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ABSTRACT: Inflammation-mediated reactive molecules can “Tee o
result in an array of oxidized and halogenated DNA-damage !
products, including $-chlorocytosine (“'C). Previous studies ~a
have shown that “'C can mimic $-methylcytosine (™C) and act
as a fraudulent epigenetic signal, promoting the methylation of
previously unmethylated DNA sequences. Although the $-
halouracils are good substrates for base-excision repair, no H
repair activity has yet been identified for CIC. Because of the 0'2_0_1 B 29 @2 @03
apparent biochemical similarities of ™C and “/C, we have Hammettmeta parameter, o,

investigated the effects of ™C and “'C substitution on

oligonucleotide structure and dynamics. In this study, we have constructed oligonucleotide duplexes containing C, “'C, and
"C within a CpG dinucleotide. The thermal and thermodynamic stability of these duplexes were found to be experimentally
indistinguishable. Crystallographic structures of duplex oligonucleotides containing ™C or “/C were determined to 1.2 and 1.9 A
resolution, respectively. Both duplexes are B-form and are superimposable on a previously determined structure of a cytosine-
containing duplex with a rmsd of approximately 0.25 A. NMR solution studies indicate that all duplexes containing cytosine or
the cytosine analogues are normal B-form and that no structural perturbations are observed surrounding the site of each
substitution. The magnitude of the base-stacking-induced upfield shifts for nonexchangeable base proton resonances are similar
for each of the duplexes examined, indicating that neither ™C nor “'C significantly alter base-stacking interactions. The “'C
analogue is paired with G in an apparently normal geometry; however, the G-imino proton of the “C—G base pair resonates to
higher field relative to "C—G or C—G, indicating a weaker imino hydrogen bond. Using selective '*N-enrichment and isotope-
edited NMR, we observe that the amino group of “'C rotates at roughly half of the rate of the corresponding amino groups of the
C—G and ™C—G base pairs. The altered chemical shifts of hydrogen-bonding proton resonances for the ?“C—G base pair as well
as the slower rotation of the “/C amino group can be attributed to the electron-withdrawing inductive property of the S-chloro
substituent. The apparent similarity of duplexes containing ™C and “/C demonstrated here is in accord with results of previous
biochemical studies and further suggests that “'C is likely to be an unusually persistent form of DNA damage.
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he development of cancer is driven by both genetic Emerging evidence indicates that inflammation-mediated
mutations and epigenetic dysregulation.' > Although an reactive molecules can modify DNA, creating an additional type
extensive body of work has established mechanisms by which of endogenous DNA damage.g_11 Among the inflammation-
DNA damage can induce genetic mutations, substantially less is mediated DNA adducts identified to date are the S-

known about the relationship between DNA damage and halocytosines, 5-chlorocytosine (“/C) and S-bromocytosine
epigenetic changes. In higher eukaryotes, the primary (®C), and both adducts have been identified in DNA from

epigenetic mark in DNA is S-methylcytosine (™C), which human tissues exposed to inflammation.">”"” Although most
modulates the transcriptional activity of key genes primarily by types of DNA damage have been shown to interfere with
altering DNA—protein interactions.”* In cancer cells, cytosine enzymatic DNA methylation and with DNA-binding proteins
methylation patterns are corrupted, and frequently important

tumor suppressor genes become silenced by aberrant promoter Received: July 22, 2013

methylation.6_8 Currently, there are few clear mechanisms to Revised:  October 17, 2013

explain how aberrant promoter hypermethylation occurs. Published: October 22, 2013
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containing a methyl-binding domain, the S-halocytosine
analogues ®'C and “/C have been shown to mimic ™C with
respect to both DNA- b1nd1ng proteins and methyltrans-
ferases."® ™! Therefore, ®C and “'C could act as fraudulent
epigenetic signals, in part explaining how inflammation-
mediated DNA damage could drive aberrant promoter
methylation. Studies in eukaryotic cells have established that
“IC in DNA can result in heritable changes in promoter
methylation.”* Although ®C paired with G can be repaired
slowly by both MBD4'® and hTDG?™ glycosylases, no repair
activities have yet been identified for “/C and therefore “'C
could be a persistent form of DNA damage that would
accumulate with increasing inflammation damage.

Previous studies have shown that the S-halouracils can mimic
thymine in DNA—protein interactions because the sizes of the
5-Cl, -Br, and -methyl substituents are similar.** However,
because the inductive properties of the methyl substituent of
thymine is electron-donating and the S-halo substituents are
electron-withdrawing, S-halouracil analogues in DNA are
rapidly repaired by multiple glycosylases.”¥*® We were
therefore interested in understanding the impact of “/C on
oligonucleotide structure and dynamics to reveal how “/C could
serve as an excellent mimic for ™C in several important
biological interactions as well as avoid surveillance and
detection by DNA-repair systems. In this study, we have
constructed oligonucleotide duplexes containing cytosine, ™C,
and CIC 1n the self-complementary Dickerson dodecamer
sequence”” within a CpG dinucleotide in one or both strands.
We have studied these self-complementary duplexes in thermal-
melting studies and X-ray crystallography as well as by 'H
NMR spectroscopy in solution to determine how ™C and “C
might differentially influence duplex structure and dynamics.

B MATERIALS AND METHODS

Synthesis and Purification of Oligonucleotides.
Oligonucleotides used in this study were synthesized by
standard phosphoramidite solid-phase methods. To prepare
oligonucleotides with 5-chlorocytosine, a phosphoramidite was
prepared from O*ethyl-S-chloro-2'-deoxyuridine as previously
described.®® To prepare oligonucleotides containing '*N-
enriched 4-amino groups, phosphoramidites containing O*-
methyluracil (Glen Research, Sterling, VA), O*-methylthymine
(Glen Research), and O*-ethyl-S-chlorouracil were coupled at
the desired sequence position as shown in Figure 1.
Oligonucleotides were then deprotected with '*N-enriched
aqueous ammonia (6 N, 98%, Cambridge Isotope Laboratories,
Andover, MA) at room temperature for 36 h as previously
describe for oligonucleotides containing S-fluorocytosine.*

Oligonucleotides containing a dimethoxytrityl (DMT) group
were purified by reverse-phase HPLC using a PRP column
(Hamilton, Reno, NV), detritylated in 80% acetic acid at room
temperature for 30 min, and then repurified by HPLC using a
reverse-phase column. Following purification, oligonucleotides
were characterized by MALDI-ToF-MS,*° and the base
composition of each was examined following formic acid
hydrolysis and silylation by GC/MS (Supporting Information
Figure S1).

Oligonucleotide UV Melting Studies. The melting
temperature (T,) and thermodynamic values of the self-
complementary oligonucleotides were measured as previously
described®"** using a Varian Bio 300 Cary UV-vis
spectrophotometer (Palo Alto, CA). Oligonucleotides at
selected total-strand concentrations from 2 to 60 uM were
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Figure 1. (a) Reaction scheme for the synthesis of '’N-labeled
oligonucleotide. (b) Dodecamer sequence and the oligonucleotides
synthesized in this study. (c) Chemical structure of the G—C base pair.
H, is the Watson—Crick hydrogen and Hj, is non-Watson—Crick
hydrogen.

dissolved in a buffer containing 100 mM NaCl, 0.1 mM EDTA,
and 10 mM sodium phosphate at pH 7. The T, values are
reported at 28 uM total-strand concentration.

Crystallography. Dodecamer self-complementary duplex
oligos containing either ™C or “/C at position 3 (™C3/C9 or
€IC3/C9) were crystallized in solutions containing 50 mM
HEPES, pH 7.0, 35—40% 2-methyl-2,4-pentanediol (MPD),
5—10 mM spermine, and 5—10 mM MgCl, at 17 °C. The
crystals were directly frozen in liquid nitrogen. Diffraction data
were collected at 100 K at the Advanced Photon Source,
Argonne National Laboratory (Argonne, IL) using synchrotron
radiation. Data were processed with the HKL3000 package
(HKL Research, Inc., Charlottesville, VA), and structures were
determined and refined using the PHENIX program.>

Nuclear Magnetic Resonance Spectroscopy (NMR).
Solution NMR spectra were recorder with Bruker 500 or 300
MHz NMR systems (Billerica, MA). Proton NMR spectra were
obtained in solution containing 10% D,0/90% H,O 100 mM
NaCl, 10 mM sodium phosphate, and 0.2 mM EDTA at pH
7.0. To ensure duplex formation, oligonucleotides (200 A4
OD units, 2.5 mM) were heated at 86 °C for 2 min and slowly
cooled to room temperature prior to acquisition of NMR
spectra. Each spectrum was calibrated using DSS (4,4-dimetyl-
4-silapentane-1-sulfonate) as an internal standard reference.
Proton NMR spectra in aqueous solution were acquired with a
water—suppressmn double-gradient echo WATERGATE W35
pulse program.>* The temperature of the sample was controlled
by a variable temperature monitor (Eurotherm, BVT 3000).
Proton resonances were assigned from 2D NOE spectra.>” 36
The '“N-edited proton NMR spectra were obtained using an
HSQC pulse sequence.””

Rotational Dynamics. The '*N-edited proton NMR
experiments were used to study the dynamics of cytosine
amino group (NH,) rotation by observing the transfer of
magnetization from one amino proton of the amino group to
the other.’®* The resonance of each amino proton was
selectively inverted by a rectangular soft pulse, and the effect of
magnetization transfer from the inverted amino proton to the
other was studied. The signal intensity of both amino protons
was monitored as a function of the delay time after the
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Table 1. T,, and Thermodynamic Parameters for $'-CGXGAATTYGCG-3' in 10 mM Sodium Phosphate, 100 mM Sodium

Chloride, and 0.1 mM EDTA at pH 7.0¢

duplex T, (°C) AH® (keal mol™")
mC3/C9 58.5 + 0.5 —61.5 + 5.8
™C3/™C9 58.7 + 0.8 —61.9 + 6.1
C3/C9 592 + 0.1 —583 + 9.0
C3/™C9 59.9 + 0.8 —59.3 + 89
Ac3/co 582 + 0.2 —624 + 10
dcz/mco 58.9 + 0.7 —60.5 + 11

“T_, values are at 28 uM total-strand concentration.

AS° (cal mol™ K1) AG® (25 °C) (kecal mol™)

—165 + 18 —10.8 + 0.5
—166 + 18 —10.8 + 0.5
—154 + 27 —10.7 + 0.8
—1587 £ 27 —109 + 0.8
—168 + 31 —10.7 + 0.7
—162 + 33 —10.6 + 0.7

inversion pulse, ranging from S ys to 4 s. In the experiments
described here, the magnetization of a particular amino proton
at a particular time will be according to eq 1

M(t) = M° + C*exp(At) + Frexp(A,t) €))
where 4, and 1, are

M=—[Ry+Rp)/2-0 (2)
and

Ay = =Ry +Rp)/2 =2k +0 (3)

M is the equilibrium magnetization and C and F are constant
coeflicients depending on the relaxation rates of the two
protons. R;, and Ry are the longitudinal relaxation rates, k, is
the rate of rotation, and o is the cross relaxation rate. Values for
A, and 4, are obtained from the nonlinear fit of the plot of the
intensity of the amino-proton resonance versus delay time
using eq 1. Rotation rates are obtained from 4, and 4, using eqs
2 and 3. The cross relaxation rate (o) is determined from the
initial NOE buildup rate at lower mixing times (5—40 ms).

Quantum Mechanical Studies of 5-Chlorocytosine.
Quantum mechanical calculations***! were performed with the
Gaussian 03 program (Gaussian, Inc.,, Wallingford, CT) on a
Pentium pro quad processor. Density functional theory (DFT)
calculations were performed with the 6-31G basis set (B3LYP)
within the Gaussian software. The template structure of 2'-
deoxycytidine (dC) was used as the initial structure. The
template structure of dC was edited to create the corresponding
S-methyl- and S-chloro-2’-deoxynucleosides. Bond lengths for
each molecule were obtained from the energy-minimized
structures.

B RESULTS

The synthetic approach presented here yields oligonucleotides
containing selected '*N-enriched cytosine amino groups. The
'“N-amino groups are introduced during the final deprotection
of the oligonucleotides. Therefore, this is an efficient method
for inserting one or more labels site-specifically in either
cytosine or cytosine analogues (Figure 1). Previously, SN-
enriched cytosine amino groups have been introduced into
oligonucleotides by synthesis of the '*N-enriched phosphor-
amidite or by introduction of a 4-triazole phosphorami-
dite.**~** As precursors for the introduction of the $-
fluorocytosine or S-chlorocytosine, we find the O*-ethyl
analogues to be suitably stable during phosphoramidite and
oligonucleotide synthesis and to be quantitatively displaced by
ammonia during oligonucleotide deprotection with minimal
hydrolysis to the corresponding uracil analogues. Base and
isotopic composition of the oligonucleotides listed in Table 1
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were verified by both MALDI-ToF-MS and GC/MS
(Supporting Information Figure S1).

As a first approach to identify potential perturbations in
oligonucleotide structure and dynamics, the thermal and
thermodynamic properties of a series of oligonucleotides
containing C, AC, or MC were investigated by examining
duplex dissociation as a function of temperature (Figure 2).
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Figure 2. Normalized melting profiles at 260 nm of 28 uM
oligonucleotides in presence of 10 mM sodium phosphate, 100 mM
sodium chloride, and 0.1 mM EDTA at pH 7.0.

Thermodynamic parameters were obtained by fitting the
experimental melting curves or from a plot of 1/T,, versus In
Ct obtained at different oligonucleotide concentrations (Ct) as
described previously®™*> (Supporting Information Figure S2).
The experimental values obtained in this study for the
oligonucleotides shown in Figure 1 are listed in Table 1. The
experimental T, values obtained in this study are close to the
value of 59 °C predicted for the cytosine-containing duplex on
the basis of the nearest-neighbor model of SantaLucia et al.** In
thermal melting studies, T, values can be measured
reproducibly to within 0.5 °C. In the sequences studied here
containing one modified cytosine analogue and either cytosine
or "C in the opposing strand of the CpG dinucleotide,
observed melting temperatures for the ’C and ™C duplexes are
experimentally indistinguishable (Figure 2). Therefore, in the
sequences studied here, both ™C and “/C have no measurable
impact on duplex thermal stability.

To determine the comparative impact of C, ™C, and “'C on
duplex structure, oligonucleotide duplexes were studied by X-
ray crystallography and by NMR spectroscopy in aqueous
solution. The crystal structure of a duplex containing ™C was
determined to 1.2 A resolution and refined to an R-factor of
0.249 (Rg. = 0.278) by the molecular-replacement method
using an unmodified Dickerson—Drew dodecamer (PDB ID:
1FQ2). The structure of the C[C-containing duplex was
determined using the same method to 1.9 A and refined to
an R-factor of 0.195 (Rg.. = 0.262) (Supporting Information
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Table S1). The ™C and ©'C structures closely resemble each
other, with a rmsd of 0.25 A. Both duplexes adopt a B-form
DNA configuration, with rmsd of 0.22 and 0.23 A relative to
the Dickerson—Drew duplex containing cytosine (Figure 3).

B. Difference electron density
between native and ©C-dodecamer

,;.
>

OLA A
-

A6

Figure 3. Structure of the Dickerson—Drew dodecamer with a
modified base at position 3. (A) Superposition of the "C (green)- and
AIC (blue)-containing duplex with native C dodecamer (gray). (B)
Difference map between the “/C and C dodecamers (F,“C — F.S,
PCIC) revealing electron density around Cl on CIC at position 3. (C)
Electron density (2F, — F.) for the “'C-containing dodecamer. F, is
the observed electron density map, and F. is the calculated electron
density map. The structure factors and coordinates of the “/C- and ™C-
containing dodecamers are deposited at the Protein Data Bank under
accession numbers 4MGW and 4MKW, respectively.

A more detailed comparative structural analysis was
performed on each duplex examined here using the program
CURVES+*® and the corresponding crystallographic PDB files
as input. The CURVES+ program can reveal more subtle
differences in the orientation of the base-pair axis (BP-axis),
base rotation, and translation as well as other helical
parameters. Data obtained with the CURVES+ program is
tabulated in Supporting Information Table S2, with values for
each modified base pair as well as average values for all base
pairs in each duplex. Differences among the cytosine, “'C, and
™C duplexes are modest, and the values for the ’C and ™C
duplexes are usually more similar to one another than to that
for the cytosine-containing oligonucleotide.

NMR studies in aqueous solution were performed to
examine potential dynamic influences of each substitution.
The aromatic base and H1’ sugar residues for each duplex were
observed and assigned by standard 2D NMR methods
(Supporting Information Figure S3). Chemical shifts are
tabulated in Supporting Information Tables S3 and S4. The
observed NOE connectivities are consistent with a predom-
inantly B-form helix in which all of the bases are intrahelical
(Supporting Information Figure S4). Significant differences are
noted for the chemical shifts of the H6 protons for C, ™C, and
“IC in each of the duplexes examined. To determine the effect
of the S-substituent on the chemical shift of the H6 proton,
NMR spectra were also recorded for the corresponding free 2'-
deoxynucleosides in D,O (Supporting Information Table SS).
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The proton NMR spectrum of the exchangeable-proton
region for each duplex at 300 K showed five imino proton
resonances for these symmetric 12-base duplexes (Figure 4).

877 G10 G4
G2
(a)
mC3/C9
G10 G4
(b) G2
C3/C9
G4 G10
G2

(c)

¢ic3/C9

144 140 136 132 128 124
S (ppm)
Figure 4. '"H NMR spectra in the imino region of the [4-'*N] labeled
(X3 position, Figure 1) oligonucleotides (a) ™C3/C9, (b) C3/C9, and
(c) “C3/C9Y in the presence of 10% D,O, 100 mM NaCl, 10 mM
sodium phosphate, and 0.2 mM EDTA at pH 7 and 300 K.

The imino protons of the terminal base pairs are exchange-
broadened under these conditions and are not observable.
However, the terminal imino protons are observed at lower
temperature (Supporting Information Figure SS). For the three
duplexes containing C, ™C, or AC at position 3, the imino
region is essentially the same with one exception. The chemical
shift of the imino proton of G10, paired with the C or
substituted C at position 3, is different in each spectrum,
ranging from 12.95 ppm when paired with ™C to 12.54 ppm
when paired with “'C. A similar trend was observed in duplexes
containing ™C in the opposing strand (Supporting Information
Table S6).

The amino protons of the cytosine residues are observed in a
spectrally crowded region between 6 and 9.5 ppm (Figure ).
The amino proton hydrogen-bonded to the G residue is shifted
downfield relative to the non-hydrogen-bonded amino proton.
To directly observe the amino protons of the cytosine residue
at oligonucleotide position 3, the nitrogen of the amino groups
was “N-enriched. Selective enrichment permits direct obser-
vation of the J-coupled amino protons, as shown in Figure Sa.
The amino resonances observed in '*N-decoupled spectra are
shown in Figure Sb—d. The observed imino and amino proton
resonances indicate that G pairs with ™C and “'C in a
hydrogen-bonding pattern similar to the Watson—Crick C—-G
base pair.

To examine the dynamics of the target cytosine residue at
position 3, the rotation rate of the amino group was measured
by the saturation-transfer method described in the Materials
and Methods and is shown in Supporting Information Figures
S6 and S7. The rotational rates of C, ™C, and “C in the
corresponding oligonucleotides are 32.9, 33.4, and 12.7 s,
respectively (Table 2). The placement of a ™C residue in the
opposing strand had minimal impact on the amino group
rotation rate (Table 2), and in both sequence contexts, the
amino group of the “/C residue rotates at approximately half of
the rate of the corresponding ™C residue. The line width of the
G-imino proton of the X3—G10 base pair was also measured as

dx.doi.org/10.1021/bi400980c | Biochemistry 2013, 52, 8590—8598
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Figure 5. (a) 'H NMR spectrum (unedited) of the [4-°N] ©'C3/C9
oligo. (b—d) '*N-edited proton spectrum of '“N-labeled oligonucleo-
tides in the presence of 10% D,0, 100 mM NaCl, 10 mM sodium
phosphate, and 0.2 mM EDTA at pH 7 and 300 K. The "N label is
indicated in the structure by the asterisk.

a function of temperature. For the three duplexes examined
here, the temperature dependence of the G-imino proton
resonance line width overlapped substantially, as shown in
Figure 6.

B DISCUSSION

Substitution with “/C Does Not Alter Duplex Stability
as Measured in Thermal-Melting Studies. In this study, a
total of six symmetric oligonucleotides forming six duplexes
were studied. Each oligonucleotide contained ™C, C, or AC at
position X3 (Figure 1b). Three of the duplexes contained C at
position Y9 (Figure 1b), whereas three contained ™C at
position Y9. In eukaryotic DNA, ™C is usually found in
symmetrically methylated ™CpG dinucleotides; however, ™C
can also be found in hemimethylated CpG dinucleotides
following DNA replication prior to maintenance methylation.*’
Oligonucleotide melting temperatures are measured by
observing optical absorbance as a function of temperature
(Figure 2). Thermodynamic parameters are extracted from the
melting studies either by curve-fitting or by measuring melting
temperature as a function of oligonucleotide concentration,"
and the differences obtained with each method were at or
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Temperature (°C)

Figure 6. Temperature-dependent line-width studies of G10 imino
protons of C3/C9, ™C3/C9, and cc3/c oligonucleotides in the
presence of 10% D,0, 100 mM NaCl, 10 mM sodium phosphate, and
0.2 mM EDTA at pH 7 and 300 K.

below experimental error. The thermal and thermodynamic
parameters for duplex dissociation are given in Table 1. In the
duplexes examined here, changes in duplex melting temperature
resulting from the replacement of C by ™C or “'C were at or
below the experimental error. Similarly, thermodynamic
differences were at or below experimental error. Therefore,
the replacement of ™C by “C has little or no observable impact
on the thermal or thermodynamic stability of an oligonucleo-
tide duplex, at least within the sequence examined here.
Previous studies have shown that cytosine methylation
generally increases oligonucleotide melting temperatures;
however, the increase is modest and sequence-dependent.***

Crystal Structures of the C, ™C, and “'C Duplexes Are
Superimposable. The duplex structures of the C3/C9 and
™C3/C9 oligonucleotides were examined by crystallography
and compared with the native Dickerson dodecamer (C3/C9).
All of the duplexes form typical B-form geometry. The “'C or
™C substitution in position 3 of the sequence had negligible
effect upon the structures (Figure 3). Consistent with our
findings, previous studies have shown that the 5-bromocytosine
within the same sequence context is also B-form and is
isomorphous to the native structure.”” Oligonucleotides
containing S-methylcytosine or S-bromocytosine have been
shown to promote alternative A or Z forms depending on the
sequence context;*’ however, these alternative forms require
unusual DNA sequences.

Examination of Nonexchangeable Protons Reveals
the Similarity of the “C and ™C Duplexes. Upon duplex

Table 2. Amino Proton Chemical Shifts, Rate of Rotation of Amino Protons, and Line Widths of the Amino Resonances of the
Third Base of the Oligonucleotide (Figure 1) at 300 K and pH 7

chemical shifts of X3 amino protons in oligos

line width (Hz)

duplex k, (sec™) NH, H, NH, H,
™C3/C9 334 8.95 6.31
mC3/mC9 36.9 9.00 623
C3/C9 329 8.65 6.68
C3/™C9 33.8 8.68 6.59
Clcs/co 12.7 9.31 6.81
dcs/mco 14.1 9.38 6.74

AS (H, — Hy) Ada Adb H, H,
2.64 2.06 —0.58 319 26.8
2.77 2.11 —0.66 34.1 28.6
1.97 1.89 —0.56 33.0 25.7
2.09 1.92 —0.65 33.7 28.6
2.50 1.95 —0.43 26.8 21.6
2.64 2.02 —0.50 28.3 22.4

“Rate of rotation (k,) was determined by '*N-edited magnetization-transfer experiments, and line widths (half height width) were determined using
N-edited experiments. ASa = H, — monomer H, and Asb = H, — monomer Hj,
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formation, the solution 'H NMR chemical shifts of
nonexchangeable protons are observed to move upfield relative
to monomer chemical shifts because of base—base-stacking
interactions. In the duplex, the nonexchangeable resonances
can be assigned by sequential NOE connectivities,*>*®
shown and tabulated in the Supporting Information (Tables S3
and S4). The observed nonexchangeable base proton—H1’
connectivities indicate that all duplexes studied here are
predominantly B-form and that all bases are intrahelical.

The magnitudes of the upfield shifts of the nonexchangeable
resonances are proportional to the degree of base-stacking
interactions and are sensitive indicators of base geometry within
the duplex. With one exception, the chemical shifts of the
nonexchangeable aromatic proton resonances are invariant
among the duplexes containing ™C, C, and “'C at position X3
when Y9 is C or ™C (Supporting Information Figure S3). The
single exception in each case is the chemical shift of the H6
proton of the ™C, C, or CIC residue at position X3, where these
resonances are observed at 7.04, 7.25, and 7.54—7.55 ppm,
respectively, when Y9 is either C or ™C. The observed chemical
shift of the H6 resonance in a duplex is dependent upon both
the intrinsic chemical shift of the proton resonance and the
base-stacking change resulting from duplex formation. In
pyrimidine analogues, a S-substituent can significantly alter
the chemical shift of H6, with electron-donating substituents
such as CH; moving the chemical shift to higher field and
electron-withdrawing substituents shifting in the opposing
direction. The chemical shifts of the H6 proton for the
corresponding 2'-deoxynucleosides in water at 300 K are 7.64,
7.81, and 8.11 ppm for ™dC, dC, and “'dC, respectively. The
stacking-induced shifts in the sequence examined here are
observed to be 0.60, 0.56, and 0.56 for ™C, C, and °'C,
respectively, and therefore the observed H6 chemical-shift
differences among the duplexes examined are dominated by the
S-substituent effect on the intrinsic chemical shift of the
corresponding H6 proton. The similarity in the base-stacking
induced change in the H6 chemical shift across the duplexes
examined here is consistent with a negligible effect of “'C
substitution on duplex stability or conformation.

Examination of Exchangeable Protons Resonances
Reveals Differences between the Duplexes. Upon duplex
formation, the resonances of exchangeable amino and imino
protons become narrower and shift downfield because of the
formation of hydrogen bonds with bases in the complementary
strand. The imino-proton regions of duplexes containing "C, C,
and “'C with C at position Y9 are shown in Figure 4. With the
exception of the chemical shift of the G10 resonance of the
X3—G10 base pair, the spectra are largely indistinguishable.
The G10 imino proton from the ““C—G base pair is high field
of the other G imino protons but is well within the range
expected for a normal Watson—Crick base pair.

A substituent in the S-position of the cytosine ring can
influence the basicity of the N* position, which is the hydrogen-
bond acceptor for the G10 imino proton. The pK, of the N*
position of dC is 4.2, and an electron-donatin% CHj; substituent
in the S-position increases the pK, to 43 In contrast, an
electron-withdrawing Cl substituent decreases the pK, of “'dC
to 2.7.%° In Figure 7a, the G10 chemical shift is plotted versus
the pK, of the paired cytosine or cytosine analogue, and a linear
relationship is observed. The presence of a cytosine S-
substituent has an observable effect upon the G—C imino
hydrogen bond, which is proportional to the substituent effect
on the corresponding N* pK, value.
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Figure 7. (a) Proton chemical shifts of the G imino protons of the
X3—GI10 base pair of the oligonucleotide versus the pK, of the
corresponding nucleoside at pH 7, where X3 is ™C, C, or “/C. (b)
Amino group rotation rate as a function of the Hammett 6,,, parameter
of the S-substituent. Closed circles are for the X3/C9 oligo, whereas
open circles are for the X3/™C9 oligo.

The dynamics of the base pair formed between X3 and G10
can also be investigated by examining the line width of the G10
imino resonance as a function of temperature. The G10 imino
proton line widths for duplexes containing ™C, C, and “'C are
shown in Figure 6. As the temperature is increased from S °C,
the line width for each duplex decreases and then increases
because of enhanced base-pair opening and proton exchange
with solvent. However, the line widths for the three duplexes
are very similar and appear to converge around physiological
temperature. These data suggest that although the presence of
CIC decreases the strength of the imino hydrogen bond with
G10 the “'C—G base pair is held intact by base-stacking
interactions and does not open with greater frequency than the
corresponding base pairs with C or ™C, consistent with the
thermodynamic results presented above.

The strength of the hydrogen bond can also be estimated by
the downfield shift of the imino proton within the
oligonucleotide relative to its monomer value. The intrinsic
chemical shift of the imino proton of the 2’-deoxyguanosine
nucleoside is 10.59 ppm (in DMSO), whereas the chemical
shifts of guanine imino protons (G10) in C—G, ™C—G, and
€IC—G base pairs are 12.90, 12.95, and 12.54 ppm, respectively,
for the C3/C9, ™C3/C9, °'C3/C9 oligonucleotides. The
difference in chemical shift between the oligo and correspond-
ing nucleoside are 2.31, 2.36, and 1.95 ppm for the C3/C9,
mC3/C9, and “'C3/C9 oligonucleotides, which indicates that
the ™C3—G10 base pair has the strongest hydrogen bond,
whereas the ““C3—G10 base pair has the weakest hydrogen
bond. Similar relative magnitudes of base-pairing-induced shifts
were observed for oligonucleotides in which ™C was placed in
the opposing strand.

The dynamics of the base pairs formed between G10 and ™C,
C, and “'C can also be examined by observation of the amino
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protons of the paired cytosine or cytosine analogue. The amino
protons of cytosine analogues rotate at a relatively slow rate on
the NMR time scale and can be observed as separate
resonances. With monomeric 2’-deoxycytidine (dC) in
solution, the hydrogen-bonding H, or Watson—Crick (WC)
proton is exchange-broadened and shifted to high field of the
non-hydrogen-bonding non-Watson Crick (nWC) proton, Hy
(Figure 1c). With ™dC, both amino protons are coincident;
however, with “'dC, the WC proton H, is shifted to low field of
the nWC proton H, (Supporting Information Table SS).
Within the dC series, a S-substituent has a much greater effect
upon the chemical shift of the nWC proton. When comparing
the line width of the H, and H, protons of dC and “dC at 5
°C, the H, proton is broader than H, in all cases. The line
widths of the H, protons for dC and “'dC are 33.4 versus 29.2
Hz, respectively; however, the line width of ddc Hy is only
13.1 Hz, whereas Hy, for dC is 23.0 Hz. The line widths for the
™dC (monomer) amino protons could not be determined
because of resonance overlap. The observed line width is a
function of both chemical exchange with solvent and rotational
line broadening. The data reported here suggest that in the
monomers, dC and “dC, the rates of chemical exchange are
similar (H,). However, the narrower line width of H, for ©'dC
indicates that the amino group is rotating more slowly relative
to dC.

The amino resonances of *N-isotope-enriched ™C, C, and
“IC within duplex oligonucleotides were edited from a crowded
spectral region and assigned as shown in Figure S. In each
duplex, the H, proton moves considerably downfield because of
hydrogen-bond formation with the O° position of G10 and
becomes substantially narrower, whereas the Hy, proton moves
slightly upfield because of base-stacking interactions. The
magnitude of the hydrogen-bonding-induced change in H,
chemical shift for ®C, C, and “'C are 2.06, 1.89, and 1.95
ppm, whereas the corresponding changes for the ™C9 oligos are
2.11, 1.92, and 2.02 ppm. These data confirm the formation of a
base pair between “/C and G10 that approximates Watson—
Crick geometry.

The rate of rotation of an amino group can be studied by
using magnetization transfer as demonstrated previously by
Russu and co-workers,***° and values obtained with these
methods are given in Table 2. The rotation rate of the ™C
amino group (X3 = ™C) is approximately 33 s™' when Y9 is C
and 37 s™' when Y9 is ™C. In the C-containing duplex (X3 =
C), the amino group rotation rate is approximately 33 s”' when
Y9 is either C or ™C. In contrast, the apparent rate of the “'C
amino group (X3 = “'C) is 12.7 s7' (Y9 = C) but increases to
14.1 s7! when ™C is in the opposing strand (Y9 = ™C). The
temperature-dependent line-width analysis shows that the
labeled amino resonance of the “C3/C9 oligonucleotide
broadens slower than those in the C3/C9 or ™C3/C9
oligonucleotides, which indicates that the “’C amino group
rotates more slowly (Supporting Information Figure S8).

The reduced rate of rotation of the amino group of “'C
relative to C or ™C could be attributed to a reduced rate of
base-pair opening or to a slower intrinsic rotation rate resulting
from the S-chloro substituent. A previous study has shown that
the C*-N* bond of cytosine and its analogues have
considerable double-bond character,** consistent with its slow
amino group rotation rate relative to adenine and guanine
analogues. We investigated the geometry of the "dC, dC, and
“IdC monomers through DFT calculations performed with the
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6-31G basis set (B3LYP). The C*~N* bond lengths of ™dC,
dC, “dC were found to be 1.363, 1.364, and 1.355 A,
respectively. The reduced C*~N* bond length of “'dC is
consistent with more double-bond character and would result
in a reduced rate of amino group rotation, as observed in
studies with the monomers discussed above.

Consistent with the computational results discussed above,
the rate of rotation of the cytosine amino group in the duplexes
examined here is related to the electronic-inductive property of
the S-substituent. A linear relationship (Figure 7b) is obtained
when the amino group rotation rate is plotted versus the
Hammett parameter (6,,) for ™C, C, and “/C. The Hammett
parameters for the selected substituents are obtained from
Hansch et al.>® The methyl group of ™C is electron-donating,
whereas the Cl substituent of “/C is electron-withdrawing.
Therefore, the slower rotation rate of the “'C amino group in
the duplex can be attributed primarily to the electronic-
inductive effect of the 5-Cl substituent.

Summary and Conclusions. A series of oligonucleotide
duplexes were constructed containing ™C, C, and AC with
either C or ™C in the opposing strand within a CpG
dinucleotide. Optical melting studies indicate that the
replacement of C or ™C with “/C does not alter observably
duplex thermal or thermodynamic stability. Results of crystallo-
graphic and '"H NMR studies establish that the overall
geometries of the “!C-containing duplexes are normal, B-
form, and that the base pair formed between “/C and G
approximates Watson—Crick geometry. A correlation is
observed between the chemical shift of the imino proton of
the G residue and the pK, of the N* position of the paired
cytosine analogue for the series ™C, C, and “'C, suggesting that
the electron-withdrawing S-chloro substituent, which reduces
the pK, of the N* position, proportionately decreases the
strength of the G—“/C imino hydrogen bond. Despite an
apparently reduced imino hydrogen-bond strength, the G imino
proton of the G—"C base pair is not unusually broadened with
increasing temperature, suggesting that the local base-stacking,
which is unchanged by “'C substitution, is sufficient to maintain
the base pair in a predominantly closed state. The H, amino
proton of “'C forms a hydrogen bond with the O° position of
the paired G residue, and the “/C amino group rotates at
approximately half of the rate of the C or ™C amino groups.
The reduced rate of amino group rotation is attributed to the S-
chloro substituent increasing the double-bond character of the
C*~N*bond of “'C as opposed to slowing the rate of base-pair
opening. These results are in accord with previous biochemical
findings that “IC is a very good mimic for ™C and that it can act
as a fraudulent epigenetic signal. Prior studies on DNA-damage
recognition have shown that glycosylases of the base-excision-
repair pathway can exploit structural and thermodynamic
perturbations of damaged base pairs in distinguishing modified
and normal bases in DNA.***"** The apparent structural and
dynamic similarities between /C and ™C oligonucleotides
shown here are in accord with the reported inability of
glycosylases to recognize and remove “/C from DNA.
Therefore, the formation of “/C in DNA poses a significant
challenge for base-excision repair, and °'C is likely to
accumulate in DNA over time as a function of inflammation
exposure and might, in part, explain the established relationship
between inflammation and cancer development.®>>*
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