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The halogen bond, a noncovalent interaction involving polarizable
chlorine, bromine, or iodine molecular substituents, is now being
exploited to control the assembly of small molecules in the design
of supramolecular complexes and new materials. We demonstrate
that a halogen bond formed between a brominated uracil and
phosphate oxygen can be engineered to direct the conformation of
a biological molecule, in this case to define the conformational
isomer of a four-stranded DNA junction when placed in direct
competition against a classic hydrogen bond. As a result, this
bromine interaction is estimated to be �2–5 kcal/mol stronger than
the analogous hydrogen bond in this environment, depending on
the geometry of the halogen bond. This study helps to establish
halogen bonding as a potential tool for the rational design and
construction of molecular materials with DNA and other biological
macromolecules.

biomolecular engineering � DNA structure � molecular interactions

Halogen bonds have recently seen a resurgence of interest as
a tool for ‘‘bottom-up’’ molecular design. Chlorines, bro-

mines, and iodines in organic and inorganic compounds are
known to polarize along their covalent bonds to generate an
electropositive crown; the halogen thus acts as a Lewis acid to
pair with Lewis bases, including oxygens and nitrogens. These
electrostatic pairs, originally called charge-transfer bonds (1),
are now known as halogen bonds (X-bonds), recognizing their
similarities to hydrogen bonds (H-bonds) in their strength and
directionality (2). In chemistry, X-bonds are being exploited in
the design and engineering of supramolecular assemblies (3) and
molecular crystals (for review, see ref. 4), with an iodine X-bond
estimated to be �3.5 kcal/mol more stable than an O–H���O
H-bond in organic crystals (5).

The X-bond, however, has not generally been a part of the
biologist’s lexicon. Although halogens are widely used in drug
design and to probe molecular interactions, X-bonds have only
recently been recognized as a distinct interaction in ligand
recognition and molecular folding and in the assembly of
proteins and nucleic acids (6, 7). With the growing application
of biological molecules (biomolecule), particularly nucleic
acids (for review, see ref. 8), in the design of nanomechanical
devices, we ask here whether specific X-bonds can be engi-
neered to direct conformational switching in a biomolecule.

To compare X- and H-bonds in the complex environment of
a biomolecule, we have designed a crystallographic assay to
determine whether an intramolecular X-bond could be engi-
neered to direct the conformational isomerization of a DNA
Holliday junction by competing an X-bond against a classic
H-bond and, consequently, we are able to compare the stabi-
lization energies afforded by these two types of interactions.
The stacked-X form of the DNA Holliday junction (Fig. 1),
seen in high-salt solutions (9) and in crystal structures (10–12),
is a simple and well controlled biomolecular assay system that
can isomerize between two nearly isoenergetic and structurally
similar conformers (Fig. 2) (13–15). The presence of an X- or
H-bond at the junction cross-over will be ref lected, in this
assay, by the preference for one of the two isomer forms.

A cytosine to phosphate H-bond at the N7 nucleotide
position has been shown to help stabilize the junction in the
sequence d(CCGGTACCGG) (ACC-J) in crystals (11, 12, 16)
and in solution (17). The stability of this junction, formed by
a single inverted repeat sequence, depends entirely on this set
of intramolecular interactions. The brominated junctions of
the current competition assay can adopt a conformer (the
H-isomer) that is stabilized by a similar cytosine to phosphate
H-bond. Alternatively, they can adopt a conformer (the X-
isomer) that is stabilized by an X-bond from a BrUra that
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Fig. 1. Structure of the stacked-X DNA Holliday junction. The structure of
d(CCGGTACCGG) (ACC-J) as a four-stranded junction (11) is shown with the
inside cross-over strands colored in yellow and green and the outside non-
crossing strands in blue and red. The pairs of stacked duplex arms are high-
lighted with cylinders. Details of the molecular interactions that stabilize
junctions are in crystals are shown, with the essential H-bond from the C8

cytosine to the phosphate of the cross-over C7 nucleotide in the blue box, and
the weaker H-bond from C7 to A6 in the ACC-J or the weak electrostatic
interaction from the methyl of T7 to A6 in d(CCGATATCGG) (ATC-J) in the red
boxes (12, 16).
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replaces the cytosine (Fig. 2). Thus, the isomer form of the
junction will be explicitly identified by the position of the
bromine: if the BrUra sits at the inside crossing strands, then
the junction is the X-isomer, but if it sits at the outside strand,
it is the H-isomer. Furthermore, the distribution of X- and
H-isomers observed in the crystal will ref lect the differences
in the overall energies and, by extension, the differences in
energies of the intramolecular interactions that stabilize these
isomers, assuming identical crystal lattice energies for the
conformers.

Results
We have designed three DNA constructs (Table 1) in which
bromine X-bonds compete against H-bonds in ratios of 2X:2H
(Br2J), 1X:2H (Br1J), and 0X:2H (H2J) at the cross-over to
drive the isomeric form of the resulting stacked-X junction.
The single-crystal structure directly identifies the isomeric
form and the stabilizing interactions for each conformer (Fig.

2). For the Br2J and Br1J constructs, a bromine at the inside
cross-over strand would indicate formation of the X-isomer,
whereas a bromine at the outside strand would be indicative of
the H-isomer. Because the crystals of the three constructs are
isomorphous (Table 2) and the sites of stabilizing interactions
distant from any direct intermolecular DNA lattice contacts,
we can assume that the isomer preference is not defined by the
crystal lattice. Therefore, the ratio of H- to X-isomers in the
crystals ref lects the differences in energy between the H- and
X-bonding interactions. The sequence-dependent formation
of DNA junctions in solution has been directly correlated to
the structure and molecular interactions seen in crystals (17),
indicating that the properties of the DNA junction in crystals
closely mirror those in solution and are not explicitly induced
by the crystal; the crystal structure, therefore, is a means by
which we can directly identify the type of stabilizing interaction
for a particular conformer form of each DNA construct.

The Br2J construct shows that two X-bonds compete effec-
tively against two classic H-bonds in the DNA junction. This
structure (Fig. 2) was initially refined without specifying the
nucleotides at the N7 or complementary N4 positions of the
strands. The strong positive difference density adjacent to
the C5 carbon of the N7 pyrimidine showed that the bromines
sit at the junction cross-overs, leaving the H-bonding cytosine
at the outside strands (Fig. 3a). The short distance (2.87 Å) and
approximately linear alignment between the bromines and the
phosphate oxygens between T5 and A6 of the crossing strands

Fig. 2. Assay for competing X- against H-bonds. The isomeric forms of the stacked-X junction, resulting from restacking of the arms and migration of the
junction (top), place an H-bond (H-isomer) or X-bond (X-isomer) at the junction cross-over. The crystal structures of H2J in the H-isomer (with its H-bonding
interaction) and Br2J in the X-isomer (with its X-bond) are shown below. Bromines have been modeled at the outside strand of the H2J structure to indicate their
positions, if present, in the H-isomer of Br2J.

Table 1. Constructs and sequences that compete halogen bonds
against hydrogen bonds in DNA junctions

Construct Sequences* X:H

Br2J d(CCGGTAbrUCGG)2/d(CCGATACCGG)2 2:2
Br1J d(CCGGTAbrUCGG)/d(CCGGTAUCGG)/d(CCGATACCGG)2 1:2
H2J d(CCGGTAUCGG)2/d(CCGATACCGG)2 0:2

The ratios of halogen to hydrogen bonds that potentially compete in each
construct are listed as X:H.
*BrU, 5-bromouracil.

Voth et al. PNAS � April 10, 2007 � vol. 104 � no. 15 � 6189

BI
O

PH
YS

IC
S



and the orientation of the halogens toward the nonbonding
electrons of the oxygens are all hallmarks of a strong X-bond
(4, 6, 7), indicating that Br2J adopts the X-isomer induced by
an X-bond.

The H2J structure (Fig. 2) shows that the H-isomer can be
accommodated by this crystal lattice. A detailed analysis
showed a guanine at the N4 position of the outside strand and
an adenine at the inside strand [supporting information (SI)
Fig. 5]. Thus, the N7 cytosines of this structure are located at
the cross-over strands, with the uracil bases located exclusively
at the outside strands, indicating that the junction adopts the
H-isomer, opposite of Br2J. The uracils of this construct
cannot form X- or H-bonds to the phosphate backbone;
therefore, in the absence of an X-bond, the junction is
stabilized by H-bonding interactions similar to those originally
seen in the ACC-J junction (11).

The Br1J construct is midway between Br2J and H2J, com-
peting a single X-bond against two H-bonds. The resulting
structure showed two bromines (�half-occupancy for each of
the two symmetry-related strands, essentially accounting for
the single bromine of the construct) at the junction cross-over
(Fig. 3a). This structure can be interpreted as either a homo-
geneous population where half of the uracils are brominated
and half are unbrominated in each junction, or a heteroge-
neous mixture of equal populations of the fully brominated
Br2J and unbrominated H2J junctions. The Br1J structure is
seen to be structurally unique, with no evidence for multiple
conformations; therefore, the crystal represents a nearly ho-
mogeneous population of singly brominated four-stranded
DNA complexes in the X-isomer form with insignificant
amounts of Br2J or H2J.

The three junctions are nearly identical in structure, with
significant structural perturbations localized at the core of the
junction, consistent with the intramolecular interactions being
the primary determinant of the stability (11, 12) and the
isomeric form of the junction. Interestingly, the X- and
H-bonding pyrimidine bases of N7 overlay almost exactly in all
three structures (Fig. 3b). Compared with the analogous

Table 2. Crystallographic and geometric parameters for the Holliday junction constructs Br2J,
H2J, and Br1J (for sequences, see Table 1)

Junction Br2J H2J Br1J

Crystallographic parameters
Space group C2 C2 C2
Unit cell

a, Å 65.78 65.61 65.89
b, Å 24.41 24.17 24.21
c, Å 37.32 36.96 37.29

�-angle 111.07° 110.01° 111.02°
Unique reflections (for refinement) 3,362 (3,200) 4,176 (3,992) 4,350 (4,247)
Resolution, Å 2.00 1.90 1.85
Completeness, %* 82.8 (49.2) 89.6 (63.4) 87.6 (61.7)
I/sig, I* 13.70 (2.31) 20.41 (3.76) 21.18 (7.73)
Rmerge, %* 4.9 (28.1) 5.1 (25.2) 3.2 (9.3)

Refinement statistics
Rcryst (Rfree), % 21.8 (27.2) 21.8 (26.8) 22.3 (24.9)
No. of atoms: DNA (solvent) 404 (106) 403 (101) 405 (102)
�B-factor � DNA (solvent) 13.1 (15.6) 16.3 (20.9) 15.4 (17.5)
rmsd bond length, Å 0.004 0.007 0.009
rmsd bond angle 0.8° 1.1° 1.4°
PDB ID codes 2ORG 2ORH 2ORF

Junction geometry
Jtwist 40.2° 39.6° 42.4°
Jroll 142.5° 137.9° 138.6°
Jslide, Å 0.21 1.13 1.10
rmsd relative to Br2J, Å 0.00 0.71 0.49

Listed are the crystallographic and refinement parameters, and the geometric parameters that describe the
rotation of the stacked duplex arms across the junction (Jtwist), and the rotation (Jroll) and translation (Jslide) of each
set of stacked arms along the respective helical axes (24, 26) for each junction construct.
*Values for the highest resolution shell are shown in parentheses.

Fig. 3. Geometries of X-bonds in Br2J and Br1J. (a) Omit electron density maps
contoured at 5� comparing geometries at the tight U-turns of the Br2J and Br1J
junctions. Closest distances from the bromines to the X-bonded phosphate
oxygens are labeled. (b) Overlay of all common DNA atoms for nucleotides N5,
N6, and N7 at the core of the junctions of Br2J (red), Br1J (yellow), H2J (blue), and
the previously published structure of ATC-J (green). Conformational rear-
rangements are seen at the N5 nucleotide to allow rotation of the phosphate
to form a weak electrostatic interaction (green arrow) with the methyl group
of T7 in ATC-J, halogen bonds (magenta arrows) to the bromines in Br2J and
Br1J, and a hydrogen bond (blue arrow) to the amino group of C7 in H2J.
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junction of d(CCGATATCGG) (ATC-J, with a thymine re-
placing BrUra), the bromines of Br2J and Br1J do not appear
to affect the base pair geometry at N7 significantly, indicating
that the substituents do not perturb the base pairing or
stacking of the DNA arms in the junction. The most dramatic
perturbations are seen as rotations about the �-angle of N6,
which subsequently defines the interaction distance of the
phosphate to the N7 nucleotide. We note, however, that these
angles are not unusual for B–DNA duplexes. The Br���O
distances for Br2J and Br1J are closer than the sums of their
respective van der Waals radii, indicating the formation of
X-bonds, and they are closer than the analogous methyl to
phosphate distance in the ATC-J junction. ATC-J is amphi-
morphic (crystallizing as both junction and B–DNA duplex)
(12), suggesting that the thymine to phosphate electrostatic
interaction is significantly weaker than either the X- or
H-bonds. In Br2J and Br1J, the phosphate oxygens are drawn
toward the bromines to establish the respective X-bonds,
similar to the H-bond in H2J.

The energies of the X- vs. H-bond could be estimated by
quantifying the bromines at nucleotide N7 on the inside and
outside strands of Br1J. The estimated occupancy of bromine
was 0.41 Br per uracil (�0.02) (or 0.82 bromines for the two
uracils) at the junction center and 0.05–0.15 Br per uracil at the
outside strands (SI Fig. 6). These values translate to �1
kcal/mol (range from 0.6 to 1.3 kcal/mol) greater stability for
the X- vs. H-isomer. Because Br1J has 0.5 X-bonds/H-bond,
the normalized single bromine X-bond is extrapolated to be

twice this energy, or �2 kcal/mol more stable than the
N–H���O� H-bond, assuming that there is no entropy differ-
ence between the two conformers of this construct.

Discussion
In the current work, we have shown that bromine type X-bonds
compete effectively against a classic N–H���O� type H-bond in
defining the isomeric form of DNA junctions. This intramolec-
ular assay system is thus an elegant method to compare directly
the ability of X- and H-bonds to direct biomolecular conforma-
tion. Using the distributions of X- and H-isomer forms observed
in the Br1J crystals, we estimate an energy difference between X-
and H-bonds in this system to be �2 kcal/mol. One may ask
whether thermodynamic quantities can be derived from crystal-
lographic assays, where the conformers are not in equilibrium
but locked into a defined lattice. We had previously applied a
similar competitive crystallographic assay to estimate the rela-
tive energies of reverse base pairs in DNA, taking advantage of
the contributions of such base pairs to the crystal lattice (18). In
the current system, however, the distribution of isomer forms
of the junction in crystals are defined by the intramolecular
interactions that stabilize the conformers and not by any differ-
ences in the crystal lattice; therefore, we can consider the crystals
as sampling a preestablished equilibrium in solution. Thus, this
�2 kcal/mol is a valid estimate for the difference in energy of the
bromine X-bond vs. N–H���O� H-bond in the Br1J crystals.

The X-bond in the Br1J junction is longer and, consequently,
expected to be weaker than that of Br2J (Fig. 3), as might be
predicted with only half the interactions present. Ab initio

Fig. 4. Thermodynamic cycle to estimate the free energies of the X- relative to H-bonds. A free energy difference of �1 kcal/mol was estimated between the
X- and H-isomers from the occupancies of bromine at the inside and outside strands of Br1J (Br1J-X and Br1J-H) (Si Fig. 6) or �2 kcal/mol for 1 X-bond vs. 1 H-bond.
Because there is very little contribution of hydration free energy to placing the bromine in the H- or X-isomeric forms (�Ghydration

o �0), we can assume that the
primary effect on the energy of the X-bonds is electrostatic. Finally, if we assume that the is no difference in the energies of the H-isomer for either the Br1J or
Br2J constructs (Br1J-H and Br2J-H, bottom of cycle, with the bromines on the outside strands), then the energy of the X-bond in the Br2J construct (�G°Br2J-X)
can be estimated as the sum the Br1J X-bond and the difference in electrostatic energy (�E) estimated from ab initio calculations (SI Fig. 7).
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calculations on atomic models derived from the coordinates of
the Br1J and Br2J crystal structures showed the interaction
between the BrUra and phosphate groups to be �3 kcal/mol
more favorable in the shorter Br2J geometry (SI Fig. 7). As
with H-bonds, the stabilizing potential of an X-bond may also
depend on competing solvent effects, but an analysis of the
solvent accessible surfaces showed no significant differences in
free energies of hydration for the X- and H-isomeric forms.
Thus, each X-bond in Br2J can be estimated (through a simple
thermodynamic cycle) to be �5 kcal/mol more stable than the
H-bond of H2J (Fig. 4). This magnitude of difference in the
energies is consistent with the lack of any observable quantity
of the competing H-isomer in the Br2J crystals.

DNA junctions have been applied to a number of different
biomolecule-based nanodevices, including molecular arrays
and lattices, computers and translational devices or walkers
(8). The ability to direct the isomer form extends the design
aspects of junctions from simple sequence complementarity to
true three-dimensional control of such devices. We can imag-
ine, for example, that cycling between brominated and non-
brominated strands of a junction would allow a DNA junction
to scissor between isomeric forms where the DNA arms pair
and repair in a well controlled manner.

X-bonds as a general tool in biomolecular engineering, as
opposed to nonhydrated organic systems (5), would typically
see contributions from both electrostatic effects from polar-
ization and hydrophobic effects from the sequestering of the
hydrophobic halogen from water. Unlike H-bonds (19), how-
ever, both effects should help to stabilize the X-bond in a
buried environment. By extension from the DNA junction
described here, we would thus expect the stabilizing effects of
X-bonds to be even greater in molecular systems where the
halogen is buried, for example within protein folds or at
protein–protein or protein–nucleic acid interfaces, making this
general interaction attractive for controlling and manipulating
biomolecule structures and complexes.

Materials and Methods
DNA sequences (Table 1) were synthesized with the trityl-
protecting group attached and subsequently purified by HPLC
followed by size exclusion chromatography on a Sephadex G-25
column after detritylation. Crystals were grown by the sitting-
drop vapor diffusion method with solutions of 0.7 mM DNA and
25 mM sodium cacodylate (pH 7.0) buffer with 10–20 mM
calcium chloride and 1.0–1.2 mM spermine, and equilibrated
against reservoirs of 26–30% aqueous 2-methyl-2,4-dimeth-
ylpentanediol. Data for the crystals were collected at liquid
nitrogen temperatures by using CuK� radiation from a Rigaku
(Tokyo, Japan) RU-H3R rotating anode generator with an
Raxis-IV image plate detector, and processed by using DENZO
and SCALEPACK from the HKL suite of programs (20).
Structures were solved by molecular replacement using EPMR
(21) with d(CCAGTACbrUGG) [Protein Data Bank (PDB) ID
code 1P54] as the starting model. Distinct solutions with corre-
lation coefficients of �79% and Rcryst from 39.4% to 45.1% were
obtained with two unique strands in the asymmetric unit; the
other pairs of strands of the full four-stranded junctions were

generated from the unique crossing and outside strands of the
asymmetric units by the crystallographic 2-fold symmetry axis
running through the center of the four-stranded DNA junction.
Subsequent refinement of the initial junction structures in CNS
(22) with rigid body refinement, simulated annealing, several
rounds of positional and individual B-factor refinement, and
addition of solvent resulted in the final models for subsequent
analyses (Table 2). The brominated structures were initially
refined in the absence of bromines, and the halogens were
subsequently located from difference maps. The bromine occu-
pancies on the inside crossing and outside strands of Br1J were
initially refined in CNS, and the errors were estimated by
monitoring the range of occupancy values that had little or no
effect on the minimum Rfree value of the refinement (SI Fig. 6).

Ab initio calculations were performed with the program
GAMESS (23) by using the WebMO interface (WebMO,
version 6.0; www.webmo.net) for importing and constructing
models. The models of the X-bonding interactions were con-
structed by using the BrUra base and the oxygen and phos-
phorus atoms of the interacting phosphate groups from the
Br1J and Br2J crystal structures. Methyl groups were added to
the equivalent O3� and O5� oxygens of the phosphates (with an
overall charge of �1) and to the N1 carbon of the uracil base,
and hydrogens were added to complete the valence states of
the appropriate atoms. Ground-state energies for these models
were calculated by density function theory applying the B3LYP
function and the 6–31G(d) basis set (the highest set applicable
to row 4 elements). The infinite interaction distance energy for
each complex was approximated as the sum of the energies for
the BrUra and phosphate dimethylester components.

To estimate the effects of solvation on the relative free
energies of the X- and H-isomers, we first calculated the
solvent-accessible surfaces (SAS) of the bromine of the X-
bonding BrUra base and the H-bonding N2 amino group of the
opposing cytosine base at the outside and inside strands of the
respective conformers. The SAS were translated to free en-
ergies of hydration (�Ghydration

o ) by using an atomic solvation
parameter (ASP) of 36.8 cal/mol/Å2 for a bromine atom
(derived from the difference in the partition coefficient of
bromobenzene versus benzene) and �63.0 cal/mol/Å2 for the
extracyclic amino group according to the following relation-
ship (25): �Ghydration

o � SAS 	 ASP. The exposed surfaces for
the bromine atoms were calculated to be 12.89 Å2 at the inside
strand (X-isomer) and 21.46 Å2 on the outside strand (H-
isomer), whereas the exposure of the amino group was 10.42
Å2 for the outside strand (X-isomer) and 14.67 Å2 at the inside
strand (H-isomer) of the Br1J junction. This calculation trans-
lates to a difference in �Ghydration

o � �0.2 kcal/mol for the X-
versus H-isomers, which is negligible compared with the
electrostatic effects.
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