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ABSTRACT. The structure of Holliday junctions has now been well characterized at the atomic level through
single-crystal X-ray diffraction in symmetric (inverted-repeat) DNA sequences. At issue, however, is
whether the formation of these four-stranded complexes in solution is truly sequence dependent in the
manner proposed or is an artifact of the crystallization process and, therefore, has no relevance to the
behavior of this central intermediate in homologous recombination and recombination-dependent cellular
processes. Here, we apply analytical ultracentrifugation to demonstrate that the sequence d@CEGGT
CGG), which crystallizes in the stacked-X form of the junction, assembles into four-stranded junctions in
solution in a manner that is dependent on the DNA and cation concentrations, with an equilibrium
established between the junction and duplex forms at-P00xM DNA duplex. In contrast, the sequence
d(CCGCTAGCGG), which has been crystallized as B-DNA, is seen to adopt only the double-helical
form at all DNA and salt concentrations that were tested. Thus, the ACC trinucleotide core is now shown
to be important for the formation of Holliday junctions in both crystals and in solution and can be estimated
to contribute approximately-4 kcal/mol to stabilizing this recombination intermediate in inverted-repeat
sequences.

The Holliday junction was proposed more than 40 years as shown from solution studies on immobilized asymmetric
ago as a four-stranded intermediate central to homologousconstructs §), come in two flavors: an extended open-X
recombination ) and is now recognized as an important form seen at low salt concentrations and the compact
component in various cellular mechanisms that expand stacked-X form under high-salt conditions (Figure 1). Several
genomes and maintain their integrit®)( DNA junctions, single-crystal structures of DNA junctions have been deter-

mined since 1999, all from symmetric or near-symmetric
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Ficure 1: Holliday junctions. Schematics of the open-X (a) and stacked-X (b) junctions. (c) Model of the stacked-X junction derived from
anomalous gel migration studies of immobilized junctioBisshowing the angle relating the helical axes of the stacked duplex dgms [
(19)]. (d) Single-crystal structure of the inverted-repeat sequence d(C@GGEG) (8), with the 4 bp/6 bp arrangement of stacked arms.

(referring to the unique trinucleotide #sN;Ng), which Sedimentation experiments were performed using Beckman
crystallize as both junctions and duplexes, or entirely duplex Optima XL-A and XL-I ultracentrifuges with an An-60Ti
sequences (as in AGC, which crystallizes as only B-DNA) rotor. The partial specific volume was estimated to be 0.55
(6). The implication, therefore, is that Holliday junctions are cm?/g when sodium is present as the counterion (page 554
not free to migrate isoenergetically along symmetric se- of ref 11). Data analyses were performed using UltraScan
guences, as is commonly thought, but are fixed by specific version 7.1 (http://www.ultrascan.uthscsa.edu). Hydrody-
sequences. The sequence dependency of branch migrationamic corrections for buffer conditions were made according
in immobilized symmetric junctions was first demonstrated to published datal@) and as implemented in UltraScan.
by Sun et al. §). Atomic force microscopy and hydroxyl  Lyophilized DNA samples were suspended in 25 mM sodium
radical footprinting of partially immobilized sequences also cacodylate buffer (pH 7.0), 0.4 mM spermine-4HCI, and
showed that the ACC core can direct the geometry and corresponding concentrations of Ca@tior to use without
localization of the junctionX0). We show here that the same strand annealing. DNA concentrations are relative to single-
sequence dependency identified in the crystal structures isstrand populations, except where noted. All sedimentation
also true for Holliday junctions formed by the completely velocity experiments were performed at 60 000 rpm and 20
symmetric inverted-repeat sequences in solution, with the °C jn aluminum centerpieces. Low-concentration sedimenta-
ACC core conferring significant thermodynamic stabilization  tion velocity experiments using absorption optics measuring

to the junction. at 260 nm were performed in continuous scanning mode (no
delays) on 1 OD £0.01 mM) of the ACC sequence in
EXPERIMENTAL PROCEDURES solutions containing 100, 200, and 400 mM Cadlhese

Synthesis and Purification of DeoxyoligonucleotidBse data showed no erenc_ience on salt concentration _orjunction
DNA sequences'SCCGGTACCGG-3(ACC sequence) and formation followmg finite element analysisl®). Higher
5-CCGCTAGCGG-3(AGC sequence) were purchased from poncentratlons (2.02 mM) of the ACC and AGC sequences
Midland Certified Reagent Co. (Midland, TX) with the-5 N 150 mM CaC} and 0.9 mM ACC sequence in 5 mM
O-dimethoxytrityl (DMT)! group left attached to facilitate CaCl were collected using interference optics. Sedimentation
separation from failure sequences and reaction byproductscoefficients were determined with the enhanced van Helde
using preparative reverse-phase HPLC (Microsorb 300 A Weischet {4) method as implemented in UltraScan. Raw
pore size C-18 column measuring 250 nvT21.4 mm ata  Sedimentation velocity data will be provided upon request.
flow rate of 8 mL/min in 0.1 mM triethylamine acetate with Sedimentation equilibrium experiments were performed
an acetonitrile gradient). The DMT-decanucleotide sequencesat 20°C with an An-60Ti rotor. All samples were sedimented
typically eluted~31 min postinjection in a mobile-phase to equilibrium at 28 500, 36 300, 44 200, 52 100, and 60 000
concentration of 20% acetonitrile. DMT was removed by rpm. These speeds were calculated, on the basis of initial
treatment with 3% aqueous acetic acid for 15 min with gentle values, using the equilibrium speed prediction routine in
agitation, neutralized with concentrated ammonium hydrox- UltraScan. All equilibrium runs were performed in 25 mM
ide, and desalted on a Sephadex G-25 (Sigma) column.sodium cacodylate (pH 7.0) buffer, 25 mM spermine-4HCI,
Purified DNA was stored at80°C as a lyophilized powder  and 150 mM CaGlwith variable initial DNA concentrations
and redissolved in deionized double-distilled water prior to as described. Three 130 samples of the ACC sequence
use, without strand annealing. with initial 260 nm absorbance values of 0.3, 0.5, and 0.7

Analytical Ultracentrifugation All analytical ultracen- OD were sedimented to equilibrium in a six-sector titanium
trifugation (AUC) experiments were performed at the Center centerpiece (available from Nanolytics, Gesellschétft fu
for Analytical Ultracentrifugation of Macromolecular As-  Kolloidanalytik mbH, Berlin, Germany). These samples were
semblies at The University of Texas Health Science Center. prepared using serial dilutions of the 1.02 mM ACC stock

solution used in the sedimentation velocity interference

1 Abbreviations: AUC, analytical ultracentrifugation: DMT'-6- experiments described above. The radial step size was 0.001
dimethoxytrityl. cm, and eacle versusr datum point was the average of 20
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independent measurements. Equilibrium was reached when B-DNA OpenX _ Stacked-X
the difference between final scan was minimized. Data points < 1% - wl ©
exceeding 0.9 absorbance units were excluded from the 3; 80 O [DNA) = 1.02 mM
analysis. Equilibrium data were initially fit to multiple S E (cackl =5 m
models; the best fit was to a dimetetramer equilibrium 8 60
model. '-'é o ® [BGLT =400 mu

Predicted Sedimentation Coefficien®edimentation coef- 3 0 EP@
ficients were calculated using HYDROPR®S| applied to 5 20 O{Gacki= 150 o
the atomic coordinates of molecular models for the double- @ v 00 /
helical DNA, and the stacked-X and open-X forms of the T AN P TR
DNA junctions (applying 3.1 A for the bead size, 0.55%gn 120 140 160 180 200 220 240
for the partial specific volume, 0.998 g/éror the solvent Sedimentation Coefficient (S)

density, and 293 K). Coordinates from the single-crystal Figure2: Analytical ultracentrifugation integral distribution plots
structure of d(CCGCTAGCGG) (PDB entry 1DCV) were for d(CCGGTACCGG) in 25 mM sodium cacodylate buffer at pH

used directly to estimate sedimentation coefficients for the |78 ?28 %?:C, \:jV_ith V?ri?d DN?\F G_lndt Ca(lélclo?cde?trati?hns B(aDSNA

i L e ; abeled). The sedimentation coefficients calculated from the B-
B-DNA duplex. Th_e coefficient for the s_tacked X junction structure of d(CCGCAGCGG) (8), from the DNA coordinates of
was calculated using th_e atomic coordinates of d(C_CGG- the open-X junction in the Crelox complex @8) (with average 5
TACCGG) @) (characterized by as: of 40° and two pairs  bp extended arms), and from the stacked-X junction structure of
of stacked arms with 4 bp/6 bp arrangements, PDB entry d(CCGGTACCGG) (8) are labeled. The hashed region indicates
1DCW). Models of the stacked-X junction with a 66r the range of coefficients for models of the stacked-X junction with
20° Jwist value were constructed by using the ACC junction different angles relating the stacked duplex arms (2.44 Siar

. = 40°, 2.42 S fordwist = 60°, and 2.45 S fodwist = 20°, with 4

and rotating one set of stacked duplex arm$ @0—20", bp/6 bp stacked arms; see Figure 1d) and with different arrange-
respectively, about the all-atom junction center and the ments of stacked arms (2.44 S for 6 bp/4 bp and 2.48 S for 5 bp/5
crystallographiz-axis using XPLOR version 3.8516). A bp, andJwist = 40°). Differences between the calculated and
model for the 5 bp/5 bp stacked-X junction was generated €xperimentalS values may reflect systematic errors from the
in XtalView (17) and CNS 18) by attaching a symmetry- HYDROPRO program not accounting for flexibility in or cation

. ; . .__condensation onto the DNA molecules.
related base pair onto the 4 bp junction arms and removing

a base pair from each of the 6 bp arms. This structure wase getailed geometry of the junction. The crystal structure
then geometry corrected in CNS version 118)( Coef- of d(CCGGTACCGG) has the four arms of the junction

ficients for the open-X junction structure were estimated paired such that each semicontinuous duplex arm consists
using the coordinates of the DNA from the CilexP crystal of a 4 bp armstacked ove a 6 bp arm (4bp/6 bp

structure (PDB entry 1KBU). The full four-stranded open-X - configuration), and with an angle relating the pairs of stacked
structure was generated in XtalVie&/) and then truncated 5o Duist (19)] of ~40° (Figure 1d). Models constructed
to produce one junction with four arms of _equal length (f_ive for the stacked-X junction with both sharper and more
bases each), and a second junction having two 0pposing 6gpaowJ,,« angles or with stacking configurations of 5 bp/5
bp arms and two opposing 4 bp arms. bp or 6 bp/4 bp result in sedimentation coefficients that fall
RESULTS within the range of the expected errors fpr the observed value.
Thus, although theS value of the major fraction shows

Sedimentation coefficientS|were determined by analyti- excellent agreement with the value predicted from the cry_stal
cal ultracentrifugation (AUC) for the inverted-repeat se- Structure, the AUC results by themselves cannot unequivo-
quence d(CCGGACCGG), the prototypical stacked-X junc- cally dls_tlngwsh among structural models with different
tion, at various concentrations of DNA and Ca(Figure geometries.

2). At low DNA concentrations, the observed aversyalue The long tail of the velocity AUC profile indicates that
(1.56 S) shows the sequence to be a B-DNA double helix the stacked-X junction is in slow equilibrium with the
[value of 1.55 S predicted for a B-DNA duplex5)] at all B-duplex and possibly with the open-X junction. Recent

Ca* concentrations. This difference between the predicted Single-molecule studies on the dynamics of DNA junctions
and observed values may be attributed to either our not implicate the extended open-X structure as an intermediate
taking into account strongly associated cations, the flexibility during junction migrationZ0). Such a model is consistent
of the DNA duplex, or both. The sharp edge of the velocity With this long tail crossing through the sedimentation profile.
AUC integral distribution plot, however, indicates that the  Even at this very high concentration of DNA, the junction
population is homogeneous. dissociates when the calcium concentration is reduced to 5
At high DNA and C&* concentrations (1.02 and 150 mM, MM (1.52 S). In contrast, AUC studies on the sequence
respectively), the sedimentation coefficient of the major d(CCGCTAGCGG), which crystallizes only as B-DNA
boundary fraction increases to 2.40 S which is within 2% of duplexes §), show only the double-helical form over all
the value of 2.44 S calculatedl) from the atomic structure ~ concentration ranges of CaGind DNA of the current study
of the d(CCGGRACCGG) stacked-X junction8) and is (data not shown). Thus, DNA junctions in inverted-repeat
significantly higher than the value of 2.2 S expected for the Sequences require high concentrations of both DNA arfd Ca
extended open-X form. Thus, we can assert with certainty and are stabilized specifically by the ACC core in solution
that this sequence adopts the compact stacked-X form of theas well as in crystals.
Holliday junction in solution under these conditions. We  An equilibrium constant for dissociatioKg) of the four-
cannot, however, infer any additional information concerning stranded junction from B-duplexes (effectively a dimer
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monomer equilibrium relative to duplex DNA) was estimated
for the d(CCGGRACCGG) sequence by equilibrium AUC.
The observedp of 100-200 uM for the DNA duplex is
equivalent to a dissociation free energyGp°) of 4.9-5.3
kcal/mol at 20°C. To translateAGp° into a stabilization free
energy for the junctionAG;°), we must take into account
the dimerization entropyA&°) for the equilibrium according

to the relationship\G;° = —(AGp® — TAS®). Here, AS?°

is taken to be—5 + 4R [as estimated by Yu et al. for
dimerization of peptides and proteins at a concentration of
1 M in aqueous solution2()]. AG;° is thus—7.8 to —8.2
kcal/mol, indicating that each of the two ACC core trinucle-
otides at the crossover contribute8.9 to—4.1 kcal/mol to

the stabilization of the Holliday junction in solution. This
energy is typical for a hydrogen bon2l) and can primarily

be attributed to the hydrogen bond from the N4-amino of
cytosine at the € position along the sequence to the
phosphate oxygen at the junction crossover. This interaction
has been identified as being essential in fixing the junction
in inverted-repeat sequences, including the prototypical
d(CCGGTACCGG) sequenced).

DISCUSSION

Accelerated Publications

is an interesting application of the “indirect readout” concept,
where proteins recognize the conformation associated with
a particular DNA sequence rather than the sequence itself
(25). In this case, a protein would recognize a junction in
an inverted-repeat sequence that is stabilized and fixed by
the ACC core or, to lesser extents, by the amphimorphic
trinucleotides GCC, ATC, and CC®)

How often might proteins encounter such stalled junctions
in a genome? None of the four junction core trinucleotides
are particularly unique, and ACC is in fact about as average
as they come (occurring in the human genome approximately
as frequently as statistically expected for any random
trinucleotide). However, when placed within the context of
inverted-repeat sequences, they become highly unique. The
occurrence of inverted-repeat sequene8gp in length [the
terminal base pairs of inverted-repeat decanucleotides are
not important determinants in crystallizing junctior6)
has been estimated at180 per million bp in eukaryotic
genomesZ7). Statistically, we would expect only 1 of 455
of such inverted-repeat sequences to include one of the
junction core NCC trinucleotides (M T), with the NC
dinucleotide straddling the point of 2-fold symmetry. This
translates te-1 fixed junction per 2.5 million bp (or~1400

The sedimentation studies presented here show that DNAsites in the human genome), making them now highly unique

Holliday junctions behave in solution in a manner that
mirrors that in the crystal system. First, we see that the

and biologically interesting.

sedimentation coefficient observed is in excellent agreement ~,« NOWLEDGMENT

(within the error of the measurement) with the value
predicted from the atomic structure of the junction in single
crystals. This is in stark contrast to other DNA structures,
including the G-quartet complexes of the human telomere
sequence d(AGGG[TTAGG)] which was seen in the crystal
structure to form a parallel G-quartet structure with TTA
loops extended in propeller-like fashia23} but is interpreted

to adopt a more compact conformation that is inconsistent
with the crystal structure2d). These results for the associa-
tion of four-stranded junctions indicate that differences in
the concentration of DNA must be taken into account when
trying to reconcile sedimentation results with crystal struc-
tures. For example, if we were to restrict our own studies
on junctions to DNA concentrations of 0.28.0 OD, the
sedimentation results would have indicated that both the ACC
and AGC inverted-repeat sequences form only B-DNA
duplexes in solution. Which is a better model for the
environment of DNA in the cell? The answer to this question
could very well be that the higher concentrations used in
NMR and crystallization setups more accurately represent
the amount of DNA relative to the free volume of the solution
in a cellular matrix, as opposed to the dilute solutions studied
by optical spectrometric methods.

These studies also demonstrate that there is a strong
sequence dependence, as well as concentration dependence,

for the formation in solution of the four-stranded DNA
junctions. The ACC core trinucleotide of the inverted-repeat
sequence motif d(CCGGICCGEG) is shown here to favor
formation of the junction in solution as it is in crystal (

8), and perturbation of this core (e.g., replacing the C
cytosine nucleotide with a guanosine to form the AGC
trinucleotide) inhibits formation of the four-stranded com-
plex. Thus, the specific effect of sequence on the formation
of Holliday junctions must be considered when trying to

understand recombination processes in genomic DNAs. This

We thank Andrea Regier Voth for critically reviewing the
manuscript.
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