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ABSTRACT: Here, we describe the 1.6-Å X-ray structure of the DDD (Dickerson-Drew dodecamer), which
has been covalently modified by the tethering of four cationic charges. This modified version of the
DDD, called here the DDD4+, is composed of [d(CGCGAAXXCGCG)]2, where X is effectively a thymine
residue linked at the 5 position to ann-propyl-amine. The structure was determined from crystals soaked
with thallium(I), which has been broadly used as a mimic of K+ in X-ray diffraction experiments aimed
at determining positions of cations adjacent to nucleic acids. Three of the tethered cations are directed
radially out from the DNA. The radially directed tethered cations do not appear to induce structural changes
or to displace counterions. One of the tethered cations is directed in the 3′ direction, toward a phosphate
group near one end of the duplex. This tethered cation appears to interact electrostatically with the DNA.
This interaction is accompanied by changes in helical parameters rise, roll, and twist and by a displacement
of the backbone relative to a control oligonucleotide. In addition, these interactions appear to be associated
with displacement of counterions from the major groove of the DNA.

DNA conformation is influenced by a variety of factors.
In a ground-state DNA structure, interactions of water
molecules with the hydrophobic surfaces of DNA bases are
minimized, stacking and hydrogen-bonding interactions are
maximized, and intramolecular phosphate-phosphate repul-
sions are minimized. DNA sequence is an important modula-
tor of DNA structure. A-tracts are associated with narrow
minor grooves (1-3), axial bends (4-6), and high propeller
twists (7). G-tracts show a strong divalent cation dependence
of bending (8, 9) and a propensity to convert to A-form (10-
12). The sequence dependence of DNA conformation can
be ascribed to base-specific hydrophobicity, shape, charge
distribution, and functional group disposition. The relative
importance and mechanisms by which various sequence-
specific factors influence DNA conformation is not currently
resolved.

Here, we examine the X-ray structure of the Dickerson-
Drew dodecamer (DDD)1 that has been covalently modified
by the tethering of four cationic charges. This modified
version of the DDD, called here the DDD4+, is composed
of [d(CGCGAAXXCGCG)]2, where X is effectively a

thymine residue linked at the 5 position to ann-propyl-amine
(Z3dU, Figure 1). The fourn-propyl-amino groups of DDD4+

are protonated under the conditions of our experiments. The
4+ of DDD4+ represents the charge of the four modifications.
The net charge of the DDD4+, including contributions from
phosphate groups, is 18-.

The goal of the work here is to determine the effects of
tethered cations on DNA conformation and on distribution
of nontethered cations such as K+, Mg2+, and spermine. To
determine nontethered cation positions, the structure of
DDD4+ was determined in the presence of Tl+ ions.
Thallium(I), with a strong anomalous signal, has been
broadly used as a mimic of K+ in X-ray diffraction
experiments aimed at determining positions of cations
adjacent to nucleic acids (13-15) and proteins (16-25). In
previous work from our laboratory, 13 Tl+ sites were
identified in the solvent region of the unmodified form of
the DDD (native DDD) (13). We refer to this structure as
DDD-Tl+. Here, we present evidence that tethering of cations
in the major groove influences DNA deformation and the
distribution of the counterion Tl+.

The motivation for this work stems from work of Mirza-
beckov, Rich, and Manning (26, 27), who considered the
proposition that charge neutralization of phosphate groups
might drive DNA bending. They were concerned with
asymmetric charge neutralization by cationic protein side
chains, leading to “phosphate collapse”. That model was
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extended by Rouzina and Bloomfield (28), who proposed
that mobile cations such as Mg2+ can contribute electrostati-
cally to DNA bending. In the Rouzina and Bloomfield model,
a divalent cation can repel and displace other counterions,
leading to strong attraction with unscreened phosphate
groups. The result is DNA bending by electrostatic collapse
around a divalent cation. Our experimental system, with short
oligonuclotides, has limitations for analysis of DNA bending.
However, it does provide a detailed view of microhetero-
genity in DNA conformation and complements NMR studies
(29) using the same modified oligonucleotide studied here.

MATERIALS AND METHODS

Crystallization. Reverse-phase HPLC purified d(CGC-
GAAXXCGCG) was synthesized and purified as described
(30). The oligomer was annealed by slow cooling from 80
°C. Crystals were grown over 2-3 days using the sitting
drop vapor diffusion method. The crystallization solution
contained 0.6 mM DNA (duplex), 20 mM spermine cacody-
late (pH 6.5), 4.0% (v/v) 2-methyl-2,4-pentanediol (MPD),
4.0 mM spermine acetate (pH 6.5), and 20% (v/v) ANAPOE-
C12E10 (Hampton Research). The DNA concentration was
determined by UV absorbance, assuming that the modifica-
tions do not affect the extinction coefficient. The crystal-
lization solutions were equilibrated against a reservoir of 35%
(v/v) MPD at 22°C. The spermine cacodylate solution was
prepared by titrating a solution of cacodylic acid (Sigma)
with a solution of spermine base (Sigma). The concentration
of spermine in the initial crystallization solution, including
contributions from the spermine-cacodylate solution, was 8.0
mM. Efforts to grow crystals of dCGCGAAXXCGCG in
the presence of Tl+ were not successful. A wide range of
pH, Mg2+, spermine, and Tl+ concentrations were assayed.
It was concluded that dCGCGAAXXCGCG shows a pro-
pensity to crystallize only under low cationic strength. The
conditions reported here are at the minimum limit of cation
concentration that produces diffraction-quality crystals.
Because it was not possible to grow high-quality crystals of
dCGCGAAXXCGCG from solutions containing sufficient
Tl+, crystals were soaked with Tl+. The initial soaking
solution contained 40 mM thallium(I) acetate, 20 mM
spermine‚cacodylate (pH 6.5), 4.0% (v/v) MPD, 4 mM
spermine acetate (pH 6.5), and 20% (v/v) ANAPOE-C10E12.
Equivalent volumes of crystallization and the initial soaking
solutions were equilibrated against a reservoir of 35% (v/v)
MPD and combined to give the final soaking solution. A
crystal of dimensions 0.1× 0.1× 0.1 mm3 was transferred
to the final soaking solution. After 6 h, the crystal was looped
and frozen in liquid nitrogen.

Data Collection and Processing. A total of 360° of data,
with an oscillation angle of 1.0°, was collected at beamline
22-ID in the SER-CAT facilities at APS using a MAR-165

CCD detector at a wavelength of 1.009 30 Å. The crystal
was maintained at-160°C. Data were scaled and integrated
using HKL2000 version 1.97.7 (31). Initial inspection of the
images suggested twinning. The quality of the data was
significantly improved by excluding a subset of bad frames,
indicated by HKL2000 statistics. An initial round of integra-
tion and scaling was performed using all frames. A total of
146 309 reflections were indexed, integrated, and reduced
to 8901 unique reflections with merged Bijoet pairs and
15 840 unique reflections with unmerged Bijoet pairs. Unit
cell dimensions area ) 24.99,b ) 41.06, andc ) 66.34 Å,
in space groupP212121. The data used in the refinement
included 6586 unique reflections from 75 to 1.51 Å. Table
1 contains data collection and refinement statistics.

Refinement.Molecular replacement was used for phase
determination. The coordinates for an unmodified starting
DNA model [entry BDL084 (32)] were obtained from NDB
(33). The program CNS version 1.1 (34) was used, along
with the parameters of Berman and co-workers (35-37) for
refinement. Parameter files were modified to remove dihedral
restraints, except for the addition of dihedral restraints to
keep the planarity of purine and pyrimidine ring systems.
Parameters for Z3dU, estimated by combining elements of
thymine and lysine, were incorporated into the parameter
files. Initial electron-density maps and refinement statistics
from starting model BDL084 indicated an incorrect solution.
The structure was solved by a rotational/translational search
and rigid-body refinement in CNS. At this stage, the position
of the Z3dU modifications could be identified in the
difference electron-density maps. The four thymine residues
in structure BDL084 were converted to Z3dU. The resulting
model was annealed and refined. Water molecules were
added iteratively followed by annealing, refinement, and
phase calculation using peaks in the sum (2|Fo| - |Fc|) and
difference (|Fo| - |Fc|) maps. Anomalous (|F+| - |F-|) maps
showed the positions of Tl+ ions. The initial phases for the
anomalous map were obtained from the positions of DNA
phosphorus atoms. Six possible Tl+ sites were identified in

FIGURE 1: Chemical structure of Z3dU. The cationic amino nitrogen
is referred to here as N+.

Table 1: Crystallographic and Refinement Statistics

unit cell
a (Å) 24.99
b (Å) 41.06
c (Å) 66.34

space group P212121
temperature of data collection (°C) -160.0
number of reflections 146 309
number of unique reflections 8901
completeness (%)/highest shell (%) 77.3/49.1
max resolution of

observed reflections (Å)
1.49

max resolution of
highest shell used (Å)

1.60

resolution range (Å) 35-1.60
number of reflections

used in refinement
7355

number of reflections
used in the test set

778

rmsd of bonds from ideal (Å) 0.0098
rmsd of angles from ideal (Å) 1.3809
DNA (asymmetric unit) [d(CGCGAAXXCGCG)]2
number of DNA atoms 498
number of water molecules 114
number of Mg2+ ions 0
number of spermine atoms 15 (2 partial molecules)
R free (%) 24.42
R factor (%) excluding test set data 19.80
unit cell volume occupied (%) 61.25
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this map. Water molecules previously located at these sites
were converted to partially occupied Tl+ atoms. Successive
refinements and map calculations were performed. Estimates
of occupancies were obtained by monitoring negative and
positive difference electron density. Additional anomalous
maps were made using the position of the phosphorus atoms
and the six partially occupied Tl+ atoms to calculate phases.
Three additional Tl+ sites were thus identified. These sites
where added to the model in the same manner as the first
six; however, only two of these sites resulted in acceptable
geometry and statistics. Helical parameters were calculated
with Curves 5.3 (38).

RESULTS

DNA Conformation.The final model of DDD4+, including
the amino-propyl groups, is well-determined by the data
(Figure 2). The occupancies of the two terminal O5′ atoms
of the DNA were set to zero because they appear to be
disordered; there is no electron density observed around
them.

Each of the four amino-propyl modifications is readily
identifiable in sum and difference maps (Figure 3). Three
amino-propyl groups (on residues 7, 8, and 19) extend
radially out from the DNA and into intermolecular cavities
in the crystal. These cationic amino groups do not appear to
engage in significant intramolecular interactions with the
DNA backbone or bases.

The relative strength of various electrostatic forces between
N+ (N+ refers to the cationic amino nitrogen of the amino-
propyl of Z3dU) and phosphate oxygens (OP) of the DNA
are indicated symbolically in Figure 4. Each circle in this
figure represents a single N+-OP distance. All distances less
than 10 Å are indicated. The sizes of the circles are
proportional to 1/r2, wherer is the N+ to OP distance. The
blue and red circles indicate intraduplex distances. These
interactions would be observed in an isolated duplex in
solution, assuming that the conformation in the crystal and
solution is conserved. The interactions of the N+ of residue
20 (20N+) are indicated by red circles in Figure 4. The
amino-propyl modification of residue 20 extends in the 3′
direction. The 20N+ appears to be involved in significant
electrostatic interactions with the DNA. These circles (red)
are focused primarily at one end of the duplex. The
phosphates on this end of the duplex are engaged in
significant electrostatic interactions with the 20N+. The
largest circle is adjacent to base pair 2-23 and indicates a
distance of 6.4 Å. This interaction involves the O1P atom
of G(2). The blue circles indicate intraduplex contacts of
7N+, 8N+, and 19N+ with OP atoms. These distances are
relatively long and are evenly distributed over the duplex.
A third set of circles (green) in Figure 4 represents interdu-
plex interactions. These are “lattice interactions” between
adjacent duplexes in the crystal. These interactions are
focused at the end of the duplex opposing the 20N+

interactions. The largest green circle represents an interaction
of 5.0 Å with the O2P atom of C(15). Because these lattice
interactions are focused primarily at the end of the duplex
with conserved conformation, it can be argued that they are
not inducing the observed deformation.

The intraduplex electrostatic interaction of 20N+ with the
DNA appears to distort the backbone and major groove

FIGURE 2: Sum electron density contoured at 1.0σ around the
DDD4+. The sum electron density is drawn as a green net
everywhere except around the Tl+ ions, where it is a blue net. (A)
Minor groove. (B) Major groove (rotated by 180°). The amino-
propyl modifications are in magenta, with the N+ atoms in dark
magenta. Two spermine molecules are colored in blue, with the
nitrogen atoms in dark blue.
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geometry. These distortions are inferred by comparing
DDD4+ with native DDD structures. Here, we compare
DDD4+ with a series of DDD structures determined from
crystals obtained in the presence of various cations, in our
laboratory. The members of this ensemble were determined
independently and give an indication of the minimum
accuracy of the helical parameters. Some important helical
parameters are shown in Figure 4. It can be seen that the
rise, roll, and helical twist of DDD4+ are different from those
of the native DDD ensemble. One-half of the DDD4+, from
base pairs 6-19 to 12-13, is representative of the ensemble
and does not deviate significantly from it. However, the other
half of DDD4+, from base pairs 1-24 to 5-20, does deviate
from the DDD ensemble. The deviations are localized
primarily to base pairs 2-23 and 3-22. The helical rise of
DDD4+ at the step from base pair 2-23 to base pair 3-22
is 3.4 Å, which is significantly less than the 3.7 Å rise
observed for the ensemble. At the same step, the roll of
DDD4+ (0°) is over 10° greater than the ensemble average
(less than-11°). Similarly, at this step, the helical twist of
the DDD4+ (34°) is much less than the ensemble average
(42°). The important point of this analysis is that the
deviations of DDD4+ from the DDD ensemble are localized
to the region where the intermolecular interaction of tethered
cation with the DNA phosphate groups is most significant.
The widths of the major and minor grooves and the depth
of the major groove of DDD4+ are similar to the rest of the

DDD ensemble. The depth of the minor groove of DDD4+

deviates from the DDD ensemble in the bent half of of the
duplex.

A superimposition of DDD4+ with DDD-Tl+ is shown in
Figure 5. The differences between the two DNA duplexes
are limited primarily to the region of interaction of the amino
group of Z3dU(20) with DNA phosphate groups. The greatest
atomic displacements of DDD4+ compared to DDD-Tl+ is
in residues 1 and 2 in one strand and residues 21-24 in the
complementary strand. The deviation between the two
structures is greatest in backbone atoms. An asymmetric
displacement of the two strands has resulted in an asymmetric
collapse of the major groove in this terminus.

In addition, difference density near the O1P and O2P of
G(2) suggests that this phosphate group is positionally
disordered. The phosphate group appears to occupy several
positions along a trajectory in and out of the major groove.
This disorder is indicated by difference peaks in the electron-
density maps. These maps are shown in Figure 6 along with
details of the interaction between the N+ of Z3dU(20) and
the OP atoms. Table 2 lists the relevant distance and angle
information. A water molecule [H2O(96)] bridges 20N+ and
O1P of G(2) and O2P of Z3dU(7) of a symmetry-related
duplex. At its closest approach, the distance between the O1P
of G(2) and the N+ is estimated to be 4.9 Å. This distance
was estimated from the position of the N+ atom and the
center of the difference peak near the O1P of G(2).

FIGURE 3: Close-up view of the sum electron density contoured at 1.0σ around the amino-propyl modifications of the four Z3dU residues.
The density is drawn as a dark green net around the modifications and as a transparent green net elsewhere.
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H2O(96) is 1.1 Å below the plane of N+, O1P, and O2P.
Therefore, it only partially screens N+ from O1P of residue
2. Directly below this water molecule (2.4 Å) is another water
molecule [H2O(60)]. Although not modeled in this way, it
is possible that H2O(60) and H2O(96) are partially occupied
and are effectively the same water molecule at two different
positions. It seems likely that, when the phosphate of G(2)
swings into the major groove, the bridging water molecule
moves deeper into the groove.

Counterions.In the final model, the solvent region of
DDD4+ contains 114 water molecules, eight partially oc-

cupied Tl+ ions, and two partially ordered spermine mol-
ecules. The anomalous electron-density map shows peaks
from the eight Tl+ sites and from the DNA phosphorus atoms
(Figure 7). The occupancies of the Tl+ ions range from 0.15
to 0.22 with a summed occupancy of 1.35.

We have allocated the eight observed Tl+ sites of DDD4+

to three classes:conserVed, semiconserVed, and Variable
(Tables 3 and 4). This classification scheme is based on
similarities and differences in the Tl+ position of DDD4+

versus DDD-Tl+. The Tl+ sites of DDD-Tl+ were determined
previously from crystals grown in the presence of thallium-

FIGURE 4: Interbase pair parameters and N+-OP proximities. (A) Helical rise, (B) base-pair roll, and (C) helical twist for DDD4+ and
several structures of DDD. The solid red lines indicate the values for DDD4+. The circles indicate the proximity of N+ to OP within the
same duplex (red and blue) or O1P/O2P of a symmetry-related molecule (green). The red circles indicate the proximity of 20N+. The blue
circles indicate the proximity of 6N+, 7N+, and 19N+. The radii of the circles are scaled by 1/r2, wherer is the distance between N+ and
OP. The largest red circle corresponds to the shortest contact, which is a contact between 20N+ and O1P of residue 2. The DDD structures
were obtained from crystals grown in the presence of a variety of monovalent cations and low concentrations of Mg2+.
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(I) acetate (13). ConserVedDDD4+ Tl+ ions are less than 1
Å from a Tl+ ion in DDD-Tl+. SemiconserVed DDD4+ Tl+

ions are between 1.0 and 4.0 Å from one or more Tl+ ions
in DDD-Tl+. Finally, Variable DDD4+ Tl+ ions are greater
than 4.0 Å from any Tl+ ion in DDD-Tl+. Proximities were
determined by superimposing DDD4+ onto DDD-Tl+, as
shown in Figure 5, then applying symmetry, and then taking
differences in positions.

Only one Tl+ site of DDD4+ falls in theconserVedclass.
A Tl + ion is located in the minor groove of both DDD4+

and DDD-Tl+, at the ApT step. A Tl+ ion with occupancy
of 0.15 in the DDD4+ makes contacts with four DNA oxygen
atoms (two O2 atoms and two O4′ atoms) and two solvent
sites. This hexacoordinate site is called the P3 site (39, 40)
and is occupied by monovalent cations in a series of
crystallographic studies of DDD, by a variety of cations (K+,
Rb+, Cs+, and Tl+) (13, 39-42).

Of the remaining seven Tl+ sites of DDD4+, two are
semiconserVedand five areVariable. In general, the sites in
the minor groove are eitherconserVed or semiconserVed,
while the sites in the major groove areVariable. The
variability of these sites in the major groove is expected,
because that is where the tethered cations are located. In fact
the major groove of DDD4+ contains fewer cations than the
major groove of DDD-Tl+. There are three Tl+ ions in the
major groove of the modified structure (28, 33, and 34), of
which Tl(28) is well above the opening of the groove and
should not be considered “inside” the groove. In comparison,
there are seven Tl+ ions in the major groove of DDD-Tl+

(2101, 2102, 2103, 2107, 2108, 2110, and 2114). Tl(2107)
and Tl(2108) are in a region partially occupied by an Mg2+

coordinated with six water molecules. DDD4+ lacks an Mg2+

ion at this position. This is not necessarily an indication of
altered electrostatic environment because DDD4+ was crys-
tallized in the absence of Mg2+. Whether this specific site
can be occupied by an Mg2+ in DDD4+ structure must be
determined through further experiments. However, the results
obtained thus far do indicate that cations appear to have been
expelled from the major groove, especially from the vicinity
of 20N+. Some of the differences in Tl+ distribution between
DDD4+ and DDD-Tl+ may arise from the methods used to
introduce Tl+ ions into the crystals. The DDD4+ structure
was soaked in Tl+, while the DDD-Tl+ crystal was grown
from a solution containing Tl+.

The Tl+ at the P3 site in the minor groove is conserved in
both structures (Figure 5). It appears to have similar
occupancies, 0.15 in the modified and 0.10 in the unmodified
structures. Table 4 contains the contact information for all
of the Tl+ ions. There are three Tl+ ions in the major groove
of DDD-Tl+, near the bending region (2103, 2107, and 2108).
Tl(2107) and Tl(2108) are at the same site that is partially
occupied by an Mg2+ ion. In the DDD4+ structure, there is
only one Tl+ ion (32) nearby, which is well above the major
groove at a distance of 4.96 Å from 20N+. At the other
terminus, there are four Tl+ ions in the DDD-Tl+ structure
(2101, 2102, 2110, and 2113) and two in the DDD4+ (33
and 34). Tl(2102) and Tl(2113) sites overlap and are mostly
likely the same cation in two different positions. Tl(33) and
Tl(34) do not contact the floor of the major groove. Tl(33)
is 6.24 Å from 7N+, and Tl(34) is 5.54 Å from 8N+. Another
effect of this cation redistribution can be seen in the
occupancies (Table 4). The total monovalent cation oc-

FIGURE 5: Superimposed structures of the DDD4+ (blue, with green
Tl+ ions) and DDD (red, with yellow Tl+ ions). The spermine
molecules are in cyan. The Mg2+(H2O)6 complex is in magenta.
(A) Minor groove. (B) Major groove (rotated by 180°).
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cupancy in the minor groove is reasonably similar between
the two structures (DDD4+, 0.74; DDD-Tl+, 0.60). However,
the total monovalent cation occupancy is reduced in the major
groove (DDD4+, 0.30; DDD-Tl+, 1.34). Interestingly, the
total charge in the distorted region of the major groove is
constant between the two structures (+2.0). This is consider-
ing the partially occupied Mg2+ ion and the two amino-propyl
modifications. However, in DDD-Tl+, the charged atoms are
distributed on the bottom of the major groove and are in
contact with the floor of the major groove, while in DDD4+,
the charged species are well above the floor and distributed
along the upper region of the major groove. Some of these
differences in Tl+ localization may arise from differences
in crystallization procedures. DDD-Tl+ crystals were grown

in the presense of Tl+, while DDD4+ crystals were soaked
with Tl+.

The final model of DDD4+ contains two partial spermine
molecules labeled spermine(26) and spermine(27). The
portions of these molecules that are disordered are not visible
in the electron-density maps and were not included in the
model. The sum electron density surrounding the spermine
molecules is shown in Figure 8. Models in which the
spermine molecules are replaced with water molecules show
worse statistics and inferior maps. Refinement of a model
omitting the spermine molecules resulted in strong (greater
than 3.5σ) difference electron density at their location. Both
spermine molecules are located in the G-tract major groove
on the end of the duplex where the conformation of DDD4+

is similar to that of native DDD. Spermine(25) lies at the
mouth of the major groove, making contacts with an adjacent
DNA molecule. Spermine(26) extends outward from the
major groove and is aligned with the amino-propyl modifica-
tions of Z3dU(7) and Z3dU(8). In the cavity occupied by
this spermine molecule and the two amino-propyl groups,
there are ordered water molecules in the region proximal to
the modifications, but none can be identified in the distal
region of the cavity. It is likely that disordered solvent
molecules and perhaps the remainder of spermine(26) occupy
the rest of this cavity.

FIGURE 6: Close-up view of the contact between 20N+ and the backbone of the same molecule and a symmetry-related molecule. Sum
electron density (1.0σ) and difference electron density (2.5σ) are drawn around the phosphate groups. The sum density is in a green net,
and the difference density is in a cyan net. Refer to Table 3 for distances and angles.

Table 2: Distances and Angles for Z3dU 20

distances (Å) angles (deg)
N+-H2O 3.59 N+-H2O-O1P 112
O1P-H2O 4.13 N+-H2O-O2P 135
O2P-H2O 3.05 O1P-H2O-O2P 85
N+-O1P 6.40
N+-O2Pa 6.14
N+-O1P*b 4.91

a This is from a symmetry-related duplex.b O1P* is the alternative
position for O1P, where it is at its closest approach to 20N+. This
position is at the center of the difference peak near O1P.
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There are two components in the crystallization solution
with the topology of an unbranched chain, spermine, and
the detergent ANAPOE-C12E10 [polyoxyethylene(10)dodecyl
ether]. As partial molecules, they may be difficult to
distinguish. The electron density associated with the spermine
molecules might also be modeled as partial detergent
molecules. However, the detergent molecules are 42 atoms
long and more hydrophobic than spermine. Spermine appears
to be the more logical choice for the confined, hydrophilic
environment of the intermolecular cavities of the crystal.

DISCUSSION

Double helical DNA is a semirigid polymer with a
persistence length of 140-150 base pair (43, 44). Under
certain conditions, DNA can be induced to bend spontane-
ously. DNA bends away from TATA-element binding protein
(TBP) by almost 90° (45, 46). DNA bends toward catabolite
activator protein (CAP) by around 90° (47). In the nucleo-
some core particle, DNA wraps around a complex of histone
proteins by nearly two full turns (48-50).

Many of these DNA distortions can be explained by the
electrostatic collapse model of Mirzabeckov, Rich, and
Manning. In one test of that model, “phantom proteins” were
created by Maher et al. (51-55). DNA was covalently
tethered to cations, i.e., phantom proteins. Maher et al. also
partially neutralized DNA by modification of phosphates.
From the effects of the phantom proteins on the electro-
phoretic mobility of DNA, it was concluded that axial
bending can be caused by interactions of charged species
with DNA. Appropriate cation adduction or phosphate
neutralization induces spontaneous bending of DNA, sug-
gesting the importance of asymmetric charge neutralization.

The effects of tethered cations on the three-dimensional
structure of DNA at high resolution have been studied by
Li et. al., who obtained NMR results using the singly
modified [d(CGCGAATXCGCG)]2 (DDD2+) molecule. The
results are consistent with DNA deformation, including axial
bending (29). The NMR data suggest an ordered environment
for the Z3dU moiety within the major groove. The amino-
propyl group appears to extend in the 3′ direction, ac-
companied by a perturbation of the phosphodiester backbone
of the DDD2+ molecule. This perturbation is indicated by a
chemical-shift perturbation of the31P resonance of the
relevant phosphodiester linkage. The DNA deformations
were attributed to an electrostatic interaction between
phosphates and the tethered cationic charge.

In the DDD4+ structure described here, four positively
charged amino groups are tethered to the major groove of

FIGURE 7: Anomalous density contoured at 2.5σ around DDD4+.
The density around all atoms is drawn as a green net, except for
Tl+ ions, where it is drawn as a blue net. The map was calculated
using only the positions and occupancies of the 8 Tl+ ions. The
observed peaks around the phosphorus atoms sever as a positive
control. (A) Minor groove. (B) Major groove (rotated by 180°).

Table 3: Classification and Location of DDD4+ Tl+ Ions

classa
Tl+ in

DDD4+
Tl+ in
DDD

distance
(Å)

location of Tl+

in DDD4+

C 30 2106 0.22 minor groove, ApT step
S 31 2104 3.04 minor groove
S 27 2105 3.50 minor groove
V 34 2101 4.80 major groove
V 33 2110 4.91 major groove
V 28 2113 5.02 above major groove
V 28 2110 5.57
V 28 2102 5.97
V 29 >6 minor groove
V 32 >6 edge of major groove
a C, conserved; S, semiconserved; V, variable.
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each dodecamer duplex. Three of the tethered cations are
directed radially out from the DNA. This radial disposition
of the tethered cations was not anticipated. Rather, we
assumed, from previous behavior of polyamines (32, 39, 56,
57), that the amino-propyl groups would lay on the floor of
the major groove. The radially directed tethered cations do
not appear to induce structural changes or to displace
counterions. On one end of the duplex, spermine molecules
and Tl+ ions are located on the major groove floor, and in
regions similar to those in DDD-Tl+, the tethered amino
groups are remote from the DNA. The DNA conformation
is unperturbed.

In contrast, on the opposing end of the duplex, one of the
tethered cations is directed in the 3′ direction toward a
phosphate group. This tethered cation appears to interact
electrostatically with the DNA. This interaction is ac-
companied by changes in helical parameters rise, roll, and
twist and by a displacement of the backbone relative to a

control oligonucleotide. In addition, these interactions appear
to be associated with displacement of counterions from the
major groove of the DNA.

In the NMR solution structure of the DDD2+, the DNA
shows 2-fold symmetry, as anticipated; the NMR structure
represents a time average of the solution states of the
molecule. The NMR experiment cannot distinguish between
the two termini. The two amino-propyl modifications appear
to behave similarly. They both appear to interact with the
backbone to bend the DNA at both termini. The X-ray
structure of DDD4+ lacks 2-fold symmetry. The end of the
duplex with the greatest cation-phosphate proximity shows
the greatest alteration in conformation, relative to DDD-Tl+.
Lattice forces in the crystal state create different electrostatic
environments at each terminus. However, it is conceivable
that the observed conformation in the crystal is a “trapped”
intermediate. In solution, the distortion may be greater than
in the crystal structure described here. Lattice electrostatic

Table 4: Positions and Occupancies of DDD and DDD4+ Tl+ Ions

molecule DDD4+ DDD

region minor major other minor major other

Tl+ iona 27 (0.22) 33 (0.15) 32 (0.15) 2104 (0.20)b 2101 (0.34) 2111 (0.18)
29 (0.20) 34 (0.15) 28 (0.15) 2105 (0.18)b 2102 (0.29) 2112 (0.15)
30 (0.16)c 2106 (0.10)c 2103 (0.20)
31 (0.16) 2109 (0.12)b 2107 (0.10)b

2108 (0.10)b

2110 (0.15)
2113 (0.16)

totald 4 (0.74) 2 (0.30) 2 (0.30) 4 (0.60) 9 (1.34) 2 (0.33)
a Tl+ number is given with its occupancy in parentheses.b Located near the bending region.c Located at the same site.d Total number of Tl+

ions are given with the sum of occupancies in parentheses.

FIGURE 8: Close-up view of the sum electron density contoured at 1.0σ drawn as a cyan net around the two partial spermine molecules in
the structure.
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forces (Figure 4) may be working in opposition to intramo-
lecular bending forces. Further studies on how the sequence-
dependent location of cations affects the DNA structure are
ongoing.

It was proposed that tethered cations would form salt
bridges with the O1P or O2P of the phosphates. The term
“salt bridge” indicates a van der Waals contact between two
atoms carrying full or partial positive and negative charges.
However, the proposed conformation required for salt
bridging was not confirmed by electrostatic footprinting,
molecular modeling, and NMR studies. Those results support
conformations where the tethered cations are oriented in the
3′ direction. The orientation of the tethered ammonium ion
positions the ammonium ion near the floor of the major
groove, in proximity to a G, or into the solution in a
sequence-dependent manner (30, 58). This orientation ap-
pears to be confirmed here. However, it should be noted that
electrostatic interactions fall off gradually with distance. An
absence of salt bridges does not imply an absence of strong
electrostatic interaction. In summary, the structural studies
are consistent with the Rouzina and Bloomfield model for
the collapse of the major groove around bound cations.
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