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Abstract: The structure of the dodecamer d(CGCGAATXCGCG)2, in which X ) Z3dU, 5-(3-aminopropyl)-
2′-deoxyuridine, was determined. At neutral pH, Z3dU introduced a positive charge into the major groove.
NMR spectroscopy revealed that the Z3dU ω-aminopropyl moiety oriented in the 3′-direction from the site
of modification. Watson-Crick base pairing remained intact throughout the dodecamer. The presence of
the charged amino group in the major groove resulted in a 0.24 ppm upfield shift of one 31P NMR resonance
in the 3′-direction at the phosphodiester linkage between nucleotides C9 and G10. Molecular dynamics
calculations restrained by distances obtained from 1H NOE data and torsion angles obtained from 1H NMR
3J coupling data, and in which the ω-amino group was constrained to be proximate to G10O6, predicted
from the 31P NMR data and molecular modeling (Dande, P.; Liang, G.; Chen, F.-X.; Roberts, C.; Nelson,
M. G.; Hashimoto, H.; Switzer, C.; Gold, B. Biochemistry 1997, 36, 6024-6032), were consistent with
experimental NOEs. These refined structures exhibited bending. The distance from the amino group to the
5′-phosphate oxygen of Z3dU was >5 Å, which indicated that in this dodecamer the Z3dU amino group
did not participate in a salt bridge to its 5′-phosphate.

The relationship between the electrostatic environment of
DNA and its conformation is of considerable interest. The
prevailing model posits that DNA conformation is controlled
by a competition between base stacking, hydrogen bonding, and
van der Waals interactions with electrostatic phosphodiester
repulsion.1,2 This predicts that asymmetric site-specific neutral-
ization of phosphodiester charge results in collapse of the DNA
backbone and induces DNA bending. Site-specific electrostatic
interactions between regions of positive electrostatic potential
in proteins and regions of negative electrostatic potential in the
DNA duplex are associated with charge neutralization of the
duplex and modulate bending.3 If neutral methyl phosphonate
residues are appropriately phased within sequences rich in
C‚G base pairs, at various distances from A-tracts, bending
occurs. This has been attributed to neutralization of negative
charge across the minor groove.4

The selective incorporation of nucleotides with cationic side
chains into oligodeoxynucleotides allows the electrostatic
potential of the double helix to be selectively perturbed. This
substitution also induced DNA bending,5 which was assigned
to salt bridge formation via an electrostatic neutralization
mechanism.3,4,6,7The substitution of pyrimidines with cationic
side chains, e.g., 5-(6-aminohexyl)-2′-deoxycytidine, 5-(6-
aminohexyl)-2′-deoxyuridine, or 5-(3-aminopropyl)-2′-deoxy-
uridine (Z3dU), into DNA generated regioselective inhibition
of guanine N7 methylation byN-methyl-N-nitrosourea (MNU).8,9

The inhibitory effect extended beyond the physical length of
the aliphatic tether. This was consistent with the notion that
the cationic moiety induced DNA bending. The footprinting
studies suggested that the aminoalkyl side chain extended in
the 3′-direction from the modified nucleotide. Molecular model-
ing also predicted 3′-orientation of the aminoalkyl group. This
was based on unfavorable steric interactions in the 5′-direction.
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tions with electronegative guanine O6 and N7 atoms on the floor
of the major groove of the DNA. On the other hand, the
modeling predicted an absence of interactions between the
cationic side chains and the phosphodiester backbone. Dande
et al.8 suggested that bending induced by cations tethered in
the major groove arose by a mechanism proposed by Rouzina
and Bloomfield.10 In the model, cations bound in the major
groove electrostatically repelled sodium ions from neighboring
phosphates. The unscreened phosphates on both strands of the
DNA were attracted to the cation, resulting in duplex bending
toward the cation. This differed from a model in which bending
was introduced by salt bridge formation between the aminoalkyl
chain and the phosphodiester backbone.4,5,7

In this work, the tethered cation Z3dU has been introduced
into the major groove of d(CGCGAATXCGCG)2, the Dicker-
son-Drew dodecamer (Chart 1; X) Z3dU). The resulting
Z3dU-modified dodecamer has been examined by NMR spec-
troscopy. The results confirm that the Z3dUω-aminopropyl
moiety orients in the 3′-direction from the site of modification,
and intact Watson-Crick base pairing is maintained. The
charged amino group in the major groove results in an upfield
shift of the31P NMR resonance associated with the phosphodi-
ester linkage between nucleotides C9 and G10. This is located
in the 3′-direction from the site of the modification. Structural
refinement using molecular dynamics calculations restrained by
1H NOE, 3J coupling data, and31P NMR data reveals that the
distance from theω-amino group to the 5′-phosphate oxygen
of Z3dU is>5 Å. Collectively, the data corroborate footprinting
studies9,11 that show that the Z3dUω-aminoalkyl side chain
protects DNA from methylation toward the 3′-direction, with
no evidence for salt bridge formation. Structures emergent from
restrained molecular dynamics calculations in which theω-ami-
no group is constrained to be proximate to G10O6, a location
on the floor of the major groove predicted from molecular
modeling,8 are consistent with experimental NOEs. These
refined structures exhibit bending.

Experimental Section

Sample Preparation.The Z3dU-substituted oligodeoxynucleotide
5′-d(CGCGAATXCGCG)-3′ was synthesized9 and was purified by
HPLC using a reversed-phase semipreparative column (Phenomenex,

Phenyl-Hexyl, 5 µm, 250 × 10.0 mm) equilibrated with 0.1 M
ammonium formate (pH 7.0). The purified sample was characterized
using multiple methods, including capillary gel electrophoresis and mass
spectrometry. The self-complementary oligodeoxynucleotide was dis-
solved in 0.5 mL of buffer containing 0.1 M NaCl, 10 mM NaH2PO4,
and 50µM Na2EDTA at pH 7.0 in either 99.996% D2O or 90%:10%
H2O:D2O (for the observation of exchangeable protons). The oligode-
oxynucleotide concentration was determined as∼0.86 mM using an
extinction coefficient of 1.10× 105 M-1 cm-1 at 260 nm.12

NMR Measurements. All experiments were carried out at a1H
NMR frequency of 500.13 MHz. NMR data were processed using
FELIX (v. 97.0, Accelyris, Inc., San Diego, CA) on Silicon Graphics
(Mountain View, CA) Octane workstations. Chemical shifts of proton
resonances were referenced to the water resonance, and trimethyl
phosphate was used as an external standard for the31P NMR chemical
shifts. To derive the distance restraints from NOESY experiments, three
spectra were recorded consecutively at mixing times of 150, 200, and
250 ms, respectively. In these experiments, the data were recorded with
1024 real data points in thet1 dimension and 2048 real points in the
t2 dimension. The relaxation delay was 2 s. The data in thet1 dimension
were zero-filled to give a matrix of 2K× 2K real points. A skewed
sine-bell-square apodization function with a 90° phase shift and a skew
factor of 1.0 was used in both dimensions.

Generation of NOE and Torsion Angle Restraints.Footprints were
drawn around the NOE cross-peaks for the NOESY spectrum measured
at a mixing time of 250 ms to define the size and shape of individual
cross-peaks using FELIX. The same set of footprints was applied to
spectra measured at other mixing times. Cross-peak intensities were
determined by volume integration of the areas under the footprints.
The intensities were combined with intensities generated from complete
relaxation matrix analysis of a starting DNA structure to generate a
hybrid intensity matrix.13 MARDIGRAS (v. 5.2)14,15was used to refine
the hybrid matrix by iteration to optimize the agreement with
experimental NOE intensities. The molecular motion was assumed
isotropic. Calculations were performed using the DNA starting models
generated in INSIGHT II (v. 97.0, Accelyris, Inc., San Diego, CA),
and using NOE intensities derived from experiments at three mixing
times, and with threeτc values (2, 3, and 4 ns). The noise level was set
at half the intensity of the weakest cross-peak. The resulting sets of
distances generated by 50 cycles of MARDIGRAS iteration were
averaged to give the experimental NOE restraints used in subsequent
molecular dynamics calculations. For partially overlapped cross-peaks,
the lower and upper bounds on the distances were increased. The
distance restraints were divided into four classes based on the quality
of the NOE cross-peak (degree of overlapping). Pseudorotational angles
(P) of the deoxyribose rings were estimated by examining the3JHH of
sugar protons as described by Salazar et al.16 J1′-2′ and J1′-2′′ were
measured from the ECOSY experiment, while the intensities of cross-
peak of H2′′-H3′ and H3′-H4′ were examined from the DQF-COSY
spectrum. A list of experimental distance restraints along with the upper
and lower bounds is shown in the Table S1 in the Supporting
Information.

Additional Restraints. A symmetry distance restraint function was
used to restrain the distance difference to zero between two symmetric
protons, based on the evidence that a fully degenerate set of cross-
peaks was observed in the NOE spectra of the modified self-
complementary dodecamer. Empirical base pair planarity restraints and
Watson-Crick hydrogen-bonding restraints were used. The Watson-
Crick hydrogen-bonding restraints were consistent with crystallographic
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Chart 1. (A) Z3dU-Modified Dickerson Dodecamera and (B)
5-(3-Aminopropyl)-2′-deoxyuridine and Designations of the Z3dU
Protons

a X ) 5-(3-aminopropyl)-2′-deoxyuridine.
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data17 and similar to those previously used in structural determination
of oligodeoxynucleotides.18,19The inclusion of empirical restraints was
based on NMR data that showed the modified DNA maintained
Watson-Crick base pairing. The backbone torsion anglesR, â, andê
were loosely constrained to-60° ( 30°, 180° ( 30°, and -90° (
30°, respectively, to maintain both A- and B-like geometry.20

Structure Calculations. A series of restrained molecular dynamics
calculations using a simulated annealing protocol were performed using
X-PLOR (v. 3.851).21 Calculations were performed in vacuo without
explicit counterions. The force field was derived from CHARMM22

and adapted for restrained molecular dynamics (rMD) calculations of
nucleic acids. The Z3dU partial charges were derived using MOPAC
implemented in INSIGHT II (v. 97.0). The empirical energy function22

consisted of terms for bonds, bond angles, torsion angles, tetrahedral
and planar geometry, hydrogen bonding, and nonbonded interactions
including van der Waals and electrostatic forces. It treated hydrogens
explicitly. The van der Waals energy term used the Lennard-Jones
potential energy function. The electrostatic term used the Coulomb
function, based on a full set of partial charges (-1 per residue) and a
distance-dependent dielectric constant of 4r. The nonbonded pair list
was updated if any atom moved more than 0.5 Å, and the cutoff radius
for nonbonded interactions was 11 Å. The effective energy function
included terms describing distance and dihedral restraints, in the form
of square-well potentials. Sets of rMD calculations were performed
using two starting structures, a B-like model (ZdU-B) and an A-like
model (ZdU-A), which were based on B-form and A-form DNA,
respectively. Both were generated using INSIGHT II through modifica-
tion of the methyl group of T7, followed by energy minimization using
X-PLOR. Calculations were initiated by coupling to a heating bath,
with a target temperature of 1100 K. The force constants were 25 kcal
mol-1 Å-2 for empirical hydrogen bonding, 10 kcal mol-1 Å-2 for
torsion angle restraints, and 50, 45, 40, and 35 kcal mol-1 Å-2 for the
four classes of NOE restraints. The target temperature was reached in
10 ps and was maintained for 25 ps. The molecules were cooled to
300 K over 10 ps and maintained at that temperature for 25 ps of
equilibrium dynamics. The force constants for the four classes of NOE
restraints were scaled up during 10 ps of the heating period to 200,
180, 160, and 140 kcal mol-1 Å-2 in the order of confidence factor.
These weights were maintained during the remainder of the heating
period and for the first 5 ps of the equilibrium dynamics period. They
were then scaled down to 100, 90, 80, and 70 kcal/mol-1 Å-2 in the
order of confidence factor. The torsion angle and base pair distance
force constants were scaled up to 180 and 100 kcal mol-1 Å-2 during
the same period as for the NOE restraints. They were scaled back to
70 and 45 kcal mol-1 Å-2, also at the same time as the NOE restraints.
Coordinate sets were archived every 0.1 ps, and 41 structures from the
last 4.1 ps were averaged. These average rMD structures were subjected
to 700 iterations of conjugate gradient energy minimization to obtain
the final structures. Final structures were analyzed using X-PLOR to
measure rmsd between an average structure and the converged
structures. Back-calculation of theoretical NMR intensities from the
emergent structures was performed using CORMA (v. 5.2).13 Structure
rmsd was calculated using X-PLOR. The structures were analyzed using
DIALS AND WINDOWS 1.0.23

Results

NMR Spectroscopy.The modified dodecamer yielded well-
resolved spectra. The pseudodyad symmetry of the dual Z3dU
modifications (Chart 1) was evident. Overall, the spectrum of
the Z3dU-modified dodecamer was similar to that of the
unmodified dodecamer.20,24The presence of the cationic Z3dU
residue had little effect on theTm of the modified dodecamer,
as compared to the unmodified oligodeoxynucleotide.

(a) DNA Protons.Normal sequential NOE connectivities for
base steps were observed for all bases, and no NOE peaks
exhibited unusual intensities (Figure 1, Table S2 in the Sup-
porting Information). The chemical shifts for the anomeric and
the H6 aromatic resonances of the Z3dU-modified nucleotide
were in the expected range. The imino protons of the Z3dU-
modified dodecamer were assigned from NOE connectivities
between adjacent base pairs and connectivities to the base-paired
amino protons (Figure 2, Table S4 in the Supporting Informa-
tion). The imino resonance of the Z3dU nucleotide, X8, was
observed at 13.9 ppm. It exhibited NOEs to T7 N3H and to G4

N1H of the complementary strand. All other imino protons
except those from the terminal base pairs were observed without
displaying significant changes in either their intensities or their
chemical shifts.

(b) Aminopropyl Protons of Z3dU. Figure 3 shows an
expanded region of the NOESY spectrum showing the assign-
ment of the 3-aminopropyl side chain. The aminopropyl protons
were assigned from a combination of NOESY, TOCSY, and
DQF-COSY data. Resonances at 1.58 and 1.70 ppm were
assigned to Hâ protons on the basis of the cross-peak pattern
to HR and Hγ protons in TOCSY and DQF-COSY spectra.
The most downfield peak among 3-aminopropyl resonances was
at 2.90 ppm and assigned to the Hγ proton adjacent to the
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Figure 1. Expanded plots from the aromatic-anomeric region of the 500.13
MHz NOESY spectrum at 10°C using a 250 ms mixing time, showing
sequential NOE connectivities.
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terminal amino group. Resonances at 1.98 and 1.78 ppm were
assigned to HR protons. The DQF-COSY failed to show cross-
peaks between resonances at 1.98 and 1.70 ppm, and between
resonances at 1.78 and 1.58 ppm, suggesting their1H NMR 3J
coupling constants were< ∼3 Hz. Thus, spectroscopy predicted
that the H1R-CR-Câ-H2â torsion angle was in the range of
90-120°, as was the H2R-CR-Câ-H1â torsion angle. Hence,
the torsion angle CR-Câ was concluded to adapt the conforma-
tion in which the uridine nucleobase and Cγ were in the trans
orientation. In turn, this allowed stereotopic assignment of the
prochiral protons attached to carbons CR and Câ. The assignment
of γ protons could not be made specifically. The chemical shifts
of the ω-aminopropyl protons are listed in Table S3 in the
Supporting Information.

(c) Aminopropyl-DNA NOEs. There were 19 NOEs ob-
served between theω-aminopropyl moiety and DNA protons.
These are shown in Figure 4. The observed pattern of NOEs
placed the aminopropyl moiety into the major groove of the

duplex DNA, and helped establish the orientation of the
ω-ammonium group in the 3′-direction from X8. The H1R and
H2R protons showed stronger NOEs with T7 CH3 and H6 than
did H1γ and H2γ. Nucleotide T7 is the 5′-neighbor of X8. On
the other hand, H1â and H2â but not H1R and H2R or H1γ and
H2γ showed NOEs to the C9 N4H exocyclic amino proton.
Nucleotide C9 is the 3′-neighbor of X8. Therefore, the H1R,-
H2R and H1γ,H2γ were oriented away from the DNA duplex,
toward the solvent. In contrast, H1â and H2â were oriented
toward the duplex and proximate to the exocyclic amino group
of C9.

Chemical Shift Perturbations. The1H NMR chemical shifts
of the modified dodecamer were compared with those of the
unmodified dodecamer (Figure 5). No large deviations were
observed, including protons on the modified base X8. Figure 6
shows an expansion of the31P HMBC spectrum, showing3J
couplings between the phosphorus nuclei in the phosphodiester
backbone and the deoxyribose H3′ protons. There was a 0.24
ppm upfield31P NMR chemical shift observed for the phos-
phodiester linkage between C9 and G10. This was the second
phosphodiester linkage in the 3′-direction from Z3dU. A smaller
0.10 ppm downfield chemical shift was noted for the phos-
phodiester linkage between X8 and C9, the first phosphodiester
linkage in the 3′-direction from Z3dU. No significant chemical
shift changes were observed for31P NMR resonances arising
from the other phosphodiester linkages. The31P NMR data
corroborated the NOESY data, suggesting that the Z3dU
propylammonium side chain was oriented in the 3′-direction.
The chemical shifts of the phosphate backbones are listed in
Table S5 in the Supporting Information.

Structural Refinement. Structural refinement using re-
strained molecular dynamics calculations was conducted using
the NOE-generated distance restraints augmented by an ad-
ditional distance restraint that required the cationic Z3dU
ω-ammonium group to be proximate to the electronegative
center at G10O6. The rationale for this additional restraint was
the31P NMR chemical shift perturbation at the phosphodiester
linkage between C9 and G10. This chemical shift was interpreted
to result from the proximity of the chargedω-ammonium group

Figure 2. Expanded plot showing sequential NOE connectivities for the
imino protons of base pairs G2‚C23 f C11‚G.14 The labels represent the
imino proton of the designated base. Also shown is a 1D projection of the
imino proton resonances. The 500.13 MHz NOESY spectrum was collected
at 250 ms mixing time and 10°C.

Figure 3. Expanded 500.13 MHz NOESY spectrum at 250 ms mixing
time showing the assignments for the 5-(3-aminopropyl) protons. The
experiment was done at 10°C. Protons H1γ and H2γ were not assigned
specifically.

Figure 4. Tile plot showing NOE cross-peaks between (A) exchangeable
and (B) nonexchangeable protons of DNA and 5-(3-aminopropyl) protons.
(a,b) C9 non-hydrogen-bonded amino protonf Z3dU H2â and H1â; (c-
g) T7 CH3 f Z3dU H1γ/H2γ, H1R, H2R, H2â, and H1â; (h,i) T7 H1′ f
Z3dU H1R and H2R; (j-n) T7 H6 f Z3dU H1γ/H2γ, H1R, H2R, H2â,
and H1â; (o-s) X8 H6 f Z3dU H1γ/H2γ, H1R, H2R, H2â, and H1â.
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to the electronegative guanine O6 at base pair C3‚G10, as
predicted from molecular modeling,8 and assumed to be
electrostatic in origin. Figure 7 shows the structure emergent
from the rMD calculations. It was a right-handed duplex with
the propylammonium group located in the major groove,
pointing toward the 3′-direction. All Watson-Crick base pairs
remained intact. The calculations predicted that the tethered
cationic adduct induced bending.

The 31P NMR chemical shift perturbation in the 3′-direction
at the phosphodiester linkage between nucleotides C9 and G10

provided a critical restraint for the rMD calculations. A set of
calculations was run, in which only NOE and dihedral angle
restraints were included for which no distance restraints were
placed on theω-ammonium group. The final averaged structure
from this set of calculations was a right-handed duplex with
theω-aminopropyl group floating in the major groove, pointing
toward the 3′-direction. In this structure, theω-aminopropyl
group caused minimal distortion in the DNA duplex. All
Watson-Crick base pairs remained intact. However, this
structure did not predict bending of the DNA duplex.

The precision of the rMD-calculated structures was deter-
mined by pairwise rmsd measurements. There were sufficient
restraints to ensure satisfactory convergence of the calculations,

Figure 5. Chemical shift changes of selected protons relative to the unmodified oligodeoxynucleotide duplex. (A) Major groove protons. Solid bars, G/A
H8 or C/T H6; open bars, C H5 or T CH3. (B) Minor groove protons. Solid bars, H1′; crosshatched bars, H2′; open bars, H2′′. (C) Exchangeable protons.
Solid bars, G N1H or T N3H. (D) Phosphates.∆δ ) [δmodified oligodeoxynucleotide- δunmodified oligodeoxynucleotide] (ppm). The assignment for P7 was made through
H4′ 31P NMR cross-peaks as unmodified Dickerson dodecamer.43 The numbering of the phosphate groups in the dodecamer is shown at the bottom.

Figure 6. H3′ region of (A) selective excitation31P-1H COSY spectrum
of Dickerson dodecamer and (B) nonselective excitation31P-1H COSY
spectrum of Z3dU-modified Dickerson dodecamer. Both spectra were
collected at 303 K. The collected data matrix for both spectra was 256 (t1)
× 2048 (t2) complex points. The data were Fourier transformed after zero
filling in the t1 dimension, resulting in a matrix size of 512 (D1) × 2048
(D2) real points. Solvent suppression function was used for spectrum A.
For the numbering of the phosphate groups and assignment of P7, see Figure
5 legend.

Aminopropyl-Modified Oligodeoxynucleotide A R T I C L E S
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irrespective of starting structure. Moreover, the calculations in
which the ω-aminopropyl group was either required to be
proximate to G10O6 or not required to be proximate to G10O6

both resulted in a maximum pairwise rmsd of<1 Å.
The accuracy of the emergent structures was assessed by

complete relaxation matrix calculation.13 Both sets of calcula-
tions, for which theω-aminopropyl group was either required
to be proximate to G10O6 or not required to be proximate to
G10O6, satisfied experimental NOE data. The overall value of
the sixth root residualR1

x for the bent structure shown in Figure
7 was 8.7× 10-2. The structural statistics are shown in Table
1.

Discussion

The incorporation of the cationic Z3dU moiety into the
Dickerson dodecamer provided a basis for examining confor-

mational alterations of the double helix induced by site-specific
modulation of DNA electrostatics. It provided a model for
understanding how electrostatics modulate the reactivity of the
double helix to site-specific alkylating agents. The data sug-
gested that this tethered cation oriented in the major groove in
the 3′-direction from the modified base and did not perturb
Watson-Crick base pairing. The data also suggested that, in
this dodecamer, charge neutralization induced by site-specific
placement of the ammonium group resulted from the cation
being proximate to the floor of the major groove at G10O6 and
consequently induced DNA bending.

Major Groove Orientation of the Tethered Cation. A
number of lines of spectroscopic evidence supported the
conclusion that theω-aminopropyl group oriented in the major
groove and faced in the 3′-direction from the modified nucleo-
base. The sequential NOE connectivities for base steps were
observed for all bases. No NOE peaks exhibited unusual
intensities. Likewise, the expected NOE connectivities between
Watson-Crick hydrogen-bonded imino protons of the ZdU-
modified dodecamer were observed. The observation of the
imino resonance of the Z3dU nucleotide X8 indicated that this
nucleotide was Watson-Crick hydrogen-bonded and inserted
into the helix. The NOE data were corroborated by chemical
shift data showing that the1H NMR spectrum of the modified
dodecamer was similar to that of the unmodified dodecamer.20,24

Significant deviations for1H NMR chemical shifts were not
observed, including protons on the modified base X8. This was
consistent with the observation that the cationic Z3dU residue
had little effect on theTm of the modified dodecamer, as
compared to that of the unmodified oligodeoxynucleotide. A
similar result was noted from detailed thermodynamic studies
of Z3dU incorporated into a DNA hairpin.25

DNA Bending. The site-specific perturbation of the31P NMR
chemical shift, located in the 3′-direction at the phosphodiester
linkage between nucleotides C9 and G10, provided evidence for
the conclusion that the modified dodecamer was bent. The
31P NMR chemical shift perturbation was consistent with
potential energy minimization calculations carried out by Dande
et al.8 These predicted that the tethered cationic ammonium

(25) Soto, A. M.; Kankia, B. I.; Dande, P.; Gold, B.; Marky, L. A.Nucleic
Acids Res.2001, 29, 3638-3645.

Figure 7. Stereoview showing the average structure of the Z3dU-modified dodecamer emergent from the rMD calculations.

Table 1. Analysis of the MD-Generated Structures of the
Z3dU-Modified Dodecamer by X-PLOR

NMR Restraints
total no. of distance restraints 652
interresidue distance restraints 232
intraresidue distance restraints 360
DNA-Z3dU distance restraints 40
Z3dU-Z3dU distance restraints 20
H-bonding restraints 32
dihedral planarity restraints 24
sugar pucker restraints 120
backbone torsion angle restraints 90

Structural Statistics
NMR R-factor (R1

x)a

〈rMDRi〉 0.0784( 0.0007
rmsd of NOE violations (Å) 0.00567( 0.00001
no. of NOE violations>0.2 Å in the
entire duplex

0

root-mean-square deviations from ideal
geometry
bond length (Å) 0.01105( 0.00006
bond angle (deg) 2.079( 0.007
improper angle (deg) 0.56( 0.02

pairwise rmsd (Å) over all atoms
〈rMDRi〉 vs 〈rMDav〉 0.61( 0.04

a Only the inner 10 base pairs were used in the calculations, to exclude
end effects. The mixing time was 250 ms. All values forR1

x are×102. R1
x

) ∑|(ao)i
1/6 - (ac)i

1/6|/∑|(ao)i
1/6|, whereao and ac are the intensities of

observed (nonzero) and calculated NOE cross-peaks.〈rMDRi〉, 12 converged
structures starting from either ZdU-A or ZdU-B;〈rMDav〉, average of 12
converged structures.
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group was located on the floor of the major groove adjacent to
the O6 position of deoxyguanosine. This, in combination with
the 31P NMR data, provided the rationale for inclusion of the
restraint placing the cationic ammonium group proximate to
G10O6.

Evidence from other laboratories supported the assertion that
site-specific incorporation of the tethered aminopropyl cationic
moiety into the major groove of the duplex resulted in bending.
The binding of cationic amino acids to the major groove was
simulated by ammonium cations tethered on propyl and hexyl
linkers by Maher and co-workers. Analysis of electrophoretic
mobility patterns demonstrated that the DNA bent toward the
neutralized major groove.5,6 This was in accord with a model
in which the cation site-specifically neutralized the negatively
charged phosphodiester backbone, leading to the collapse of
the backbone toward the cation, consistent with calculations.2

Fluorescence resonance energy-transfer experiments conducted
independently on a related 14-mer duplex were consistent with
Z3dU-induced helical bending (Parkhurst, L. J.; Parkhurst, K.
M.; Williams, S. L., personal communication). These data
showed a decreased 5′-dye to 3′-dye distance for the aminoalkyl-
modified duplex, relative to that for the unmodified duplex, that
corresponded to DNA bending.26

Structural Basis for DNA Bending. Dande et al.8 proposed
that the ω-aminoalkyl side chain was positioned in the 3′-
direction on the floor of the major groove. In their model, the
localized cation repulsed free cations associated with the
phosphate backbone. The resulting “naked” phosphates collapsed
onto the major groove localized cation, similar to the Rouzina
and Bloomfield10 model. Support for the Dande et al.8 hypothesis
was provided by thermodynamic studies of Soto et al.25

Thermodynamic measurements of Z3dU incorporated into 5′-
d(CGTAGXCGTGC-3′‚5′-d(GCACGACTACG)-3′ revealed that
the increased stability of the modified duplex was entropy
driven. This was attributed to electrostatic effects associated
with a localized bend.27 The Dande et al. molecular modeling
studies8 were supported by nanosecond time scale molecular
dynamics simulations of solvated oligodeoxynucleotides with
counterions.28-33 Recent studies suggested preferential cation
binding at the floor of the major groove adjacent to the edges
of G‚C base pairs close to the G O6 and G N7 positions. These
cations exhibited significant residence lifetimes on the order of
500 ps.32

Crystallographic data of the dodecamer at higher atomic
resolution than in the original experiments34-39 provided ad-

ditional insight into the intrusion of cations into electronegative
regions at the floors of the DNA grooves. Early reports of
monovalent cations localized in the grooves of DNA38,39 were
controversial.36 Recent studies with monovalent ions used
anomalous scattering methods.40 Howerton et al.37 suggested
partial occupancy of Tl+ binding sites located within the major
groove of the Dickerson dodecamer. Cation binding was
observed at the major groove edge of G‚C pairs, adjacent to
the guanine O6 and N7 positions.37 The crystallographic data
involving Tl+ counterions in the major groove37 were consistent
with the calculated high electronegative potential associated with
the floor of the major groove.41 The Tl+ data corroborated
computational studies which predicted that cations should exhibit
significant residence times in the major groove adjacent to the
guanine N7 and O6 positions.32

The localization of the31P NMR chemical shift perturbation
at the phosphodiester linkage between nucleotides C9 and G10

was distal to the modified base pair A5‚X8. It was not expected
that accommodation of Z3dU would require structural distortion
at this locus. However, NOE data showed that the cationic
ammonium group was oriented in the 3′-direction. This sug-
gested that the chemical shift perturbation at the phosphodiester
linkage between nucleotides C9 and G10 might have arisen from
a site-specific neutralization of negative electrostatic potential
in the major groove at this site. Such an interaction was
suggested at the same positions8,11 on the basis of electrostatic
footprinting studies. The rMD calculations predicted that placing
the ammonium group proximate to the electronegative center
at G10O6 required the Z3dU-modified dodecamer to bend. This
allowed the propyl moiety to extend its reach to base pair
C3‚G10 (Figure 7).

Back-calculation of NOEs using the bent duplex indicated
that the predicted bending was consistent with the spectroscopic
data. Restrained molecular dynamics calculations carried out
without restraining the Z3dU proximate to G10O6 showed the
Z3dU cationic side chain positioned in the 3′-direction but did
not predict bending of the DNA duplex. However, in the absence
of additional restraints,1H NOE data and dihedral torsion angle
data for deoxyribose sugars typically do not provide reliable
indicators of bending. The present data do not differentiate
whether the tethered cation introduces a static bend into the
duplex, or if instead the duplex is in rapid equilibrium on the
NMR time scale between bent and nonbent conformations. The
latter situation might arise if the cationic binding site adjacent
to base pair C3‚G10 were only fractionally occupied by the
ammonium ion. The cation examined in the present work differs
from a free cation in that it is tethered. Consequently, its
fractional occupancy of a cationic binding site at base pair
C3‚G10 could be quite high as compared to that of a free cation.
This, in turn, would be consistent with the chemical footprinting
studies showing regioselective inhibition of guanine N7 me-
thylation byN-methyl-N-nitrosourea (MNU).8,9

Maher et al. proposed that phosphodiester neutralization
resulted from salt-bridge formation between the cationic ami-
nopropyl group and the phosphodiester backbone.4,5,7 Our data

(26) Wu, J.; Parkhurst, K. M.; Powell, R. M.; Brenowitz, M.; Parkhurst, L. J.
J. Biol. Chem.2001, 276, 14614-14622.
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argue, in this DNA sequence, against the formation of a salt
bridge between the ammonium group and the 5′-phosphate of
Z3dU.7,42,43The refined structures emergent from rMD calcula-
tions predicted that the distance from the amino group to the
nearest phosphate oxygen was>5 Å. Furthermore, no31P NMR
chemical shift perturbation was observed for the phosphodiester
linkage between nucleotides T7 and X8.

Summary. When placed into this dodecamer, theω-amino-
propyl group of Z3dU oriented in the major groove and in the
3′-direction from the modified nucleobase. It was accommodated
without perturbation of Watson-Crick base pairing. In this
dodecamer, it did not form a salt bridge to the 5′-phosphate of
Z3dU. Instead, the tethered cation preferred the floor of the
major groove proximate to the deoxyguanosine O6 atom of base
pair C3‚G10. This corroborated chemical footprinting studies,
in which DNA methylation by MNU was inhibited regioselec-
tively in the 3′-direction by point substitutions of Z3dU and
related zwitterionic residues.8,9 It corroborated molecular model-

ing that predicted 3′-orientation of the alkylammonium group
due to unfavorable steric interactions in the 5′-direction.8
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