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ABSTRACT. Structures of the DNA sequences d(CCGGCGCCGG) and d(CCAGTAG) are presented

here as four-way Holliday junctions in their compact stacked-X forms, with antiparallel alignment of the
DNA strands. Thus, théCGC-trinucleotide motif, previously identified as important for stabilizing the
junction, is now extended to PuCPy, where Pu is either an adenine or guanine, and Py is either a cytosine,
5-methylcytosine, or 5-bromouracil but not thymine nucleotide. We see that both sequence and base
substituents affect the geometry of the junction in terms of the interduplex angle as well as the previously
defined conformational variabled, (the rotation of the stacked duplexes about their respective helical
axis) andJgjige (the translational displacement of the stacked duplexes along their respective helical axis).
The structures of the GCC and parent ACC containing junctions fall into a distinct conformational class
that is relatively undistorted in terms adiqe andJyoi, with interduplex angles of 4643°. The substituted
ACDbr®U structure, however, is more akin to that of the distorted methylated %8Crantaining junction,

with Jsiige (=2.3 A) and a similad,o; (164°) opening the major groove-side of the junction, but shows a
reduced interduplex anglén contrast, the analogous d(CCAGTACTGG) sequence has to date been
crystallized only as resolved B-DNA duplexes. This suggests that there is an electronic effect of substituents
at the pyrimidine Py position on the stability of four-stranded junctions. The single-crystal structures
presented here, therefore, show how sequence affects the detailed geometry, and subsequently, the associated
stability and conformational dynamics of the Holliday junction.

The exchange of genetic information across double-helical the duplex arms stack collinearly into nearly continuous
DNA through recombination is an important process in DNA double-helices (broken only at the crossover point of the
biochemistry and has been implicated in the mechanisms ofjunction on the inside strand of each pair, Figure 1). The
DNA repair, replication restart, and viral integratidi).(The structure with a methylated analogue of the ACC core shows
critical role of a four-stranded junction as a DNA intermedi- that the substituent group perturbs the stacked-X geometry.
ate in recombination was proposed nearly 40 years ago byHere, we present the single-crystal structures as Holliday
Holliday (2). The structure of this four-stranded complex has junctions of the two sequences d(CCGGCOGG) and
been elucidated in detail through a series of single-crystal d(CCAGTACbrPUGG) that do not contain the ACC junction
structures as complexes with proteitiy @nd more recently,  motif at the core trinucleotide (underlined) positions.

as isolated DNA constructS). All of the DNA junctions  The compact stacked-X form of the Holliday junction was
that have been crystallized to date are decanucleotides withfj st proposed from gel mobility assay4, 5) and fluores-

a common ACC trinucleotide motif (OI’ its methylated variant cence resonance energy transfer studies in So|uﬁe-r8)(
ACmC)' at the NN7/Ng positions (represented by the o form under high salt conditions in nonhomologous
sequence d(CCGGYCOGG), where the underlined nucle-  sequence constructs that immobilize the four-way junction
otides are the ACC junction core). Not surprisingly, these at specific sites. The general model from these studies is
structures have many common structural features. All adoptthat high concentrations of cations help to screen the
the compact antiparallel stacked-X form in which pairs of negatively charged phosphates of the backbone allowing the
four arms, which would be splayed out from the junction in
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Ficure 1: Open-X (a) and stacked-X (b) forms of the Holliday junction. The phosphodeoxyribose backbones of the DNAs are traced with
ribbons and color-coded to distinguish between strands of the junction. (a) The open-X form modeled from the DNA in the single-crystal
structure of the Cre-loxP complef%). The protein is shown in gray, with thee-helices rendered as cylinders. (b) The compact stacked-X
structure of the reference d(CCGGTACCGG) single-crystal strucii®)e The coaxially stacked arms in each column of pseudo-continuous
duplexes are shown as cylinders. The conformational parameters of the junction are shown as the twist of the stacked duplexes across the
junction (the interduplex angle), the translation of each set of stacked duplexes along their respective heligygxasd the rotation of

the duplexes about the axekh).

tosines 15). The DNA structures show that the geometry of methyl substituent was shown to disrupt the direct hydrogen
the compact stacked-X junction (Figure 1b) was basically bonding interactions between the cytosingb@se and the
that determined in solution, with the coaxially stacked phosphate backbone of the crossover. Furthermore, the
duplexes related by a right-hand rotation across the junctionaccessibility of the major and minor grooves of the stacked
crossover. In all but one case so far, the DNA junction duplex arms were shown to depend on the rotation of these
structures were determined from decanucleotide sequencesluplexes along their helix axedd;), and the arms were seen
with a core ACC trinucleotide (or its methylated analogue, to slide along their axed4qe) to affect the overall symmetry
ACm°C) at the NN;Ng positions, as in the sequences of the complex. Similar distortions td, were seen to be
d(CCGGACCGG) (13), d(CCGGTACOGG) (12), and affected by the types of cation interactions localized at the
d(TCGGTACGCGA) (16). The one exception to date is the junction (16).
structure of the psoralen cross-linked sequence d(CCGCT*- The interduplex angle relating the orientation of the
AGCGG), which was proposed to form a junction because stacked duplex arms across all of these ACC-type junctions
of the destabilization of the duplex by the drug cross-linked are relatively constant, at40°, which appears to be more
thymine base (T*) 14). Otherwise, the crystal structures shallow than the 60seen in solutionX7). However, a study
demonstrate the significance of this core ACC trinucleotide, of immobilized junctions that incorporated the ACC tri-
particularly through the interactions from the cytosine base nucleotide motif showed that this angle, as well as many
at the G cytosine to the phosphate backbone at the junction details concerning the position of the crossover, did not result
Crossovers. from crystal lattice distortions but can directly be attributed
The methylated junction seen in d(CCGGTARNGG) to the sequence at the junctialB]. This raises the question
first showed that, in addition to the interduplex angle, the of how sequence variations would affect the structure and
geometry of the junction can also be affected along and geometry of the junction. From solution studies, it has been
around the helix axes of the collinear duplex aris)(The shown that the sequence around an immobilized junction
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Table 1: Data Collection and Refinement Statistics
d(CCGGCGCCGG) d(CCAGTACRUGG) d(CCAGTACTGG)
Data
unit cell parameters a=665Ab=242A, a=649Ab=226A, a=b=33.4A,
c=37.0A3=110.0 c=38.1A,5=106.8 c=87.7A
space group 2 Cc2 P6,22
total reflections 50581 13013 32690
unique reflections 5137 4011 2143
resolution (A) 56-1.6 50-1.8 50-2.0
completeness 78.7% (48.0%) 82.0% (34.9%) 94.6% (53.2%)
<llg>2 22.1(2.7) 23.8(4.1) 25.3(3.3)
Rmergd? 4.9% (27.8%) 4.1% (18.9%) 4.8% (12.4%)
Refinement
resolution (A) 26-1.7 20-1.9 20-2.0
Reryst (Riree)® 22.9% (26.0%) 21.5% (24.3%) 23.6% (26.8%)
DNA atoms 404 404 202
solvent atoms 116 89 67
RMSD bond lengthyA) 0.007 0.005 0.015
RMSD bond angleqdeg) 1.24 0.88 1.75
conformation junction junction B-DNA

2Values in parentheses refer to the highest resolution SHlerge= Y naillnkii — <I>nil/SnaY il lnkil Whereln is the intensity of a reflection
and <I>py is the average of all observations of this reflection and its symmetry equivaldRfg: = > hlFobs — KFcaid/Y hil Fobs - Rree = Reryst for
10% of reflections that were not used in refinemedd)( All refinements were performed targeting maximum likelihob&oot-mean-square
deviation of bond lengths and angles from ideal values.

defines which arms pair in the coaxially stacked duplexes Crystallization and Structure of d(CCGGCGCCGG).
(19—-21). In addition, single-molecule FRET studies show Crystals were grown at 28C from solutions containing 0.5
that the exchange between coaxially stacked arms is dynamicmM DNA, 25 mM sodium cacodylate buffer (pH 7.0), 7.5
with the junction undergoing rapid conformational rear- mM CaC}, and 0.1 mM spermine tetrahydrochloride in the
rangements in a sequence-dependent ma@@er{fowever, crystallization drop and equilibrated against a reservoir
the strong apparent requirement of the ACC trinucleotide solution of 28% (v/v) 2-methyl-2,4-pentanediol (MPD).
for their crystallization has not allowed us to study the effect These are very different conditions as compared to those that
of sequence at the critical positions on the conformational yielded crystals of the B-DNA duplex form of the sequence
features of the Holliday junction. (31) (B-DNA duplex crystals were grown at 4C by

The question is thus raised as to whether the ACC core is microdialysis, with solutions containing 2 mM DNA, 10 mM
an absolute requirement for the formation of DNA Holliday Tris-HCI, pH 7.0, 150 mM MgClI and equilibrated against
junctions, particularly in crystals. The sequence d(CCG- the same buffer with 24% MPD).
GCGCCGG) had earlier been solved as standard B-DNA A thin diamond p|ate Crysta] measuring 0.250.25 x
duplexes but recently had been reported to crystallize in a0.1 mm was used for data collection and found to be in the
lattice similar to that of the mismatched d(CCGGGACCGG) monoclinicC2 space group, with unit cell dimensioas=
junction 3). We confirm in this study that indeed this DNA 66,51 A\b=24.18 A,c = 37.00 A, ang3 = 110.0%. X-ray
crystal form is that of a four-stranded junction, indicating diffraction data were collected to 1.7 A resolution at liquid
therefore the ACC trinucleotide sequence motif is not an nitrogen temperatures using Cakadiation from a RUH3R
absolute requirement for Crystallization of the junction. We generator with an RAXIS-IV image p|a‘[e detector. The
can thus compare the effects of Neing either an adenine  yolume of the unit cell in this space group indicated that
or guanine on the four-stranded conformation. In addition, there are two strands of DNA in the asymmetric unit of the
we show that the sequence d(CCAGTABBEG), but not  crystal lattice. Thus, a search model was constructed using
the analogous d(CCAGTACTGG) sequence, crystallizes astwo strands of the d(CCGGTACCGG) Holliday junction
a junction, showing that the substitiuent at thig Pgsition (12), one crossover and one noncrossover, for molecular
strongly influences the formation and geometry of the replacement using EPMR4) against 2.5 A data. A distinct
Holliday junction. structural solution with two unique DNA strands adjacent

to the crystallographic 2-fold axis yielded a correlation

MATERIALS AND METHODS coefficient of 59% andR.ys: = 52%. Subsequent refinement

All deoxyoligonucleotides were synthesized on an Applied N CNS @5) using rigid body refinement, followed by
Biosystems DNA synthesizer in the Center for Gene simulated annealing, several rounds of positional and indi-
Research and Biotechnology at Oregon State University uSingvidual B factor refinement, and addition of solvent produced
phosphoramidite chemistry, with the trityl-protecting group final values ofReyst = 22.9% andRyee = 26.0% (Table 1).
left intact at the 5terminal nucleotide for subsequent The coordinates and structure factors have been deposited
purification by reverse-phase HPLC. The purified DNA was in the Protein Data Bank26) with accession number 1P4Y.
deprotected by treatment with 3% acetic acid for 15 min,  Crystallization and Structure Determination of d(CCAG-
neutralized with ammonium hydroxide, and desalted on a TACTGG) and d(CCAGTACWGG). Crystals of d(CCAG-
Sigma G-25 sephadex column. Samples were lyopholized TACTGG) were grown at 20C from solutions containing
and stored at-80 °C, then resuspended in deionized double- 0.6 mM DNA in 5 mM Tris-HCI buffer (pH 7.5), 25 mM
distilled water prior to crystallization. All crystals were grown calcium acetate, and 7% MPD and equilibrated against 30%
using the sitting drop vapor diffusion method. MPD. A single crystal measuring 0:2 0.2 x 0.3 mm was
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used for data collection under liquid nitrogen temperatures
on BIO-CARS beamline 14-BMC at the Advanced Photon
Source, Argonne National Labs, with 1.0 A radiation.
Crystals of d(CCAGTACKUGG) were grown at room
temperature from solutions containing 0.6 mM DNA in 5
mM Tris-HCI buffer (pH 7.5), 120 mM calcium acetate, and
16% MPD, and equilibrated against 20% MPD. A 1.9 A data
set was collected on this crystal at liquid nitrogen temper-
atures using Cul radiation from the in-house RUH3R
generator with an RAXIS-IV image plate detector. Crystals
of the d(CCAGTACTGG) are in the hexagonal space group
P6:22 with unit cell dimensiona = 33.38 A,b = 33.38 A,
andc = 87.67 A, while those of d(CCAGTACBUGG) are

in the monoclinic space group2 with unit cell dimensions
a=64.84 A b=2258 A c=38.07 A, and3 = 106.78.

The structure of d(CCAGTACTGG) was solved by mo-

Biochemistry, Vol. 42, No. 32, 2003589
RESULTS

The crystal structures presented here show that d(CCG-
GCGCCGG) and d(CCAGTACRUGG) both crystallize as
four-stranded Holliday junctions in the compact antiparallel
stacked-X form, with the former nearly identical to that of
the parent d(CCGGTACCGG) junction?) and the latter
most closely related to that of the methylated sequence
d(CCGGTACMCGG) (5. The sequence d(CCAGTA-
CTGG), however, was determined to be resolved B-DNA
duplexes, now in two unrelated crystal forms. Thus, this
study shows that the #&€;Cg trinucleotide motif identified
as important for stabilizing the junction can accommodate
other nucleotide bases at the 6th and 8th positions. In
addition, the two bases have their own distinct effect on the
conformation of the detailed intramolecular interactions, and
consequently, the overall geometries relative to previously

lecular replacement against a 2.0 A data set using adetermined structures. Thus, the resulting junction structures
previously solved B-DNA duplex model in a similar will be interpreted through comparisons between the current
hexagonal lattice. Resulting solutions from an EPMR search and the previously reported structures in their respective
yielded a correlation coefficient of 64.2% aRglys;= 47.4%. structural classes, with the d(CCGGTACCGG) structure
Subsequent refinements in CNS using rigid body refinement, serving as the reference for the unsubstituted and d(CCG-
simulated annealing followed by standard positional and GTACnPCGG) for the substituted junctions. These structures

individual B factor refinement, and addition of solvent
resulted in final values dR.ysi = 23.6% andRyee = 26.8%

The lattice of the d(CCAGTACBUGG) crystal was
similar to previously crystallized DNA junctions, suggesting
that this bPU analogue of the d(CCAGTACTGG) sequence
could in fact be a four-stranded complex. Thus, the structure

therefore allow us to define each component of the junction
geometry, including the interduplex angle, rolling of the
stacked duplex columns relative to each oth&g ) and
sliding of one junction relative to the other along their helical
axes {sige), and how they can be affected by the sequences
at the core of the junction.

of this sequence was solved by molecular replacement using Structure of d(CCGGCGCCGQG) as a Holliday Junction.

the two unique strands of the d(CCGGTAS&DGG) junction
structure 15) as the initial search model in an EPMR search.
The search resulted in a position and orientation of the model
having a correlation coefficient of 74% aRdfactor of 44.5%

for the best solution. An initial round of rigid body
refinement and simulated annealing in CNS yielded values
of Reryst = 42.5% andRyee = 43.5%. Omit maps calculated
with the crossover phosphates removed and after simulate
annealing of the edited model showed distifgt — F
density consistent with the crossovers of the junction and
discontinuities in phosphodiester backbones along the stacke
DNA duplexes. Thus, the structure of d(CCAGTASYHEG)
was refined as a DNA Holliday junction with two strands,

one crossover and one noncrossover, in the asymmetric unit

with the two additional related strands generated by a
crystallographic 2-fold axis to form a complete four-stranded
complex. Refinement was carried out in CNS using rigid
body and simulated annealing routines followed by standard
positional and individuaB factor refinement producing a
final Reyst = 21.5% andRyee = 24.3% after addition of

solvent. The coordinates and structure factors have beenth

deposited in the Protein Data BanR6| with accession
number 1P4Z for d(CCAGTACTGG) and 1P54 for d(CCA-
GTACbPUGG).

All data was reduced using the HKL suite of programs
(27). Root-mean-square-deviation (RMSD) values were
calculated using the algorithm2®) implemented in the
program ProFit v2.2 (http://www.bioinf.org.uk/software/
profit/). Structural analysis was performed with CURVES
5.2 29) and X3DNA 30).

The single-crystal structure of the sequence d(CCGGE
CGG) (which we will call the GCC junction), originally
solved as a B-DNA duplex3(l) under different crystallization
conditions, was recently reported to crystallize in a crystal
lattice that is isomorphous with that of a DNA four-way
junction 3). We show here that, under our crystallization
conditions, the sequence indeed is a Holliday junction. The

OIaomplete junction is generated by 2-fold symmetry applied

to the two unique strands (one outside noncrossover and one
inside crossover strand) of the asymmetric unit. This four-

tranded complex (Figure 2a) has four arrhwo longer six

ase pair arms (from the;@ G; of one outside strand paired
with G0 to Cs of one crossover strand) and two short four
base pair arms (pairing the; @ G,o of the same outside
strand to G to C, of an alternative crossover strand). Each
six base pair duplex domain is stacked over a four base pair
duplex to form the near continuous 10 base pair helices of
the stacked-X junction (Figure 2b), with the crossover
occurring between nucleotidess@nd G of the inside
crossover strands (Figure 2c).

In nearly all respects, this GCC junction is identical to
at of the reference d(CCGGTACCGG) structure (ACC
junction, Figure 3, RMSD= 0.426 A for all common DNA
atoms). The stacked double-helical arms are related by an
interduplex angle of 40%0in the GCC junction as compared
to the 41.4 angle in ACC (Table 2). Furthermore, there is
no sliding of the duplexes across the junction crossover in
GCC (sige ~ 0 A) relative to the ACC junction. The
exposure of the major and minor grooves are also nearly
identical between the sequences, with values= 159 in

both junction structures.
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Ficure 2: Crystal structure of d(CCGGCGCCGG) as a DNA Holliday junction. (a) Sequence topology of the d(CCGGCGCCGG) junction.

The four-stranded antiparallel stacked-X Holliday junction is generated by applying the crystallographic 2-fold symmetry to the two unique
strands (bold). Strands are numbered from 1 to 10 in the 3 direction, with the inside crossing strands colored red and the outside
noncrossing strands colored blue. (b) The atomic structure of d(CCGGCGCCGG). Chemical bonds in the structure are rendered as sticks,
and the phosphodeoxyribose backbones are rendered as a solid ribbon (colors and strand designations are as in panel a; figure rendered with
Insightll from MSI/Biosym, Inc.). (c) Electron density map. ThE,2— F. map (contoured atd) shows the discontinuity in electron

density between nucleotides;@nd G in the stacked DNA duplexes, but bridging between adjacent stacked duplexes forms the junction
crossovers (panel created with Bobscripé)j.

Table 2: Comparison of Global Conformational Geometry Values
for d(CCGGCGCCGG) (GCC) and d(CCAGTACHIGG)

(ACbr®U) with Previous Junction Structures of d(CCGGTACCGG)
(ACC (12)) and d(CCGGTACRCGG) (ACn?PC (15))

interduplex angle Jron®
junctior? (deg) Jsiide® (deg)
ACC 41.4 159.6
ACm°C 41.3 ~1.7 A per duplex 170.4
GCC 40.0 0A 159.8
ACbrrU 38.8 ~1.2 A per duplex 164.0

aTrinucleotide core region corresponding te-Nz-Ng positions of
the general sequence d(CE@NNsNsN/NsGG). P Relative to d(CCG-
GTACCGG) junction, as estimated by the slide seen for one set of
duplexes when the opposing stacked duplexes are superimposed with
those of the ACC junction. Values are for the duplexes on both sides
of the junction, sliding symmetrically. If one set of stacked duplexes
are superimposed, then the opposing stacked double-helices would show
a slide of twice the value reported in this table (i.e., Figure Angle
between vectors extended from the center of the junction to points that
bisect the phosphates on the two outside strands that complement the
nucleotides at the gap of the junctions (see, i.e., Figure 4).

groove (as measured by the phosphorus to phosphorus
Ficure 3: Superposition of d(CCGGCGCCGG) and d(CCGG- distance, Table 3) is wider at thes;:Ge/Ge'Cs and G+Cs/
TACCGG) junctions. The structures of the two junctions are C;-G, dinucleotide steps (18.5 and 19.5 A, respectively, as

superimposed using the common atoms of the stacked arms on th%ompared to the averages of 17.5 A (0.26 A SD) and 18.8
right of the junction in this figure. In superposition of the overall . : ’

structure, RMSD= 0.426 A for all common DNA atoms. A (0.35 A SD) for ACN-type junctions). In addition, we see
that the G-Cs/C7-G,4 dinucleotide steps are underwound by
One interesting difference between the GCC junction and 3° as compared to the analogous-Ps/C;-G,4 dinucleotide
the other DNA junctions to date is that the width of the minor step in the junctions (Table 4) and significantly underwound
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Table 3: Minor Groove Widths (A) Measured as the Phosphorus P to P Distance for the Phosphodiester Linkage between Difucleotides

dinucleotide ACC-J GCC-J ACYE-J ACbPU-J ACT-BC2 ACT-B P6,22 GCC-B
ref 12 this paper 15 this paper 32 this paper 31
C1:G1d/CyGo 16.9 16.9 16.3 17.2 18.1 18.3 18.1
CorGo/Pus+Pys 17.4 17.2 171 17.0 16.7 17.0 17.4
PusPys/Gs:Cr 17.2 17.5 17.6 17.4 18.0 18.3 17.8
G4 Ci/PysPus 17.9 17.9 18.1 18.1 17.8 18.5 18.3
Pys-Pus/Pus:Pys 17.8 18.5 17.3 17.4 17.0 17.2 18.0
PugPys/C7-G4° 19.1 195 18.4 18.8 17.8 185 18.2
CrGo/PysPus 16.8 16.9 17.0 17.9 18.0 18.3 17.9
Pys-Pu/GoC, 16.8 17.1 17.2 16.7 16.7 17.0 18.1
Gy*Co/Gy¢°Cy 16.8 16.4 16.8 17.8 18.1 18.3 171
average (SD) 17.41 (0.76) 17.54 (0.96) 17.31 (0.65) 17.59 (0.64) 17.58 (0.60) 17.93 (0.66) 17.88 (0.39)

aThe widths are compared for the junction structures of d(CCGGTACCGG) (ACC-J), d(CCGGCGCCGG) (GCC-J), d(CCGGTGE&mM
(ACm°C-J), and d(CCAGTACBUGG) (ACbPU-J) and the B-DNA duplex structures of d(CCAGTACTGG) in the monoclinic crystal form (ACT-B
C2) and the hexagonal form (ACT-B6,22), and d(CCGGCGCCGG) (GCC-B)Values for the dinucleotide R#Pys/Cs-G, in bold represent the
point where the phosphodeoxyribose backbone departs from the duplex to form the junction crossover in the junction st&Btered((S (x
— <x>)3/(n — 1)) wheren = number of observations, = calculated minor groove width for each dinucleotide, and- is the average of all
observations.

Table 4: Comparison of Helical Twist, Measured Using a Global Axis in CURVES ZBLfor the Junction Structures of d(CCGGTACCGG)
(ACC-J), d(CCGGCGCCGQG) (GCC-J), d(CCGGTA&GG) (ACNPC-J), and d(CCAGTACHBUGG) (ACbPU-J), and the B-DNA Duplex
Structures of d(CCAGTACTGG) in the Monoclinic Crystal Form (ACTER) and the Hexagonal Form (ACT-B6,22), and
d(CCGGCGCCGG) (GCC-B)

ACC-J GCC-J ACm°C-J ACbrU-J ACT-B C2 ACT-B P6,22 GCC-B

dinucleotide (deg) (deg) (deg) (deg) (deg) (deg) (deg)
ref 12 this paper 15 this paper 32 this paper 31
C1:G10/Cy+Gg 38.0 38.0 374 45.1 30.1 26.5 36.3
Co*Go/PusPys 41.1 36.7 38.5 43.9 50.5 51.8 37.3
PusPys/Gs:Cr 39.0 41.8 38.1 34.6 221 26.9 36.4
G4 Ci/PysPus 34.3 334 37.0 28.8 34.9 37.2 35.5
Pys-Pus/Pus:Pys 32.1 33.7 41.5 37.9 47.8 32.7 30.1
Pus-Pys/C7:G 42 33.6 30.6 26.5 32.6 34.9 37.2 36.1
C7Ga/Pye-Pus 40.9 43.0 40.0 32.9 22.1 26.9 42.6
Pys-PWw/Gy C;, 39.9 37.4 38.6 51.7 50.5 51.8 24.8
Gy*Co/Gy¢°Cy 41.3 42.0 38.9 30.9 30.1 26.5 44.0
average (SD) 37.80 (3.55) 37.40 (4.31) 37.39 (4.30) 37.6 (7.69) 35.89 (11.28) 35.28 (10.33) 35.90 (5.81)

aValues for the dinucleotide RiPys/C7-G, in bold represent the point where the phosphodeoxyribose backbone departs from the duplex to form
the junction crossover in the junction structureSD = /(3 (x — <x>)3/(n — 1)) wheren = number of observations,= calculated helical twist
for each dinucleotide, angdx> is the average of all observations.

(by 5.5°) as compared to the comparable steps in the B-DNA conformational features for this class of structures. However,
duplex of the same sequence. In fact, the duplexes in all ofthe solvent that was assigned as a sodium ion in the center
the junction structures are underwound by an average2df of the ACC junction is not present in the current structure,
(37.54, SD = 4.99) as compared to their B-DNA coun-  suggesting that this solvent interaction is not crucial to the
terparts (35.69 SD = 9.08) (Table 4), and all of the  overall geometry of this structural class.

dinucleotides that span the junction in these structures are Structure of d(CCAGTACTGG) as B-DNA Duplex@esr
underwound by~8° relative to the identical or analogous experience with the d(CCGGCGCCGG) sequence indicated
sequences as standard B-DNA (Table 4). that, although originally reported to be a B-DNA dupl8g),

Not surprisingly, many of the structural details seen in we should study the structure of the sequence d(CCAG-
the GCC junction are similar to those in the ACC junction. TACTGG) in our crystallization solutions. However, even
For example, the direct hydrogen bonding interaction be- under conditions that have yielded junctions, this sequence
tween the amino N4 nitrogen at the major groove surface of crystallized as double-stranded B-DNA, although in a
the cytosine gbase to the phosphate oxygen gftliat was different crystal form than was previously reported. The
first identified as helping to stabilize the ACC junction space group of the current crystals is hexagd®@&P2 as
(Figure 4a) is also seen in the current GCC junction. The compared to the earlier monoclin@€2 form (32). In both
associated solvent-mediated hydrogen bonding interactioncrystal forms, the asymmetric unit is one strand of the
that bridges the keto oxygen of the complementary G decanucleotide, with the second strand generated by the
nucleotide to the crossover phosphate oxygen @inAhe crystal symmetry. This precludes the sequence in either
ACC junction (S1 in Figure 4a), however, is now a network crystal form from being a Holliday junction since at least
in the current GCC junction (Figure 4b), similar to that seen two unique strands are required to form the crossed four-
previously in the ACrC junction structure. Thus, the stranded complex. The current and previous B-DNA struc-
commonality of the direct £amino to G phosphate  tures of d(CCAGTACTGG) are very similar, RMSB 1.03
hydrogen bond and the similarities of the junction geometries A for all nonhydrogen atoms, and with similar minor groove
across these structures suggest a correlation between thisvidths and helical twists at each dinucleotide step along the
particular interaction at the atomic level and the general double-helix (Tables 3 and 4). The noticeable differences
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Ficure 4: Atomic interactions within the trinucleotide core of the d(CCGGCGCCGG) junction viewed perpendicular to the junction dyad
axis. Hydrogen bonds are shown as dotted lines, and solvent molecules are shown as spheres. The nucleotides in the junction crossover are
labeled, along with the major (M) and minor (m) grooves. Thg angles are shown as the angle between the vectors extending from the
center of the junction to the points that bisect the phosphates of the outside strands that complement the nucleotides of the junction gap in
the inside strands. (a) The reference d(CCGGTACCGG) junction. The important interactions had been identified as the direct hydrogen
bond between the amino N4-nitrogen af t6 the G phosphate oxygen O2P, a water-mediated hydrogen bond between the keto O6 oxygen

of Gz and G phosphate oxygen O1P and solvent (sodium ion) coordinated to the O2P phosphate oxygens ofuitledBdes 12). (b)

The d(CCGGCGCCGG) junction. This structure shows the direct hydrogen bond between nuclgatidetke crossing phosphate and a

set of interactions mediated by solvent (S1 to S3) from the major groove of ¢meickeotide to the opposing crossing phosphates. The
solvents are labeled as follows: S1 is a water molecule that is hydrogen bonded to the Pu3 nucleotide that complements the Py8 of the
junction trinucleotide core; S2 is a water that is hydrogen bonded directly to the Py8 position of the junction core; S3 is the solvent
(proposed as the Ndon displaced from the center of the ACC junction) that sits between the phosphates of the junction crossover strands.

result from differences in the duplexiuplex interactions of  in terms of theJ,,y andJgige (Table 2) around and along the
the two crystal lattices. For example, the duplexes in the axes of the stacked duplexes. Thgi. of ~3.4 A andJ
monoclinic crystal form have the nonstandard Bll conforma- of 170.4 rendered the ACAC junction more symmetric in
tions (as defined by & dihedral angle~18() at the terms of the relative positions of the ends and accessibility
phosphoribose spanning the,p@s, G4pTs, and TgpGy of the major and minor grooves of the stacked duplex arms.
dinucleotide steps along the DNA chain. In contrast, only The current ACBU junction is intermediate between this
the GpA;z dinucleotide step shows this BIl conformation in  distorted ACMC and the parent ACC junctions. The
the current hexagonal crystal form. interduplex angle of the ACBW junction (38.8) is the most
Structure of d(CCAGTACBUGG) as a Holliday Junction.  shallow of any DNA-only junction (but not as shallow as
The sequence d(CCAGTACKIGG) was initially designed  the psoralenated junctions4)), where this angle varies from
as a means to introduce a bromine heavy atom at the36.4-37.2).
nucleotide-8 position of d(CCAGTACTGG) to help solve The detailed interactions at the ACUrjunction crossover
this structure in the hexagonal crystal form. Although to date (Figure 6b) show some similarities to the A@nstructure
d(CCAGTACTGG) has only crystallized as resolved B-DNA (Figure 6a). In both cases, the direct hydrogen bond from
duplexes, this brominated analogue is presented here as #he Py nucleotide to the crossing phosphate eft@s been
four-stranded Holliday junction (Figure 5). The resulting disrupted. In the ACAC structure, this hydrogen bond from
structure of d(CCAGTACBUGG) (ACbPU junction) is the amino N4 of cytosine £20 O2P oxygen of the phosphate
most closely related to that of the methylated d(CCGGTACm was disrupted by addition of the methyl group at thg C
CGG) (ACnPC junction) structure. Although the RMSD of nucleotide, but the two atoms are now bridged by a solvent
1.57 A for common DNA atoms between the AGWrand molecule (S2 in Figure 6a). In replacing the cytosirevh
ACm®°C junctions is relatively high, both show similar the substituted uracil base in the AGYrjunction, the
structural perturbations relative to the ACC-type junctions hydrogen bond donating amino group of the cytosine has
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Ficure 5: Crystal structure of d(CCAGTACHIGG) as a DNA Holliday Junction. (a) Sequence topology of the d(CCAGTATBE)

junction. The four-stranded antiparallel stacked-X Holliday junction is generated by applying the crystallographic 2-fold symmetry to the

two unique strands (bold). Strands are numbered from 1 to 10 in' ttee36direction, with the inside crossing strands colored red and the

outside noncrossing strands colored blue. (b) The atomic structure of d(CCAGI¥@B). Chemical bonds in the structure are rendered

as sticks, the phosphodeoxyribose backbone is rendered as a solid ribbon, and bromines are rendered as spheres (colors and strand designatior
are as in panel a, figure rendered with Insightll from MSI/Biosym, Inc.). (c) Electron density map.Fphe B. map (contoured atd)

shows the discontinuity in electron density between nucleotidean@ G in the stacked DNA duplexes, but bridging between adjacent

stacked duplexes to form the junction crossovers (figure in panel created with Bob3gj)pt (

been replaced by a hydrogen bond accepting keto oxygen.spanning the O1P oxygens of the; €ytosines in both
This precludes the formation of the direct hydrogen bonding crossing strands.

interaction, regardless of the substituent group added to the Thys in the current structure of the AGUrjunction, there

C5 carbon of the base. A solvent (S2, Figure 6b) remains gre no direct or solvent-mediated hydrogen bonds between

hydrogen bonded to this keto oxygen but does not span theyhe major groove surface of theSol-As base pair and the

gap to the phosphate oxygen of the junction crossover.  phosphate oxygens of the junction crossover, even though
The ACC, GCC, and ACAE junctions all show a network  many of the solvent molecules remain hydrogen bonded to

of one or more solvent molecules that help bridge the {he pases at the major groove surface. There is, however, an

complementary @nucleotide base of thesf5; base pair o jnteraction at the other end of the 4Py trinucleotide

the crossing phosphate ok AThe analogous Anucleotide  mgtif, with the N7 nitrogen of the Anucleotide base now

of the bPUg-A3 base pair shows no such network of bridging prigged through a solvent molecule (S9, Figure 6b) to the

solvent molecules. We had previously suggested that one ofnop oxygen of the Anucleotide of the opposite crossing

the bridging solvent molecules in the ACBINetwork (S3,  strand. This would seem to compensate for the loss of

Figure 6a) was the sodium ion in the center of the ACC jnteractions between the stacked arms and the core of the

junction but displaced by the collapse of the junction core. jynction that appears to be critical to the stability of the
The loss of this series of solvent between theahd A tjunction in this system.

phosphates would suggest that the ion could have buried itsel

back into the center of the ACH junction, and the electron  p|SCUSSION

density in the center of the junction supports that assertion.

A solvent molecule was seen to be sandwiched between, and In this study, we have determined the single-crystal
located very close to<2.5 A), the O1P phosphate oxygen structures of the sequences d(CCGGCGCCGG) and d(CCA-
atoms of the crossingnucleotides (N&, Figure 6b). It is GTACbPUGG) as four-stranded Holliday junctions in the
interesting, however, that the volume estimated for this antiparallel stacked-X conformation and the structure of
binding site corresponds to a sphere with radius 1.25 A, d(CCAGTACTGG) as resolved B-DNA duplexes. The two
which is now larger than that of the AC@ junction (at 0.9 new junctions are the first such structures from sequences
A radius) and even the unmodified ACC junction (at 1.13 that do not contain the previously identified ACC-core
A radius) @3). Finally, a new solvent (S8, Figure 6b) is seen trinucleotide sequence at thgM¢Nsg positions of the general
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a

Ficure 6: Atomic interactions within the trinucleotide core of the d(CCAGTA®THEG) junction viewed perpendicular to the junction

dyad axis. Hydrogen bonds are shown as dotted lines, and solvent molecules are shown as spheres. The nucleotides in the junction crossover
are labeled, along with the major (M) and minor (m) grooves. Jheangles are shown as the angle between the vectors extending from

the center of the junction to points that bisect the phosphates of the outside strands that complement the nucleotides of the junction gap in
the inside strands. (a) The reference d(CCGGTACBG) junction. The important interactions had previously been identified as the network

of solvent (S1 to S4) mediated hydrogen bonds from tg€&¢base pair to the £O2P and @ O1P phosphate oxygen5). (b) The
d(CCAGTACbPUGG) junction. The solvent (S2) at thedblg-Az base pair is no longer continuous with the solvent at the phosphates of
nucleotide G. A sodium ion (N&) is seen sandwiched between the phosphate oxygens of nuclegtided?a solvent (S9) bridges the N7

nitrogen of A to the phosphate of theg/mucleotide of the opposing crossover strand. The labels for solvent S1 to S3 occupy positions
similar to those described for Figure 4. S4 is a water that bridges S1 to the phosphate of the crossover strand ofGhjane@Gom. The

solvent molecules labeled S5 to S9 are new to the core of theAJbnction.

sequence d(CCMI4NsNsN/NsGG). Thus, we have now is to make the interduplex angle more shallow (from 41.4
expanded this central sequence motif for the crystallization in ACC to 40 in the GCC junction). It is not surprising that
of junctions to PeC;Pys, where Pu is either a guanine or the two structures are so similar. The nucleotide at the N
adenine purine-containing nucleotide, and Py is a cytosine, position is the initial point of departure of the DNA strand
5-methylcytosine, or 5-bromouracil pyrimidine nucleotide but that crosses over to form the junction. However, the purine
not a thymine nucleotide. Our previous study with the base at this position remains paired with the complementary
methylated d(CCGGTACPEGG) sequencelf) showed that  strand of the stacked duplex arms at this point and is not
perturbations to the overall geometry of the Holliday junction directly involved in the interactions of the crossover.
can include a slide in the stacked duplexes across the junction In contrast to Py the base and the substituent at thg Py
(Jsice) and a roll of the duplexes along their helix axdsg§. position of the now expanded F&+Pys trinucleotide motif
With the current study, we see that sequence and substituenhave a significant affect on the conformation of the junction.
effects define distinct classes of stacked-X junctions: the The sliding (si¢e) and rolling of the duplexes along and
ACC-type structure (the original junction structure) and around their respective helix axe¥.{) previously defined
ACmM®C class (which shows significadfjqe andJro relative in the d(CCGGTACICGG) structure are also observed here
to ACC). In addition, these effects are seen to perturb the with the bPU deoxynucleotide at the Ryosition but are
interduplex angle relating the orientation of the stacked less exaggerated. Thus, tlgge distortions are primarily
duplex arms across the junction. induced by steric interactions between the methyl or bromo
A comparison of the GCC and ACC junctions show that substituent and the deoxyphosphoribose backbone of the
the Py position of the PgC7Pys motif does not dramatically ~ crossover strands. In the current structure, the bromine is in
perturb the conformation of the Holliday junction. The only direct contact with one of these phosphates. Thus, we can
noticeable effect on the general geometry of the conformation think of the junction as the pivot point not only to twist the
in replacing the adenine with a guanine base at this positionstacked duplexes around (in defining the interduplex angle)
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but to push against and thus slide these columns of base pairfons rather than waters, then the net charge at the phosphate
relative to each other. of the Ny nucleotide would bet1, which would provide a

Rolling the stacked duplexes about their respective helical rationale for this short interarm phosphaghosphate dis-
axes {ror) has the effect of opening the major groove surface tance. This short phosphatphosphate distance remains even
of the junction. What we see by comparison of these in the ACnfC (at 3.5 A) and ACBU (at 3.6 A) structures.
structures is that the direct interaction between the C In both junctions, the direct amino nitrogen to the crossover
cytosine and the crossover phosphates fixes the orientatiorphosphate of €observed in the ACC junction has been
of the opposing stacked duplexes of the ACC and GCC disrupted (by the methyl group of ACQ, and additionally,
junctions. This is not surprising since hydrogen bonding by the replacement of the amino nitrogen with a keto oxygen
interactions involving nucleotide bases have well-defined in ACbr°U). This supports a model that the components of
geometric constraints in terms of distances and anglesthe helical structure of the duplex arms (twist, rise, tilt, etc.)
between hydrogen bond donors and acceptors. Thus, suclielp to define this angle. For example, in the current ACPy
interactions predetermine the relationships between the majorstructures, we see that both the average helical twist overall
groove surface of the arms and the core phosphates of theand across the unique trinucleotide steps aPG-G4 and
junction. The addition of intervening solvent molecules, as C;-Pys-Gg are significantly more shallow in the ACh#
in the ACn?C and ACbPU junctions, can be thought of as junction as compared to the ACG junction. The orientation
lubricating the interaction surfaces, relieving the constraints of the phosphates in close approach would in fact result in
imposed by the ACC and GCC interactions and thereby a more shallow interduplex angle when the double-helical
allowing more variations within the geometries of the arms are unwound in this class of shifted and rolled junctions
junctions, allowing variability in the interduplex angle (as (Figure 7).
seen in the more shallow angle of the A@ljunction), as In the original ACC junction, we had observed a solvent
well as perturbations tdsjiqe and Jion (evident in both the molecule (which was assigned as a sodium cation) imbedded
substituted structures). This does not, however, suggest thain a central cavity formed by the phosphates of the crossing
the structure of the junction itself is more flexible. A strands. We now observe this same solvent molecule in the
comparison of all the junction crystal structures shows that center of the ACKRtJ junction but not the ACKC or GCC
the nucleotides directly at and those paired to nucleotides atstructures. We can thus conclude that neither Xaenor
the crossover have lower average temperaturB farctors the Jsjige distortions alone account for the accessibility of the
than those nucleotides that are distant from the junction core.junction to the intruding ion.

The other distortion seen in the d(CCAGTAGHGG) Why does the ACBJ trinucleotide favor formation of
structure, relative to all other junctions, is the shallower crystals of the junction while ACT does not? The difference
interduplex angle. This angle, which is approximately 40 is obviously the bromine versus the methyl group at the C5
(ranging from 40 to 419 for all PuCC-type junction carbon of the Pynucleotide base. Since the two substituents
structures, becomes 38.&ith the ACbPU structure. The  are nearly identical in size (both approximatél A radius)
distortions toJsige and Jon Mmeans that the best comparison and hydrophobicity, the difference in behavior likely arises
is between the two structures with substituents at the Py from differences in their electronic propertielsromine is
position (ACn¥C and ACBPU), which places these two electron withdrawing, making it slightly electron rich, while
structures in their own class. In this comparison, we see thatmethyl groups are electron donating to an aromatic ring
the bPU base induces & 3otation about the junction relative  system and thus are slightly electron poor. One can suggest
to the ACn®C junction, which results from substitution of then that the electrostatic interactions between the substituent
an Ag-br®Us for the G-m°Cg base pair. The rotation of the  and the close phosphate group from the junction crossover
interduplex angle is thus not simply a substituent effect but might be the distinguishing factor; however, this would
more likely is associated with the-Br°U base pair at this  predict that the methyl rather than the bromo group should
position. stabilize the junction, which is the opposite of what is

Why does sequence have such an effect on the structureobserved here. We suggest, therefore, that the electrostatic
of the junctions? The answer to this question may be seeneffect is indirect, affecting for example the base pair stacking.
in the interactions at the ACHY trinucleotide that compen-  The helical twist at the €/biPU-A dinucleotide step in the
sate again for the loss of interactions between the major ACbr°U junction is 8-10° larger than the comparable- C
groove of the PyPu; base pair to junction phosphates seen G/T-A steps of the B-DNA structures (Table 4). This is true
in all of the other structures of the complex. There were no regardless of whether the base pairs are at the junction core
direct or even solvent-mediated bridges at this surface. (C7Ga/br°Ug-A3) or not (As-brPUg/G,-Cy), indicating again
However, there is a compensating solvent bridge frogn A that the effects of nucleotide sequence and substituents on
across to the phosphate of the opposite crossing strand. Wehe structure of the stacked duplex arms of the junction mirror
can now imagine this as being a factor that both stabilizes those seen in standard B-DNA duplex&4g)( This difference
and defines the interduplex angle of the A&bjunction. in the helical twist at the junction core would dramatically

Alternatively or in addition, we had previously proposed affect the position of the substituent groups relative to the
that the interduplex angle is defined by a short phosphate crossing phosphates. In the AGUrjunction, the bromine
phosphate interaction that is distant (three base pairs awayJits against the phosphate oxygen and above the deoxyribose
from the actual junction crossovet4). We again see this  ring of the preceding £€nucleotide. A rotation of this base
very short oxygen to oxygen distance (3.69 A), and in the pair by —10° in the stack (as would be expected in a
GCC junction structure, observe two solvent molecules that theoretical ACT junction) would place the analogous methyl
are~2.4 A from one set of the phosphate oxygen atoms. If group of a ACT junction core nearly equidistant from the
these two closely interacting solvents are assigned as sodiumwo crossing phosphates and in contact with neither. One
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Ficure 7: Superposition of the d(CCAGTACHGG) junction
(blue) on the d(CCGGTACCGG) junction (red). Atoms are rendered

as stick models with the phosphodiester backbone traced by ribbons.

One set of stacked duplex arms (yellow cylinder) from each
structure was used for superposition. (a) View along the junctions
with the nonsuperimposed stacked duplex arms in front. The
ACbrBU junction shows~2.3 A Jgjqe along the helix axis. (b) View
into the junctions with the superimposed stacked arms to the right.
The nonsuperimposed stacked duplexes showJthge and Jy
effects imposed by the Hy-A base pair of the ACBU core
trinucleotide on the overall geometry of the Holliday junction.

possible explanation therefore for why the thymine does not
facilitate crystallization of the junction is that the effects of
the methyl group on the electron distribution of the thymine

base results in a base stacking geometry that does not force 22,
the substituent to push against the phosphates of the junction,

and consequently, would not inducelage Of the stacked
helices. The result may then be that the solvent bridged
interaction between adening facross the gap of the inside
strands of the complex) could not be formed. Other factors,
including solvent effects, may contribute to or may be more
important than the electronic effect on base stacking de-
scribed here.

Thus, we see from this series of structures that the overall
geometry of the junctions vary according to the nucleotides
within the trinucleotide core sequence motif. This is con-
sistent with the understanding that the nucleotides im-

Hays et al.

mediately flanking the junction determine how helical arms
pair to form the stacked duplexe®( 21 and the rates of
conformational isomerization to switch these pairing partners
(22). The current structures therefore provide an atomic level
view of how these sequence variations would affect the
stability of the four-way stacked-X junction, which also
defines the ability of such junctions to undergo conformation-
dependent dynamic processes, including branch migration
and protein binding.
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