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ABSTRACT: Inflammation-mediated reactive molecules can damage DNA by oxidation and chlorination.
The biological consequences of this damage are as yet incompletely understood. In this paper, we have
constructed oligonucleotides containing 5-chlorouracil (CIU), one of the known inflammation damage
products. The thermodynamic stability, base pairing configuration, and duplex conformation of oligonucleo-
tides containing ClU paired opposite adenine have been examined. NMR spectra reveal that the CIU-A base
pair adopts a geometry similar to that of the T-A base pair, and the CIU-A base pair-containing duplex adopts
a normal B-form conformation. The line width of the imino proton of the CIU residue is substantially greater
than that of the corresponding T imino proton; however, this difference is not attributed to a reduced thermal
or thermodynamic stability or to an increased level of proton exchange with solvent. While the NMR studies
reveal an increased level of chemical exchange for the CIU imino proton of the CIU-A base pair, the CIU
residue is not a target for removal by the Escherichia coli mispaired uracil glycosylase, which senses damage-
related helix instability. The results of this study are consistent with previous reports indicating that the DNA
of replicating cells can tolerate substantial substitution with CIU. The fraudulent, pseudo-Watson—Crick
CIU-A base pair is sufficiently stable to avoid glycosylase removal and, therefore, might constitute a persistent
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form of cellular DNA damage.

Emerging studies indicate that the DNA of mammalian cells
can be damaged by reactive molecules generated from activated
neutrophils (/—5). The damaging agents include hydrogen per-
oxide and hypochlorous acid, resulting in both oxidized and
chlorinated bases. Among these damage products is 5-chlorour-
acil (C1U)," which could arise by chlorination and deamination of
cytosine residues in DNA and nucleotides or chlorination of
uracil bases present in nucleotide precursor pools (6—10) as
shown in Figure 1. Previous studies have demonstrated that
significant levels of CIU can be incorporated into the DNA of
replicating cells when 5-chloro-2'-deoxyuridine (CldU) is added
as a nucleotide precursor (//—14).

The impact of the replacement of thymine with CIU in duplex
DNA is not yet known. Although CIdU is incorporated into
the DNA of replicating cells, it does induce toxicity, senescence,
and sister-chromatid exchanges (/5—20). In this paper, we have
constructed synthetic oligonucleotides containing CIU residues
at a defined position in a self-complementary duplex paired
opposite adenine. The synthetic oligonucleotides have been
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characterized by mass spectrometry, thermal melting studies
and NMR spectroscopy. In the duplex, the CIU residue pairs
with adenine, forming two hydrogen bonds in a geometry
approaching that of a normal thymine-adenine Watson—Crick
base pair. We observe that the replacement of thymine with CIU
paired opposite adenine has only a slight impact on oligonucleo-
tide stability, although the line width of the CIU imino proton
broadens much faster with increasing temperature than does the
corresponding thymine imino proton. The potential for single-
proton transfer from within the intact base pair is considered. The
ClU-containing oligonucleotide was probed with the repair
glycosylase MUG, which is known to exploit reduced duplex
stability in its search for target bases. Whereas CIU mispaired
with guanine is readily repaired, CIU paired opposite adenine
within the same sequence context is not repaired. These data
suggest that the replacement of thymine with CIU does not
significantly perturb the structure or dynamics of a DNA duplex.

MATERIALS AND METHODS

Oligonucleotide Synthesis. Commercially available 2'-deox-
yuridine was converted to CIdU using the method of Kumar
et al. (21). The corresponding phosphoramidite of CldU was
prepared by standard methods, as previously described (22). All
other phosphoramidites were obtained from Glen Research
(Sterling, VA). Oligonucleotide synthesis was conducted with
an Expedite synthesizer from Applied Biosystems (Foster City,
CA). Oligonucleotides containing CldU were deprotected with
concentrated aqueous ammonia at room temperature for 24 h.

The sequence of the 12-mer oligonucleotide examined here is
shown in Figure 2. Oligonucleotides were purified by two rounds
of HPLC, first with the DMT group on and the second with the
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F1GURE 1: Formation of 5-chlorouracil (C1U) . CIU can be generated
by two routes. Initial reaction of cytosine with HOCI can result in
formation of the dihydro intermediate, which can then deaminate
and dehydrate, generating CIU (top pathway). Alternatively, uracil
can react with HOCI forming a dihydro intermediate and then
dehydrate forming CIU (bottom pathway).
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F1GURE 2: Oligonucleotide sequences. (a) 12-mer oligonucleotide
sequence used for the study (X = 5-chlorouracil). (b) Watson—Crick
base pairing of a CIU-A base pair.

DMT group off. Oligonucleotides were examined by MALDI-
TOF-MS (23), and the free base composition was verified by
GC—MS following acid hydrolysis (24).

Oligonucleotide UV Melting Studies. The melting tem-
perature (7},,) and thermodynamic values of the oligonucleotide
were obtained as previously described (23, 30) using a Varian
(Palo Alto, CA) Bio 300 Cary UV—vis spectrophotometer. The
self-complementary oligonucleotide at various concentrations
(2—60 uM) was dissolved in a buffer containing 100 mM NaCl,
0.1 mM EDTA, and 10 mM sodium phosphate (pH 7). The
sample was then treated with a thermal cycle from 10 to 90 °C at
an interval of 0.5 °C. The thermodynamic values were obtained
from the average of five such temperature cycles. T, values are
reported at a total strand concentration of 28 uM.

Nuclear Magnetic Resonance Spectroscopy (NMR).
NMR spectra were obtained with a 500 MHz Bruker (Billerica,
MA) NMR system. The proton NMR spectra of the oligonu-
cleotide were recorded in a solution containing 10% D-O,
100 mM NaCl, 10 mM sodium phosphate, and 0.2 mM EDTA
(pH 7.0) and compared with results from similar sequences
published by other laboratories (25—28). The oligonucleotide
(200 A569 OD units, 2.5 mM) was annealed at 86 °C for 2 min and
slowly cooled prior to acquisition of NMR spectra. Each
spectrum was calibrated using DSS (4,4-dimethyl-4-silapentane-
I-sulfonate) as an internal standard reference. Proton NMR
spectra of oligonucleotides in 90% H,O were recorded with
a water suppression double gradient echo WATERGATE
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W5 pulse program (29). The temperature of the sample
was controlled by a variable-temperature monitor (Eurotherm,
BVT 3000) from Bruker.

A typical spectrum was acquired with a binomial water
suppression delay (d19) of 160 us. Since the delay (d19) of
160 s affected some of the imino resonances near 11 ppm, it
was changed to 40 us when high peaks for the imino protons were
desired. The null point repetition was every 6.25 ppm from the
suppression point when the d19 was 160 us. When the delay was
40 us, the null point repetition was far from any of the imino
proton resonances. The line width studies were performed using
the d19 delay of 40 us. The two-dimensional (2D) NOE spectra
were acquired using a mixing time of 300 ms.

Mispaired Uracil Glycosylase (MUG) Reaction with
CIU Oligo. The glycosylase studies were performed using
mispaired uracil glycosylase (MUG) from Escherichia coli (30).
A typical reaction was conducted by reacting 300 pmol of
oligonucleotide with 14.7 pmol of enzyme in a buffer containing
20 mM NaCl, 20 mM Tris-HCI, 1 mM EDTA, and 1 mM DTT
(pH 8). The reaction mixture was incubated at 37 °C overnight.
The sample was then desalted for MALDI-TOF analysis with
a P6 column and a cation exchange column containing AG50W-
X8 beads on the H™ form (Bio-Rad, Hercules, CA). MALDI-
TOF experiments were performed with a Bruker Autoflex
time-of-flight mass spectrometer operated in positive ion and
reflectron modes (23).

RESULTS

Oligonucleotides containing CIU at a defined site were pre-
pared by standard phosphoramidite methods. Commercially
available dU was converted to CldU using a previously reported
method (/8). Oligonucleotides containing CIU were synthesized,
deprotected, and purified using standard conditions (Figure 2),
except that deprotection was conducted in concentrated aqueous
ammonia at room temperature for 24 h. The base composition of
each oligonucleotide was verified by GC—MS following acid
hydrolysis (Figure 3). Because of the high natural abundance of
both ¥Cl and *’Cl isotopes, the mass spectrum of chlorine-
containing molecules has a significant M + 2 line for the parent
ion and M — methyl ion. Intact oligonucleotides were also exam-
ined by MALDI-TOF-MS as shown in Figure 3. The isotope
envelope of larger molecules can also be simulated, and the
presence of one chlorine atom in the oligonucleotide profoundly
impacts the shape of the isotope envelope. The simulated ion
cluster of an oligonucleotide of composition Cj;gH45Nys-
O79P;,Clis shown above and matches the experimental spectrum
in Figure 3a. The theoretical and observed masses for each of the
oligonucleotides examined here are as follows: 3644.65 and
3644.61 for T-A, 3664.59 and 3664.54 for CIU-A, and 3680.59
and 3680.54 for CIU-G, respectively.

The thermal stability of the oligonucleotide duplex (3/—33)
containing CIU was examined and compared with that of an
oligonucleotide containing T. The melting temperature of the
ClU-containing oligonucleotide was observed to be 55.6 °C, while
that of the control oligonucleotide containing T was 53.4 °C.
Thermodynamic parameters obtained are listed in Table 1.
The thermal melting profiles of the T and ClU-containing
oligonucleotides are shown in Figure 4.

Proton NMR spectra of the monomers of thymidine and CldU
were recorded as references for oligonucleotide-induced changes
in chemical shifts. The H6 proton resonances of dT and CldU in
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FiGure 3: Oligonucleotide analysis by mass spectrometry. (a) Ex-
perimental (bottom) and theoretical (top) isotope envelope of the
12-mer oligonucleotide 5-CGCIUGAATTCACG-3' used in this
study. The experimental isotope envelope was obtained from MAL-
DI-TOF mass spectrometry, and the theoretical envelope was ob-
tained using a computer simulation program (23). (b) GC—MS
spectrum of ClU after acid hydrolysis of CIU-A oligonucleotide.
Molecules containing chlorine are easily recognized by the prominent
M + 2 peaks (277 and 292 amu) in the mass spectrum.

Table I: Thermal Melting and Thermodynamic Parameters for the Helix—
Coil Transition of 5-d(CGXGAATTCACG)-3' in 10 mM Sodium Phos-
phate, 100 mM Sodium Chloride, and 0.1 mM EDTA (pH 7.0)

T-A CIU-A

Ty (°C) 534403 556+03
AH° (keal/mol) -85+ 13 —81+ 14
AS° (cal mol 'K —238 + 40 —234 + 4
AG® (kcal/mol) -11.9+ 1.0 -122+1.0
hyperchromicity (%) 220+ 0.6 21.3+£0.8
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FiGure 4: Oligonucleotide melting profiles examined by tempera-
ture-dependent absorbance at 260 nm: UV melting profiles
(normalized) of 12-mer oligonucleotide 5-CGXGAATTCACG-3
at 28 uM in a buffer containing 100 mM sodium chloride, 10 mM
sodium phosphate, and 0.1 mM EDTA (pH 7.0): T-A (—) and
CIU-A (- - ).

D,0 were observed to be 7.64 and 8.17 ppm, respectively. The
chemical shifts of the N3 imino proton resonances of dT and
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FIGURE 5: NMR spectrum of nonexchangeable protons. '"H NMR
spectra of the CIU-A (bottom) and T-A (top) oligonucleotides in the
aromatic region. The H6/H8 and H2 assignments are written atop the
spectrum. H6 of CIU3 and T3 is indicated by the arrow. The spectra
were recorded at 30 °C with 256 scans using a water suppression
WATERGATE program with a binomial water suppression delay
(d19) of 160 us. The oligonucleotide was dissolved in a buffer
containing 10% D,0O, 100 mM sodium chloride, 10 mM sodium
phosphate, and 0.2 mM EDTA (pH 7).

Table 2: Chemical Shifts of Aromatic Protons of the Oligonucleotide 5'-
d(CGXGAATTCACG)-3' at pH 7.0 and 30 °C

H6/HS8 H2/H5
nucleobase T-A CIU-A T-A CIU-A
Cl 7.64 7.65 5.91 5.92
G2 7.97 7.97
T3/CIU3 7.12 7.61
G4 7.84 7.86
A5 8.09 8.10 7.17 7.18
A6 8.09 8.09 7.59 7.59
T7 7.08 7.08
T8 7.35 7.35
9 7.50 7.50 5.68 5.81
Al0 8.28 8.29 7.75 7.73
Cll1 7.25 7.24 5.35 5.34
GI2 7.88 7.88

CldU in DMSO were observed to be 11.26 and 11.82 ppm,
respectively. The imino proton of CIU is substantially more
acidic than the corresponding imino proton of T. The pK of the
CldU imino proton was measured by titration of the chemical
shift of the H6 resonances and found to be 8.0 (Supporting
Information).

Proton NMR spectra of the nonexchangeable protons of each
duplex were obtained and are shown in Figure 5. Proton
resonances were assigned by standard 2D methods (34) and are
listed in Table 2. The corresponding 2D spectra are shown as
Supporting Information. The observed proton connectivities
indicate that both the T-A and CIU-A duplexes are predomi-
nantly in a B-form geometry and all bases are intrahelical.
The H6 proton for T3 of the T-A oligonucleotide is observed
at 7.12 ppm, whereas the corresponding H6 proton of the CIU
residue of the CIU-A duplex was observed at 7.61 ppm.

Proton spectra of the exchangeable proton resonances were
recorded in 90% H,0 and 10% D0, and the spectra of the T-A
and CIU-A duplexes are shown in Figure 6. Proton resonances
were assigned by standard 2D methods, as described previously.
The assignments are recorded in Table 3. The N3 imino proton of
T in position 3 of the oligonucleotide was observed at 13.71 ppm
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FIGURE 6: NMR spectrum of exchangeable protons. 'H NMR
spectrum of the CIU-A (bottom) and T-A (top) oligonucleotides in
the imino region. The spectra were recorded at 5 °C with 256 scans
using a water suppression WATERGATE program with a binomial
water suppression delay (d19) of 40 us. The oligonucleotide was
dissolved in a buffer containing 10% D,0O, 100 mM sodium chloride,
10 mM sodium phosphate, and 0.2 mM EDTA (pH 7).

Table 3: Chemical Shifts of Imino Protons of the Oligonucleotide 5'-
d(CGXGAATTCACG)-3" at pH 7.0 and 5 °C

imino protons

nucleobase T-A oligo CIU-A oligo
G2 12.86 12.88
T3/CIU3 13.71 14.43
G4 12.44 12.46
T7 13.72 13.72
T8 13.81 13.81
Gl12 13.11 13.11

and for CIU 14.43 ppm. The line width of the proton resonance
assigned to the CIU imino proton was greater than most others in
the duplex and significantly more broad than the width of the
imino resonance of the corresponding T-A proton. The width of
this proton increased rapidly with an increase in temperature
(Figure 7). The rapid line broadening of the CIU imino proton
appeared to be independent of solution pH (Figure 7c).

The imino proton region of the CIU-A base pair examined here
is shown in Figure 8. The imino proton region of the duplex at
5°C and pH 7.0 is shown in Figure 8a. Under these conditions,
the CIU and terminal G imino proton resonances are significantly
broader than the remaining imino proton resonances. With
an increase in the solution pH to 8.8, the imino proton of the
terminal G-C base pair broadens further and is lost from the
spectrum, whereas the CIU imino proton has neither broadened
nor shifted (Figure 8b). An increase in sample temperature from
5to0 22 °C at pH 7.0 results in broadening and loss of both the
terminal G-C and CIU imino protons (Figure 8c).

The enzymatic repair of CIU was investigated by probing the
ClU-containing oligonucleotide with the repair glycosylase,
MUG. A positive control sequence in which the CIU was paired
opposite guanine was probed with MUG, and the CIU was
rapidly removed (Figure 9). Enzymatic removal of the CIU
residue generates an oligonucleotide containing an abasic site.
The theoretical mass of the abasic site-containing oligonucleotide
1s 3552.59 amu, and the observed mass is 3552.50 amu. The
observed reduction in the oligonucleotide mass by 128 amu
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FIGURE 7: Line widths of imino protons as a function of temperature
and pH. (a) Temperature-dependent imino proton line widths of
different base pairs of T-A oligonucleotide at pH 7.0. (b) Tempera-
ture-dependent imino proton line widths of different base pairs of
CIU-A oligo at pH 7.0. (¢) Temperature-dependent imino proton line
widths of the CIU-A (3) base pair of CIU-A oligo at pH, 5.9, 7.0, 8.0,
and 8.8. The oligonucelotide was dissolved in a buffer containing
10% D50, 100 mM sodium chloride, 10 mM sodium phosphate, and
0.2 mM EDTA.
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FIGURE 8: "H NMR spectrum of the CIU-A oligonucleotide in the
imino region at different pH and temperatures: (a) pH 7.0 and 5 °C,
(b) pH 8.8 and 5 °C, and (c) pH 7.0 and 22 °C. The spectra were
recorded with 256 scans using a water suppression WATERGATE
program with a binomial water suppression delay (d19) of 40 us. The
oligonucelotide was dissolved in a buffer containing 10% D,O, 100
mM NaCl, 10 mM sodium phosphate, and 0.2 mM EDTA.

results from the displacement of CIU (—145 amu) by a hydroxyl
group (17 amu). Under identical reaction conditions, neither
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FIGURE9: Activity of MUG on synthetic oligonucleotides con-
taining CIU-A or CIU-G. MALDI spectra of oligonucleotides.
(a) Mixture of T-A, CIU-A, and CIU-G oligonucleotides without
enzymatic reaction. (b) CIU-A oligo reacted with MUG. (c¢) CIU-G
oligonucleotide incubated with MUG. The enzyme reaction was
conducted by reaction of 300 pmol of oligonucleotide with 14.7 pmol
of enzyme in a buffer containing 20 mM sodium chloride, 20 mM
Tris-HCI, 1 mM EDTA, and 1 mM DTT (pH 8). The incuba-
tion was at 37 °C for 20 h.

CIU (Figure 9) nor thymine (data not shown) paired opposite
adenine is repaired.

DISCUSSION

Emerging studies show that DNA can be damaged by reactive
molecules derived from activated neutrophils and eosinophils at
sites of inflammation (/—9). Among the damage products are
oxidized and halogenated pyrimidines, including CIU (Figure 1).
It has been suggested that these damage products might provide a
mechanistic link between inflammation and human diseases,
including cancer (35).

It is well established that halogenated pyrimidines can be
incorporated into nucleotide precursor pools and ultimately
into DNA. FU (5-fluorouracil) is used as a chemotherapy agent
as its metabolite (5'-fluoro-2'-deoxyuridine 5'-monophosphate)
inhibits thymidylate synthase needed for the conversion of
dUMP to TMP (35, 36). Some FU is also incorporated into
DNA where it can be removed by several glycosylases (37, 38).
BrU is a mutagenic base analogue long known to induce
transition mutations, presumably by miscoding more fre-
quently than T (39, 40). Replicating cells can tolerate substan-
tial replacement of T with BrU (41, 42). Similarly, CIU can be
incorporated into the DNA of replicating cells (6, 10—15).
However, CIU has been shown to induce cellular toxicity, cause
senescence, and increase the frequency of sister-chromatid
exchanges (15—19). It has been proposed that the toxicity
might in part be attributed to interference with nucleotide
metabolism, which promotes dUTP misincorporation and
repair by a mechanism similar to that proposed for FU (/8).
However, the mechanism of sister-chromatid exchange remains
to be resolved.
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Because of the recent interest in CIU in DNA, we have
incorporated CIU into synthetic oligonucleotides to ascertain
the base pairing configuration when paired opposite adenine and
to examine the impact of CIU substitution on the stability of an
oligonucleotide duplex. Oligonucleotides containing CIU were
prepared and purified by standard methods (Figure 2). The
phosphoramidite of CIU is prepared by standard methods, and
no special deprotection conditions are required. The composition
of oligonucleotides containing CIU can be verified by acid
hydrolysis followed by GC—MS analysis (Figure 3). The pre-
sence of chlorine in a molecule profoundly impacts the corre-
sponding mass spectra, allowing unambiguous identification of
the chlorinated pyrimidine. Similarly, the presence of chlorine
alters the MALDI-TOF-MS spectrum of the intact oligonucleo-
tide (Figure 3).

To investigate the impact of the CIU substitution on oligonu-
cleotide stability, oligonucleotide melting temperatures were
determined by measuring UV absorbance as a function of
temperature. Example results for the T-A and CIU-A duplexes
are shown in Figure 4. In the CIU-A duplex, two CIU-A pairs are
substituted for two T-A base pairs. The results show that
substitution of T with CIU increases the oligonucleotide melting
temperature by 2.2 °C. We note that the self-complementary
sequence used here has two substitutions per duplex. Therefore,
the change in melting temperature is approximately 1.1 °C per
CIU substitution. Thermodynamic parameters were obtained
by measuring 7}, values as a function of oligonucleotide con-
centration. The values obtained are recorded in Table I.
The substitution of T with CIU, therefore, increases slightly the
thermal and thermodynamic stability of an oligonucleotide
duplex.

The duplex conformation and base pairing configuration were
examined with NMR spectroscopic methods. All of the expected
nonexchangeable proton resonances were observed for the T-A
and CIU-A duplexes, as shown in Figure 5. The only difference
between the two duplexes is that the protons of Tz, and in
particular the T3 H6 proton resonance at 7.12 ppm, are lost upon
substitution of T with CIU, with a corresponding gain of a proton
resonance at 7.61 ppm assigned to the H6 proton of the CIU
residue. The difference in the chemical shifts of the H6 protons of
T and ClIU is attributed to the difference in the electronic-
inductive property of the 5-methyl versus 5-chloro substituent.
The chemical shift of T3 H6 moves upfield, relative to the
monomer chemical shift, by 0.52 ppm, whereas that of H6 of
CIU moves upfield by 0.56 ppm. The similar magnitude of the
stacking-induced upfield shift indicates both the T and CIU
experience similar base stacking and geometry relative to the
bases above and below the helix. However, the greater relative
stacking-induced shift of the CIU H6 proton is consistent with the
observed increase in the thermodynamic stability of the CIU-
containing duplex discussed above. The observed chemical shift
of the H6 proton of CIU when paired with A indicates it is in the
neutral and keto tautomeric form (28). The base-sugar connec-
tivities observed indicate that the CIU-A duplex, as with the T-A
duplex, is predominantly B-form.

The impact of the CIU substitution on base pair formation was
investigated by examining exchangeable proton resonances.
Exchangeable spectra are shown in Figure 6. The T3 imino
proton of the T-A duplex at 13.71 ppm is lost upon substitution
with CIU; however, a new resonance is observed at 14.43 ppm,
assigned to the CIU imino proton. The downfield shift in the N3
resonance from dT to CIdU of 0.72 ppm can be attributed
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from CIU to A.

primarily to the opposing electronic inductive properties of the
methyl and chloro substituents. The N3 resonances of dT and
CIdU monomers in DMSO are 11.26 and 11.82 ppm, respectively,
a difference of 0.56 ppm. The observed chemical shift for an imino
proton in an oligonucleotide is a function of both the intrinsic
chemical shift and hydrogen bond formation. Upon substitution
of T with CIU, the observed imino proton chemical shift moves
further downfield than can be attributed exclusively to the intrinsic
chemical shift difference. The observed data would suggest that
the hydrogen bond formed by the N3 proton of CIU is stronger
than that of the corresponding T base pair. The increased strength
of this hydrogen bond is consistent with the increase in the
observed acidity of the CldU imino proton as well as with results
of theoretical studies (43). Consistent with the results reported
here for the CIU-A base pair, previous NMR studies with both the
FU-A (44, 45) and BrU-A (46) base pairs indicate base pair
configurations similar to that of the T-A base pair.

The structural and thermodynamic properties of the T-A and
CIU-A duplexes appear to be very similar in many ways.
However, a distinguishing feature of the CIU-A pair is that the
proton resonance assigned to the CIU imino proton is substan-
tially broader than the corresponding T-A proton within the
same sequence context (Figures7 and 8): the line width of the
T imino proton of the T-A duplex at 30 °C is 10.7 Hz,whereas the
line width of the corresponding CIU imino proton of the CIU-A
duplex is 110 Hz. We considered the possibility that base-
catalyzed exchange of the more acidic CIU imino proton might
destabilize and reduce the lifetime of the CIU-A base pair as
shown in Figure 10B. Increasing the solvent pH from 7.0 to 8.8 at
5 °C results in broadening of the terminal G:C imino protons,
which can be attributed to an increased rate of base pair open-
ing (47, 48). However, the CIU-A imino proton is neither shifted
nor broadened, although the solution pH has been increased to
nearly 1 pH unit above the pK, of the monomer, CldU. This
result indicates that formation of the CIU-A base pair sequesters
the imino proton, suppressing the transfer of the CIU imino
proton to solvent water. Indeed, the results of theoretical
calculations (43) suggest that the CIU-A imino proton hydrogen
bond is both shorter and stronger than the corresponding bond in
the T-A base pair, consistent with the hydrogen bonding-induced
shifts as discussed above.

The observed broadening of the CIU-A base pair cannot
be attributed to reduced duplex stability as the oligonucleo-
tide containing the CIU-A base pair is more thermally and
thermodynamically stable than the corresponding T-A control
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oligonucleotide (Figure 4 and Table 1). Previously, Sternglanz
and Bugg concluded from examination of the crystal struc-
tures of S-chloro- and 5-bromouracil that halogenated uracil
analogues may have enhanced base stacking interactions (49).
The line widths of the imino protons of the base pairs above
and below the CIU-A base pair are identical with the line
widths of the corresponding protons observed for the T-A
oligonucleotide control, indicating that the CIU-A base pair
does not create a denaturation bubble within the helix. The
observed broadening of the CIU-A imino proton cannot
be attributed to enhanced exchange with solvent as discussed
above. We therefore considered the possibility that the broad-
ening of the CIU-A imino proton might result from proton
exchange from within the intact base pair.

Previously, Shulman (50) considered single-proton transfer of
the N3 imino proton of T to the complementary A residue in a
Watson—Crick T-A base pair. Single-proton transfer renders the
T residue anionic and the A residue protonated. The energy cost
for this transfer is the sum of the energetic cost of ionizing both
the T and A monomers at pH 7.2 and is estimated to be
approximately 7.6 kcal/mol so that the zwitterionic base pair
would be present at a frequency of approximately one in 3.8 X
10° A-T base pairs. Replacement of the electron-donating
5-methyl group of T with the electron-withdrawing chloro
substituent of CIU reduces the pK, of the N3 imino proton from
9.8 to 7.9—8.0. The energy cost of ionizing the CIU therefore
drops the free energy of proton transfer by 2.6 kcal/mol to
approximately 5.0 kcal/mol (57), increasing the frequency of the
zwitterionic base pair shown in Figure 10C by a factor of
approximately 80, relative to the canonical T-A base pair.
Previous studies have demonstrated that base damage and
ion binding can also facilitate inter-base pair single-proton
transfer (52, 53).

The pK,, of the N3 position of monomeric 2’-deoxyadenosine is
approximately 3.8 in solution (28). However, in some base
pairing configurations, the pK, of the N3 position of an adenine
residue has been observed to increase to > 7.0 (54—56). Recent
studies suggest that adenine protonation in a duplex can further
stabilize base stacking interactions and can facilitate the forma-
tion of some nucleic acid structural motifs. Possibly, thermal
motions that disrupt normal base stacking interactions could be
offset by single-proton transfer and adenine protonation. The
reduced energy of single-proton transfer for the CIU-A base pair
might partially account for the slight increase in the stability of
the CIU-A-containing duplex.

The results of the physical studies described above suggest that
the CIU substitution does not significantly alter the overall
duplex structure or base pairing configuration and increases
slightly duplex stability. The increased level of broadening of the
CIU imino proton suggests possible increased base pair mobility.
We therefore sought to determine if these modest structural
fluctuations could be detected by DNA repair glycosylases.
Previous studies from this lab and others (30, 37, 38) have
demonstrated that repair glycosylases can find and distinguish
damaged and modified bases in DNA upon the basis of reduced
stability and changes in glycosidic bond strength. The electron-
withdrawing S-chloro substituent of CIU enhances glycosylase
removal by several glycosylases relative to T, which has
an electron-donating methyl substituent. Target bases mispaired
with G are more easily repaired than those paired with A due to
the reduced stability of the mispair. We probed the ClU-contain-
ing duplex examined here with the E. coli mispaired uracil DNA
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glycosylase, MUG. We observed that CIU mispaired with G is
readily removed by MUG, as shown in Figure 9. In contrast, CIU
paired with A is not repaired. The apparent increased mobility of
CIU when paired with A is insufficient to render the CIU base
susceptible to glycosylase removal.

The similarity of the structures and stabilities of the oligonu-
cleotides containing T-A and CIU-A base pairs demonstrated
here is consistent with the results of studies showing that
substantial amounts of CldU can be incorporated into the
DNA of replicating cells (//—14). Substitution with CIU is not
overtly toxic but is more subtle in causing chromosomal aberra-
tions (15—20). The results of this study suggest that once
incorporated, CIU can form a fraudulent base pair with adenine,
undetected by DNA repair glycosylases. The adverse effects of
CIU substitution might reveal themselves only in biologically
important unusual DNA structures required for DNA replica-
tion, repair, or transcription. It is known that the thymine methyl
group is important for the binding of sequence-specific DNA-
binding proteins (57). While 5-bromo can substitute for 5-methyl
in many DNA—protein interactions (58—60), 5-chloro is smaller
and might perturb some DNA—protein interactions (6/). On the
other hand, one recent study suggests that 5-halogenated uracil
residues in DNA could direct the formation of an unusual
macromolecular conformation (62).

CONCLUSIONS

In this paper, we have investigated the base pairing configura-
tion, duplex conformation, and thermodynamic stability of a
model oligonucleotide duplex containing C1U. The CIU-A duplex
is equivalent to the corresponding T-A duplex with respect to
overall conformation and base pairing. The CIU-A base pair is
slightly more stable than the T-A base pair and appears to adopt a
similar geometry. Single-proton transfer would be more likely in
the CIU-A base pair than in the T-A base pair, and the increased
level of proton transfer from CIU to A could account in part for
the apparent increased stability of the CIU-A-containing oligo-
nucleotides. The CIU base, when paired with A, is sufficiently
stable to escape detection and removal by repair glycosylases. The
adverse biological effects of CIU could result from the disruption
by CIU of biologically important unusual DNA structures or
sequence-specific DNA protein interactions. Studies are currently
in progress to investigate these possibilities.

SUPPORTING INFORMATION AVAILABLE

Additional experimental data and figures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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