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Background: 5-fluorouracil (5-FU)-based chemotherapy is the standard treatment for advanced stage colorectal cancer
(CRC) patients. Several groups including ours have reported that stage II-lll colorectal cancer patients whose tumors
retain DNA Mismatch repair (MMR) function derive a benefit from 5-FU, but patients with tumors that lost MMR function
do not. Although, MMR recognition of 5-FU incorporated in DNA has been demonstrated biochemically, it has not been
demonstrated within cells to execute 5-FU cytotoxicity.

Aim: To establish an efficient construction model for 5-FU within DNA and demonstrate that 5-FU incorporated into
DNA can trigger cellular cytotoxicity executed by the DNA MMR system.

Methods: We constructed a 5FdU-containing heteroduplex plasmid (5FdU plasmid) and 5FdU-containing linear ds-
DNA (5FdU linear DNA), and transfected these into MMR-proficient, A(MLH17 and hMSH6™ cells. We observed cell growth
characteristics of both transfectants for 5-FU-induced cytotoxicity.

Results: MMR-proficient cells transfected with the 5FdU plasmid but not the 5FdU linear DNA showed reduced cell
proliferation by MTS and clonogenic assays, and demonstrated cell morphological change consistent with apoptosis. In
MMR-deficient cells, neither the 5FdU plasmid nor 5FdU linear DNA induced cell growth or morphological changes dif-

ferent from controls.

Conclusion: 5FdU as heteroduplex DNA in plasmid but not linear form triggered cytotoxicity in a MMR-dependent
manner. Thus 5-FU incorporated into DNA, separated from its effects on RNA, can be recognized by DNA MMR to trigger

cell death.

Introduction

The fluoropyrimidine 5-fluorouracil (5-FU) is the cornerstone of
chemotherapy and the standard of care for patients with advance
staged colorectal cancer (CRC). In particular, 5-FU-based che-
motherapy improves survival in patients with stage III colon
cancer,'”” and in patients with stage II and III rectal cancer.t
However, individual patient tumor response rates are still overall
poor (20-30%),> and there is not an efficient method to deter-
mine which patient will have the best tumor response to 5-FU.
5-FU is incorporated into the RNA of a cell, but also inhibits
thymidylate synthetase (TS), depleting thymidine triphosphates
(T'TPs) available for DNA synthesis and enhancing the incorpo-
ration of UTP and FAUTP into a cell’s DNA as substitutes for
TTP.* Biochemically, we and others have demonstrated that DNA
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MMR, particularly its hMutSa complex (hMSH2-hMSHG6) can
bind 5-FU within DNA with high affinity.”” The inference from
this recognition of incorporated 5-FU by DNA MMR extends to
retrospective and prospective clinical studies in which patients
whose colorectal tumors are MMR-deficient lack a survival ben-
efic after 5-FU treatment, whereas patients whose tumors are
MMR-proficient show an improvement in survival.!*'* Because
5-FU treatment of cells yields effects on RNA, TS, as well as
DNA, it has been difficult to show a direct effect within a cell by
DNA MMR upon DNA incorporated with 5-FU. Cells treated
with 5-FU demonstrate evidence of cell damage, cell cycle check-
point responses, and epigenetic changes that include reduction of
histone H3 levels in a MMR-dependent manner.®'*" These find-
ings suggest that recognition of 5-FU incorporated into DNA by
the MMR system is important for 5-FU-induced cytotoxicity. A
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direct effect has not been previously demonstrated due to lack of
a method that can isolate some of 5-FU’s effect on a cell.

The aim of this study is to assess MMR-dependent cytotoxic-
ity induced by 5-FU that is incorporated into DNA. Here, we
constructed plasmids and linear DNA containing a single mole-
cule of 5FdU in order to isolate the DNA MMR effects for 5-FU.
We herein show 5-FU plasmid transfection as an efficient model
for measurement of a pure MMR effect that executes 5-FU
cytotoxicity.

Results

Efficient construction of 5FdU containing heteroduplex dsDNA
plasmid. The procedure for our preparation of the heteroduplex
plasmids is depicted in Figure 1A, after we tried several differ-
ent approaches. For isolation of ssDNA plasmid, we compared
the purity of ssDNA plasmid generated from bacteria/phagemid/
helper phage complex with one by the conventional M13KO7
infection method.!® The amount of contaminated chromosomal
phage DNA was less by the bacteria/phagemid/helper phage
complex method than by the conventional method (Fig. 1B, lane
2 and 3), which also reduced the amount of contamination after
oligomer extension reaction (Fig. 1B, lane 4 and 5). To confirm
the DNA sequence of the heteroduplex site, purified heteroduplex
plasmid was utilized as the PCR template, and the sequence of
the PCR product from the 5FdU containing plasmid (5FdU plas-
mid) clearly showed the heteroduplex was present, similar to the
positive control T:G heteroduplex plasmid (Fig. 1C).

The DNA MMR system executes 5-FU cytotoxicity when
5-FU is present in DNA. To examine the effect of 5-FU incorpo-
rated into DNA within cells, colorectal cancer cells in which the
MMR status was known were transfected with the 5FdU hetero-
duplex plasmid. Twelve hours after transfection, we seeded a den-
sity of 1.5 x 10° cells per well onto 6-well plates containing culture
medium, and began observing their morphology by microscopy
(Fig. 2). By 24 h after seeding, only the MMR-proficient cells
containing the 5FdU plasmid developed morphological changes
consistent with cell death, while no morphological changes were
observed for AMLHI" and AMLHG" cells. Neither MMR-
proficient cells nor MMR-deficient cells transfected with negative
and heteroduplex control plasmids showed any cell morphological
changes. Utilizing an MTS assay, MMR-proficient cells contain-
ing the 5FdU plasmid demonstrated reduced cell proliferation
compared with both the negative control plasmid (p < 0.01) and
the heteroduplex control plasmid (p < 0.01). There was no change
in cell proliferation rate for the MMR-deficient cells transfected
with the 5-FU plasmid (Fig. 3A). Neither MMR-proficient cells
nor MMR-deficient cells showed any growth change after T:G
heteroduplex positive control plasmid transfection. To confirm
the results of MTS assay, we also performed clonogenic assays,
further demonstrating that the 5FdU plasmid reduced colony
formation in MMR-proficient cells compared with controls, but
not in MMR-deficient cells. In addition, the T:G heteroduplex
control plasmid did not reduce the number of colonies, indicat-
ing that 5SFdU-containing heteroduplex plasmid triggers cytotox-
icity in a MMR-dependent manner.

www.landesbioscience.com

Cancer Biology & Therapy

RESEARCH PAPER

DNA MMR-triggered 5FdU cytotoxicity is observed with
the plasmid but not the linear dsDNA construct. To constitute
a useful model for detecting the DNA MMR effect when 5-FU
is incorporated into DNA, we also constructed 5FdU-containing
heteroduplex linear dsDNA (5FdU linear DNA) by annealing
a 61 mer 5FdU-containing oligonucleotide with a complemen-
tary sequence to the 61 mer oligonucleotide, and compared the
cytotoxic effect with SFdU plasmid. Cells were transfected with
5 wg of 5FdU linear DNA, which includes 49 times as many
5FdU molecules as in the 5 pg of transfected 5FdU plasmid.
Interestingly, 5SFdU linear DNA did not demonstrate reduced
cell density as the 5FdU plasmid did in MMR-proficient cells
(Fig. 4A). Clonogenic assays showed that the number of colonies
in MMR-proficient cells transfected with the 5FdU-heteroduplex
plasmid were significantly lower than that of 5FdU linear dsDNA
(p < 0.05, Fig. 4B). These observations demonstrate that 5SFdU
plasmid, not 5FdU linear dsDNA, constitutes an appropriate
model for measurement of the DNA MMR induced cytotoxicity
upon recognizing 5-FU within DNA in colorectal cancer cells.

Discussion

Clinical evidence suggests that patients with advance-staged
colorectal cancer and whose tumors retain DNA MMR function
derive a survival benefit with 5-FU-based chemotherapy, com-
pared with patients with tumors that lost MMR function.'*?
There is biochemical demonstration that the MutSa complex
(a heterodimer of the DNA MMR proteins MSH2 and MSH6)
recognizes and bind 5-FU within DNA”? and biological evidence
that fluoropyrimidines are more sensitive in CRC cells that have
intact MMR function than cells with loss of MMR function.®'*
Although it is surmised that MMR recognition and binding of
5-FU induces a DNA damage response,'”'® there was no direct
evidence that 5-FU incorporated into DNA actually induced
cytotoxicity in a MMR-dependent manner. This is largely
because no model existed which isolated 5-FU’s effects from
within DNA from other effects on RNA and TS. The results of
our study show (1) that we could establish efficient construction
of a 5FdU plasmid for transfection after modification of tech-
niques in prior reports in reference 19 and 20, (2) that the SFdU
plasmid triggers cytotoxicity only with MMR proficiency and
(3) that the utilization of a SFdU plasmid was more useful to
measure MMR-dependent 5FdU cytotoxicity than 5FdU linear
dsDNA.

Description of methods to measure DNA MMR repair activ-
ity have been previously reported in which cell nuclear extracts are
incubated with mismatched DNA substrates, such as M13mp2
phage DNA,?"*2 or by transfecting heteroduplex plasmids into
cultured cells.?»** However, these methods were utilized exclu-
sively for measurement of DNA repair activity at the DNA
mismatched or damaged base site’?®® with no demonstration
regarding a DNA damage response once the transfected DNA
has been introduced into cells. In particular, since we and others
have observed a clear MMR-dependent effect with (a) biochemi-
cal binding of DNA containing 5-FU,” (b) cellular toxicity with
5-FU treatment of cells,**'* and (c) improved survival of patients
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Figure 1 (See opposite page). Efficient construction of 5FdU containing heteroduplex plasmid. (A) Flowchart of for preparation of the 5FdU contain-
ing heteroduplex plasmid. (B) Electrophoretic analysis of various DNA preparations. Lane 1; parental pGEM7Zf(+) dsDNA plasmid isolated by an alka-
line lysis method. Almost of all the plasmid was in supercoiled form. Lane 2; single-stranded DNA plasmid generated by conventional M13KO7 method
(17). Lane 3; Single-stranded DNA isolated from JM109/pGEM7Zf(+)/M13KO7 complex. Lane 4; 5FdU-containing heteroduplex plasmid constructed by
ssDNA plasmid generated by conventional M13KO7 method. Lane 5; 5FdU-containing heteroduplex plasmid constructed by ssDNA plasmid isolated
from JM109/pGEM7Zf(+)/M13KO7 complex. Lane 6; linear dsDNA marker (1 kb Ladder N3232S, New England Biolabs). We generated less contaminated
ssDNA by the bacteria/phagemid/helper phage complex method than by the conventional M13KO7 infection method (17) (lane 2 and 3), which also
reduced the amount of contamination after the oligomer extension reaction (lane 4 and 5). (C) Sequence at the heteroduplex site. PCR was performed
using the constructed plasmid as a template. After purifying the PCR product, direct sequencing was performed to confirm the heteroduplex site. KM,
kanamycin; Amp, ampicillin; Nicked, nicked dsDNA plasmid; Supercoiled, supercoiled plasmid.

A hMLH1"*

B hMSH6™*

MMR-proficient

Figure 2. 5FdU-containing heteroduplex plasmid leads to cellular morphological
changes in MMR-proficient cells. Twelve hours after transfection, A(MLHT” (A),

hMSH67 (B) and MMR-proficient (C) cells were seeded at a density of 1.5 x 10° cells per
well onto 6-well plates and observed by microscope. By 24 h after seeding, the 5FdU
plasmid induced morphological changes consistent with cell death in the MMR-profi-
cient cells (C), while no morphological changes were observed in the hMLH1” (A) and
hMSH67 (B) cells. Neither MMR-proficient cells nor MMR-deficient cells demonstrated
morphological changes by heteroduplex (T:G) and negative (C:G) control plasmids.
Scale bars; 10 wm. 5FdU:G; 5FdU containing heteroduplex plasmid, T:G; positive control
heteroduplex plasmid, C:G; unaltered plasmid (negative control).

with MMR-intact tumors,'*"? it became important to demon-

is directed to the newly synthesized strand*® and
a nick can act as the strand-discrimination signal
in vivo,** nicked heteroduplex plasmids are typi-
cally used in biochemical measurement of MMR
activity assays. However with live cells, Lei et al.
reported that nicked and closed plasmid DNAs
were repaired with equal efficiency when cells
were transfected with heteroduplex plasmids,*
which was confirmed by others.” Thus, with this
in mind, our data confirms that a closed plasmid
is also useful in live cells for examination of the
MMR-associated DNA damage response induced
by 5-FU in DNA, as well as MMR repair activ-
ity. We confirmed the 5FdU inserted site by con-
ventional PCR reaction using non proof reading
Taq polymerase under high pH (pH 8.7), which is
the usual pH condition when conventional PCR is
performed. Under physiological pH conditions in
which the pH is closer to 7.4, 5-FU becomes ion-
ized and tends to pair with guanine on the cDNA
strand, and tends to pair with an opposing adenine
at higher pH conditions when 5-FU is in its keto
form.” Our sequence data showing that the 5SFdU
site is paired with an opposing adenine is consis-
tent with previous data in reference 28 and 29.
There are two hypotheses for DNA MMR trig-
gered cell death by 5-FU: a futile cycle of misre-
pair that is dependent on inhibition of TS and
continued incorporation of 5-FU into DNA, and
a direct recognition and damage response to 5-FU
once it is incorporated into DNA. 5-FU is known
to inhibit TS, which catalyzes the conversion of
dUMP to dTMP and inhibition of TS results in
decreased intracellular dTTP pools.® The dNTP
pool imbalances lead to misincorporation of dUTP
or/and 5SFdUTP into DNA.*® The UTP/5FdUTP
“mismatched” site is detected by hMutSa which
subsequently recruits MutL homologs, trigger-
ing excision of UTP/5FEdUTP. However, the
UTP/5EdUTP site cannot be repaired appropri-
ately due to depletion of TTPs and UTP/5FdUTP

is resynthesized in the newly synthesized strand,’ setting up a

strate a DNA MMR dependent effect for 5-FU cytotoxicity. We
therefore constructed a 5-FU-containing heteroduplex plasmid
to measure DNA MMR-dependent cytotoxicity in cells in which
the DNA containing 5-FU was the sole lesion. Because MMR

www.landesbioscience.com

futile cycle for repair.!”'® If SEdUTP is on the template strand,
there is no “correct” nucleotide that pairs with it; however, adenine
will likely be synthesized opposite SEdUTP.'2%2 Prior reports
indicate that murine mutant Msh2 (G674A) or Msh6 (T1217D)
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Figure 3 (See following page). 5FdU containing heteroduplex plasmid induces cytotoxicity in MMR-proficient cells. (A) MTS assay. Cells (5,000
cells/well) of each population were seeded in 100 pl of culture medium in the wells of three 96-well plastic plates and plates were incubated in a 5%
CO,/95% air incubator for 24,48 and 72 h. After incubation, 10 pl of MTS reagent solution was added to each well, and the plate was incubated for
an additional 4 h in the 5% CO,/95% air incubator. Cell viability was measured by scanning with a microplate reader at 490 nm. This experiment was
performed three times. (B-D) Clonogenic assay. Twelve hours after transfection, h(MLH1” (B), h(MSH67 (C) and MMR-proficient (D) cells were seeded
ata density of 5 x 10? cells/100 mm dish and colonies were stained with Giemsa and counted 14 days after seeding. Survival fraction was shown as a
percentage of negative controls. This experiment was performed at least three times.

A hMLH1" hMSH6" MMR-proficient
plasmid Linear Plasmid Linear

Plasmid Linear

B hMLH1* hMSH6" MMR-proficient
1.29
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Figure 4. 5FdU-containing heteroduplex plasmid is more useful for measurement of cytotoxicity than linear dsDNA. (A) Cell density. Twelve h after
transfection, cells were seeded at a density of 1.5 x 10° cells per well into 6-well plates. 72 h after seeding, the cell density was observed by microscopy.
5FdU-plasmid transfected MMR-proficient cells showed lower cell density than 5FdU linear dsDNA transfected cells. (B) Clonogenic assay. Twelve
hours after transfection, cells were seeded at a density of 5 x 10% cells/100 mm dish and colonies were stained with Giemsa and counted 14 days after
seeding. Survival fraction was shown as a percentage of negative controls. This experiment was performed at least three times. Scale bars; 100 pm.

results in absence of MMR activity, but retains normal damage-  cell death signaling.*** Because the 5FdU plasmid cannot be
induced apoptotic function, supporting the proposed model that  replicated in mammalian cells due to lack of cellular 5SFdUTP
direct interaction of DNA damage-bound MMR proteins triggers  dNTPs, our results for our transfected 5SFdU plasmid containing
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a single 5-FU molecule triggering cell death with intact DNA
MMR support the direct damage signaling model. Moreover,
Meyers et al. reported that MMR-deficient cells are resistant to
fluoropyrimidines but not Tomudex™ (i.e., ICI D1694, ZD1694,
Raltiterxed), a non-pyrimidine TS inhibitor® which supports
the importance of incorporation of 5-FU into DNA for MMR-
induced cytotoxicity independent of the inhibition of TS. On the
other hand, our data also suggests the importance of the futile
cycle model which for patients simulate long-term or sustained
5-FU treatment over time, compared with the direct damage
model which may simulate a single treatment of 5-FU.? A single
dose treatment allows for a rapid recovery of the dTTP pool, and
any 5FdU-containing sites within DNA cannot remain for long
periods due to subsequent repair with dTTPs. In this scenario,
the opportunity for DNA MMR o trigger the majority of cancer
cells to undergo cell death may be low. Sustained 5-FU treat-
ment of MMR-proficient cells demonstrated a 90% reduction in
814 compared with our 5-FU plasmid
model which showed a 38.2% reduction by clonogenic assay.

cells by clonogenic assay,

Our method is a one-time transfection resembling a single dose
treatment without TS inhibition. Overall, our study and previous
reports indicated the importance of both the futile cycle model
and direct damage signaling model. Importantly, our model
focuses on the recognition of 5-FU within DNA, isolating this
from the TS and RNA effects that could confound analysis.

It would be much easier and simpler if annealed short dsDNA
could be utilized to assess DNA MMR induced cytotoxicity once
it recognizes 5-FU in DNA, and like our plasmid construct,
cytotoxicity had not been previously assessed with linear DNA.
Although it is surprising that little data are available regarding
cellular responses induced by transfected dsDNA, Igoucheva et
al. demonstrated different cellular responses to exogenous DNA
that depended upon the structure and length of the DNA.*
According to their data, cells transfected with closed plasmid
DNA showed a dramatic change in gene expression profiles com-
pared with linear DNA. Notably, genomic stability/repair path-
way-associated genes that included the DNA MMR genes were
activated in respond to plasmid DNA, whereas cells transfected
with short dsDNA did not induce this response. Furthermore
with observation of a DNA MMR-dependent 5-FU cytotoxicity
with our plasmid model, there was no such response utilizing
the mismatched T:G heteroduplex plasmid. With these data in
mind, we hypothesize that the triggering of cytotoxic responses
with exogenous DNA is dependent on the structure of the trans-
fected DNA independent of the DNA lesion. This could be due
to differences in degradation speed between the closed dsDNA
plasmid and the short DNA oligo (closed dsDNA may be
degraded more slowly than short DNA oligo), or by variation in
the recognition level by MMR proteins for 5-FU in DNA (MMR
proteins may recognize 5-FU in dsDNA plasmid more strongly
than in short DNA oligo). Our data demonstrate the utility of
the 5-FU plasmid to study the direct DNA damage response by
DNA MMR and to ascertain which molecules tend to react with
5-FU incorporated into DNA.

In conclusion, we constructed 5FdU-containing heterodu-
plex plasmids and utilized it to detect a pure DNA MMR system
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response executing 5-FU’s cytotoxicity. Our data indicates a
direct DNA damage response by DNA MMR upon recognition
of 5-FU within DNA. These results bridge the gap between prior
clinical and biochemical evidence regarding how DNA MMR
recognizes 5-FU within DNA and a cell’s subsequent response to
that recognition. Our plasmid method should prove practical to
explore 5-FU sensitivity of cells by DNA MMR molecules and to
further an approach how to do personalize treatment for colorec-
tal cancer patients based on the biological and genetic make-up
of their tumor.

Materials and Methods

Cell lines and cultures. The human colorectal cancer cell lines
SW480 (MMR-proficient), HCT116 (hMLHI"- and hMSH3™")
and DLD-1 (hMSHG") were obtained from American Type
Culture Collection and maintained in Iscove’s modified Dulbeeco’s
medium (IMDM, Invitrogen) with 10% fetal bovine serum and
penicillin (100 U/ml)/Streptomycin (100 pg/ml) (Invitrogen) as
supplements at 37°C in a 5% CO,/95% air incubator. HCT116
cells are a model of complete DNA MMR deficiency, DLD-1 cells
are a model of hMutSa deficiency and SW480 cells are a model
of MMR-proficiency. We have previously shown that hMutSa is
important in the binding of 5-FU within DNA.

Generation of single-stranded DNA (ssDNA) plasmid.
Generation of ssDNA was performed as described in refer-
ence 19, with modification (Fig. 1A). Briefly, E. coli JM109
competent cells (Promega) were transformed with phagemid
pGEM7Zf(+) (Promega) and spread onto 100 pg/ml ampicillin-
containing Luria-Bertani (LB) plates. Single colonies of JM109/
pGEM7Zf{(+) cells was picked from the LB plate, resuspended in
6 ml of LB medium containing 100 pg/ml ampicillin and incu-
bated for 5 h with shaking at 240 rpm at 37°C. Subsequently,
3.0 x 10° pfu of M13KO7 helper phage (New England Biolabs,
Beverly, MA) was added to the culture and incubation with shak-
ing was continued at 240 rpm at 37°C for another 1 h. Then,
20 pl of the culture solution was spread onto a selective LB plate
containing 100 pg/ml ampicillin and 70 pwg/ml kanamycin and
incubated at 37°C. Because M13 KO7 confers kanamycin resis-
tance, a number of colonies of JM109/pGEM7Zf(+)/M13KO7
complex were observed after overnight incubation. Individual
colonies of JM109/pGEM7Zf(+)/M13KO7 were grown in 40 ml
of LB medium containing 100 pg/ml ampicillin and 70 wg/ml
kanamycin. The supernatant was transferred to a 50 ml centri-
fuge tube (Corning Inc.) and mixed with 12.5 ml of polyeth-
ylene glycol 6,000—2.5 M liquid mixture that was centrifuged
at 10,000 rpm at 4°C. After the supernatant was removed, the
precipitant was mixed with 500 wl of Tris-EDTA (TE) buffer,
followed by phenol/chloroform extraction and ethanol precipita-
tion for isolation of ssDNA from phage particles.

Construction of heteroduplex plasmids. The 5" phosphory-
lated 25 mer oligonucleotides containing SFdU (5'-CTT GGC
GTA ATC ATG GT-5FdU-ATA GCT G-3'), mismatched thy-
mine (5-CTT GGC GTA ATC ATG GT-T-ATA GCT G-3')
as a positive control and unaltered cytosine (5-CTT GGC
GTA ATC ATG GT-C-ATA GCTG-3") as a negative control
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at the minus strand nucleotide position 160 of pGEM7Zf(+)
were synthesized (Sigma-Aldrich). Twenty micrograms of plus
single-stranded plasmid DNA were annealed with 5-fold molar
excess of the 5" phosphorylated 25mer oligonucleotides in a
100 wl reaction mixture containing 1x T4 DNA ligase reac-
tion buffer (New England Biolabs) at 86°C for 6 min. Then
the mixture was slowly cooled to room temperature. After the
annealing reaction, 25 U T4 DNA polymerase (New England
Biolabs), 2,400 U T4 DNA ligase (New England Biolabs), 600
wM dNTP and 1 mM ATP were added and primer extension
was allowed to proceed at 37°C for 30 min. Closed circular
DNA was isolated by agarose gel electrophoresis and extracted
using the QIAquick® Gel Extraction Kit (Qiagen), then puri-
fied by consecutive isoamyl alcohol extraction and ethanol pre-
cipitation and re-dissolved in TE buffer (Fig. 1A). It has been
demonstrated previously that 5-FU becomes ionized at physi-
ological pH (closer to 7.4) and tends to pair with guanine on
the cDNA strand, whereas 5-FU tends to pair with an oppos-
ing adenine at higher pH conditions such as under conventional
PCR conditions (pH 8.7) when 5-FU is in its keto form.?”” Thus
the 5FdU-inserted site within the plasmid was confirmed by
polymerase chain reaction (PCR) using HotStarTaq DNA poly-
merase (Qiagen) at pH 8.7, which can detect the 5-FU:G pair
site as an A:G hetero-wave with direct DNA sequencing utiliz-
ing a primer that anneals to (-)strand of pGEM7Zf(+) (5'-CGC
AAC GCA ATT AAT GTG AG-3').

Construction of heteroduplex linear dsDNA. We synthe-
sized 61 mer oligonucleotides containing 5FdU (5-AGA ACC
CAC TGC TTA CTG GCG GGC GGG CGG-5FdU-GGC
GGG CGG GGC CTT CTA GTT GCC AGC CAT-3'), mis-
matched thymine (5-AGA ACC CAC TGC TTA CTG GCG
GGC GGG CGG-T-GGC GGG CGG GGC CTT CTAGTT
GCC AGC CAT-3') as a positive mismatch paired control and
unaltered cytosine (5-AGA ACC CAC TGC TTA CTG GCG
GGC GGG CGG-C-GGC GGG CGGGGCCTITCTAGTT
GCC AGC CAT-3") as a negative control (Sigma-Aldrich). To
complete the dsDNA molecule, the complementary sequence

of the 61 mer was synthesized (5-ATG GCT GGC AAC TAG
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