5 mM), immediately prior to the
alone induces only deoxyinosine recognition and not cleav- measurement. As shown in Figure 3A (green curve), the rise
age. In the presence of Mig(case 2), the measured reaction of the acceptor signal, corresponding to the association of
profile is characterized by a rise, an extension, and a fall of endo V with the deoxyinosine site, had a duration of
the acceptor signal (Figure 2B). The rise can be similarly approximately 4.9+ 1.8 s according to the Gaussian fitting
explained by the specific association of endo V with the curve. Here, the number aftet-" represents the half-width
deoxyinosine site over a time lapseTaf The extensionT),) at the half-maximum of the fitted curve. The rise was
is the step when the enzyme completes the recognitionfollowed by an extension of the acceptor signal for tens of
processes prior to strand cleavage. The f&j) (epresents  minutes until it was subdued by photobleaching (Figure 2A).
the dissociation of the small FAMRA fragment from the Like the previous biochemical studies, this result suggests
Cy5-labeled enzyme. While the cleavage event is expectedthat, in the presence of €3 endo V remained bound to the

to occur near the end af; and in the beginning ofs, this substrate once the deoxyinosine in a DNA sequence is
event is not clearly discernible from our data. A reaction recognized.

profile similar to that of Figure 2B was obtained withCa The experimental procedures in case 2 are identical to
Mg?" combination (case 3). Approximately 50 ssDNAndo those in case 1, except that®avas replaced with Mg (5

V pairs were analyzed for each case. mM). The time lapses of the acceptor signal in case 2 were

Single-Molecule Reaction Kinetio®ur case 1 assay was fitted at approximately 5.% 2.0, 14.5+ 6.6, and 9.1 1.6
performed subsequent to the incubation of the sample of endos (red curves in Figure 3), corresponding to the events of
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Mg?*, the registered association events in case 3 must be
derived either from the binding of endo V and ssDNA
following their previous dissociation events or from associa-
tion events anew. The former is possible with the release of
Ca* from endo V, followed by the binding of Gaand/or
Mg?" driven by diffusion and enzymesubstrate interaction.
The latter is possible when the €aconcentration was too
low to induce frequent encountering of endo V with
deoxyinosine or when the initially hidden deoxyinosine site
on ssDNA was exposed to endo V resulting from confor-
mational changes. However, the millimolar metal ion con-
centrations in our experiment and the nonstochastic histogram
of case 1 in Figure 3A regard the latter case as trivial.

averaged over the whole acceptor channel and normalized by theirPreviously, we have proposed a catalytic and regulatory two-
corresponding donor intensities. The higher acceptor intensities for metal model to account for the unique catalytic mechanism

Ca&* (green bars) were induced by the recognition of deoxyinosine

by endo V, while the lower acceptor intensities for Mdred bars)
were caused by the dissociation of deoxyinosine.

of endo V @0). The prolonged association of endo V in the
presence of G4 and Mg", as compared to that in case 1
or 2, may be explained by assigning two-metal binding sites

association, recognition, and dissociation of endo V, respec-t0 €ndo V (Figure 5). The association of endo V with

tively. The entire catalytic cycle from endo V association
with the deoxyinosine site to the dissociation of the smfall 3
TAMRA fragment is approximately 29.5 s.

Case 3 (blue curves in Figure 3) denotes when the sampl
of endo V and deoxyinosine was first incubated witi?Ca
(5 mM) for 30 min and then refilled with Mg (10 mM)

immediately prior to the measurement. The final concentra-

tions of C&" and Mg" in the sample cell are estimated at

2.5 and 5 mM, respectively. The association of the deoxyi-
nosine site with endo V in case 3 lasted approximately 9.5

+ 7.9 s. Interestingly, the dissociation of deoxyinosine by

endo V, when comparing case 3 and case 2, was someho

hindered by preincubation of the sample witl?Cay 2 s.
Single-Stranded DNAersus Double-Stranded DNA

comparison of the dsDNA and ssDNA binding patterns may

facilitate our understanding of the structural roles of endo
V in DNA damage and repair. Our previous studi#3, (L9)
found that the recognition of deoxyinosine by endo V was
equally efficient for both dsDNA and ssDNA. A consistent
result was obtained from our single-molecule study in the
presence of Cd alone, as shown in Figure 4 (green bars).
However, we noticed arv27% increase of endo V efficiency
in cleaving dsDNA than ssDNA, in the presence of g
(Figure 4, red bars).

DISCUSSION

Association KineticsThe association time lapse was
measured at 4.9 1.8 and 5.9+ 2.0 s for C&" and Mg™,
respectively (green and red curves in Figure 3A). This
suggests that both metal ions are equally efficient in
mediating endo V¥DNA interactions. The recognition of

deoxyinosine is most efficient when both metal binding sites
are occupied by Ca and least efficient when both sites are
bound with C&" and Mg™". Our previous Mg"—Ca&" assay

o(13) showed that CH has little influence on Mg -mediated

DNA cleavage, indicating that the catalytic site was occupied
by Mg?*. Thus, the observed association events can perhaps
be activated by three metal binding combinations:?'Ca
(catalytic site}-Ca&* (regulatory site) (case 1), Mg—Mg?*
(case 2), and Mig—C&" (Figure 5). The distribution of time
lapseT; in case 3 could be a superposition of the three
possible kinetics and is found to be broader than that in either

ygase 1 or case 2 (Figure 3A, blue vs green or red).

Recognition Kineticdt is known that DNA repair enzymes
usually experience considerable conformation changes in
lesion recognition, including the event of flipping the
damaged base out of the hel&0( 31). Endo V is likely to
have adopted a similar base flipping recognition mechanism.
The consistent time durations in cases 2 and 3 suggest that
Ca" or Mg?" facilitates conformational changes with the
same efficiency.

Dissociation KineticsStudies performed by Huang et al.
(13) showed no enhancement of deoxyinosine cleavage in
C&" and Mgt competition. In contrast, our results in Figure
3C indicate an improved efficiency of deoxyinosine dis-
sociation in case 2 over case 3. This increased activity with
Mg?* alone reinforces the possibility that endo V possesses
two metal binding sites20), with one for the regulation of
nonspecific activities during time laps@&s and T, and the
other mainly for the catalysis of deaminated DNA. As shown
in Figure 2B, the dissociation signal is noticeably noisier
than the association process. This could be due to (i)
dissociation of the short’3STAMRA fragment from the

deoxyinosine by the enzyme could be a consequence of twoenzyme-product complex or (i) dissociation of endo V from
scenarios: (1) endo V identifies the deoxyinosine site through the enzyme-substrate or enzymeproduct complex. The

random diffusion, or hopping; (2) endo V first locates the
ssDNA substrate through diffusion and identifies the dam-

catalytic site of endo V may be occupied by eitheraVigr
Ca*, but the catalysis of lesion cleavage was shown to only

aged site by sliding along the substrate. Compared with occur when this site is bound with Mg (Figure 5), which
diffusion-driven deoxyinosine recognition, the second sce- agrees with our biochemical assays,(20).

nario is more likely as the largely monotonic time lafgse
in Figure 2 would be otherwise replaced by random fluctua-
tions.

Others Factors Concerning the Kinetic3ur further tests
on the endo W*-ssDNA system, in the absence of metal ions,
showed neither recognition nor cleavage activity. This

Since the sample of endo V and ssDNA in case 3 was observation is consistent with that of biochemical assays

preincubated with Ca for 30 min prior to the injection of

reinforcing the necessity of metal ions for ende-BNA
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Ficure 5: Proposed two-metal model at the single-molecule level. The regulatory site (top right circle on endo V) may be activated by
either C&" or Mg?*; the catalysis site or the catalytic site (top left circle on endo V) is only activated BybhMgnay be occupied by €a

or Mg?*. The time lapse$;, T,, andTz corresponding to the single-molecule association, recognition, and dissociation events are illustrated
for the three cases (€3 Mg?*, and C&"—Mg?"), respectively. The regulatory site in case 2 could be occupied By kigleft empty, as
indicated by the gray circle.

interactions 13). In our experiment, the endonuclease events Mg?*. In addition to providing reaction kinetics, our single-

were found to mostly occur during the initiaHF30 min molecule approach supports the hypothe ¢f two metal

subsequent to the introduction of metal ions into the sample binding sites for the regulation of enzymatic activities.

cell. This is in agreement with the kinetic analysis of gel

mobility shift assay, though it was conducted for a substrate ACKNOWLEDGMENT
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