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The four-way DNA (Holliday) junction is the central intermediate of genetic recombination, but the dynamic
aspects of this important structure are presently unclear. Although transitions between alternative stacking
conformers have been predicted, conventional kinetic studies are precluded by the inability to synchronize the
junction in a single conformer in bulk solution. Using single-molecule fluorescence methodology we have been
able to detect these transitions. The sequence dependence, the influence of counterions and measured energetic
barriers indicate that the conformer transition and branch migration processes share the unstacked, open
structure as the common intermediate but have different rate-limiting steps. Relative rates indicate that multiple
conformer transitions occur at each intermediate step of branch migration, allowing the junction to reach
conformational equilibrium. This provides a mechanism whereby the sequence-dependent conformational bias
could determine the extent of genetic exchange upon junction resolution.

Genetic recombination is important in the repair of double-
strand DNA breaks, the processing of stalled replication forks!
and the generation of genetic diversity, which is important for
evolution. During this process, two homologous DNA molecules
undergo strand exchange to form a four-way DNA (Holliday)
junction®, and the recognition and resolution of this species by
junction-resolving enzymes determines the genetic outcome of
the process®.

The four-way DNA junction is structurally polymorphic
(reviewed in ref. 6). In the absence of divalent metal ions, the
center is open and the four helical arms are directed towards the
corners of a square’ (Fig. 1a). However, upon addition of mag-
nesium ions, the structure folds by coaxial pairwise stacking of
helical arms into the stacked X-structure (Fig. 1b). The X-struc-
ture was deduced to be a right-handed, antiparallel structure®?,
recently confirmed by X-ray crystallography'®-12. In this struc-
ture, two of the DNA strands run continuously through a given
pair of stacked helices, while the other two are exchanged
between helical pairs. A given junction might adopt two possible
stacked structures, depending on the choice of stacking partners
(Fig. 1d). In one conformer, arm B is coaxially stacked with arm
H (isol), whereas in the other it stacks with arm X (isoll). The
stacking conformation seems to be important for the outcome of
genetic recombination because there is evidence that the stack-
ing conformer determines the orientation of the junction resolu-
tion by junction-resolving enzymes®'34. This orientation
determines whether genetic information is exchanged over a
long or short range.

Holliday junctions have been crystallized in single stacking
conformers, implying strong biases toward one conformer!®-12.
However, evidence for the coexistence of both conformers was
found in some junction sequences by time-resolved fluorescence
resonance energy transfer (FRET) and NMR experiments!> and
by comparative gel electrophoresis'é, in which there was also
indirect evidence for exchange between the two conformers. The
relative populations of the two conformers are determined by

the junction sequence®!”!8 but not by the solution conditions
(see below). Therefore, studying the kinetics of stacking con-
former transitions using ensemble techniques that require syn-
chronization is not possible. Until now, the only estimate for the
transition rates comes from NMR linewidth studies!®.

We used the single-molecule FRET method, capable of mea-
suring conformational changes of single biological molecules in
real-time without the need for synchronization?>-2?, to study the
stacking conformer transitions, an example of truly non-
synchronizable dynamics. Not only could we make the first real-
time observation of these stacking conformer transitions, but we
were also able to measure the transition rates as a function of
DNA sequence, types and concentrations of counterions, and
temperature. The new kinetic information we obtained provides
clues to the relation between the stacking conformer transitions
and branch migration, as well as a plausible mechanism whereby
the sequence-dependent conformational bias could determine
the orientation of the junction resolution in the context of a fully
branch-migratable junction.

Conformer transitions of single junctions

For single molecule studies, we assembled DNA junctions from 4
component strands, each of 22 nucleotides. The resulting junc-
tion had four helical arms (B, H, R and X), each of 11 base pairs
(bp). The sequences were chosen so as to prevent branch migra-
tion. Three of the four helices were conjugated at the 5" termini
by various species (Fig. 1d): helix H by Cy3 (FRET donor), helix
B by Cy5 (FRET acceptor) and helix R by biotin (for surface
immobilization). In one stacking conformer (isol), helix B stacks
on helix H, maximizing the interfluorophore distance (minimiz-
ing FRET), whereas in the other conformer (isoIl), helix B stacks
on helix X, minimizing the distance (maximizing FRET). Our
experiments were carried out using junctions with two different
central sequences (Fig. 1¢). Junction 3 is heavily biased towards
stacking conformer isoll®, whereas junction 7 has near-equal
populations in each conformer?®.
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Fig. 1 Holliday junction structure. a, Schematic of a four-way junction in
the extended form observed in the absence of added metal ions. The
helical arms are named B, H, R and X in a sequential manner. b, In the
presence of divalent metal ions, the junction folds by pairwise coaxial
stacking of arms into the stacked X-structure. The structure is antiparal-
lel, and the arms cross with a right-handed sense. ¢, The central
sequences of junctions 3 and 7. Note that these junctions are identical
beyond the central base pairs. d, There are potentially two conformers
of the stacked X-structure that differ in the choice of stacking partners.
In isol the Cy3 dye is at its furthest point from the Cy5 acceptor and yields
low FRET values, whereas in isoll the distance is much shorter and yields
high FRET values. Interconversion between the conformers was ana-
lyzed, with the rate constants indicated.

Single-molecule donor and acceptor intensity time records of
junctions 7 and 3 (Fig. 2a) show anti-correlated, two-state fluc-
tuations of donor and acceptor signals, indicating changes in
FRET. The transitions between the two states were instantaneous
within 8 ms bin time. Junction 7 displays almost no bias between
the two states, whereas junction 3 shows a strong bias toward the
high FRET state — that is, the isoll stacking conformer — con-
sistent with previous ensemble studies®1°.

The rates of conformer transitions, k;_;; and k;;_;, averaged
over several hundred transitions from at least 12 molecules each
were 12 s7' and 3.5 57, respectively, for junction 3, and 5.7 s and
6.1 s7!, respectively, for junction 7 in 50 mM Mg?* and no NaCl
at 25 °C (Fig. 2b). The fluctuation rates did not depend on laser
intensity but were strongly dependent on the solution condi-
tions. Junctions labeled with only the donor showed no such
fluctuations. Those molecules exhibiting acceptor signal showed
single-step photobleaching events for both acceptor and donor.
On the basis of these observations, we conclude that the FRET
fluctuations faithfully reflect the stacking conformer transitions
of individual junction molecules.

The rates showed statistically significant variations among
molecules for all conditions used. The histogram of the free
energy difference (AG) between the two conformers, defined as
—RT In(k;_y;/ ky_ 1), could be fit by a Gaussian function with a
width of <RT (data not shown). In the following discussions, we
focus on the average values of the rates for junction 7.

Influence of counterions on transitions

The dependence of k;_j; and k;;_; on magnesium ion concen-
tration differs in the presence and absence of 50 mM NaCl
(Fig. 3). The transition rates between conformers decrease sig-
nificantly with increased Mg?* concentration but maintain an
[1:1 ratio. This implies two things: first, that the main effect of
changing Mg?* concentration is in altering the activation
energy and not in the relative stability of the two conformers
and, second, that the open structure, stable in the absence of
Mg?* ions, is a necessary transient in conformer transitions. At
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higher Mg?* concentrations, displacing Mg?* ions decorating
the negatively charged phosphate groups at the exchange point
becomes increasingly harder, resulting in lower transition
rates. Monovalent ions, which do not fold the junction at low
concentrations, would act only to screen electrostatic inter-
actions between the Mg?* ions and the phosphates and should
accelerate the transitions; indeed, the addition of 50 mM NaCl
increases the transition rates consistently for all Mg?* concen-
trations examined (Fig. 3). Although the Holliday junction
fully folds into the stacked X-structure at submillimolar Mg
concentration, the rate of conformer transitions continues to
change for at least another two orders of magnitude increase in
Mg?* concentration.

Comparison to branch migration kinetics

Earlier observations showed that spontaneous branch migration
becomes accelerated by 1,000-fold if Mg?* is removed?>»?** and
that the unstacked, open structure of the junction (O), stabilized
in the absence of Mg?*, is probably the common intermediate for
both processes. Despite the similar effects of Mg?*, the rate-
limiting step or the transition state must differ between the two
processes because (i) k;_;y and kj;_ ; are substantially higher than
the estimated base pair stepping rate of spontaneous branch
migration (kgy) under the equivalent conditions ([17 s in
10 mM Mg, 50 mM NaCl, pH 8 at 25 °C (Fig. 3) compared
with 0.7 s7! for kpy?»%°), and (ii) the temperature dependence of
the conformer transitions gives an activation enthalpy (AH*) of
100-120 kJ mol! (Fig. 4a), substantially smaller than AH* for
branch migration of (1160 k] mol-! (refs. 24-26). This difference
in AH* is not entirely unexpected: branch migration requires the
breakage of base pairs at the exchange point, an energetically
unfavorable process, whereas the conformer transitions do not
necessarily involve the disruption of base pairing. An immediate
corollary of the rate comparisons here is that the conformer
transitions should occur several times before the branch
migrates by one step; hence, stacking conformer transitions
must be an integral feature of branch migration.
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Fig. 2 Single-molecule time records and analy-
sis a, Stacking conformer transitions of individ-
ual molecules of junction 3 and 7. The top
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graphs show time traces of donor (green) and
acceptor (red) intensities (I, and I,) corrected
for crosstalk between the two detectors, direct
acceptor excitation and background. The bot-
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Implications for junction resolution

Strong correlations have been observed between the dominant
stacking conformation and the preferred orientation of junction
resolution for several junction-resolving enzymes®!>14. These
observations suggest that the local DNA sequences can deter-
mine the outcome of genetic recombination via the bias in the
stacking conformation. However, it has not been clear how this
bias can be enforced in a fully branch-migratable junction
because if the conformer transition were slower than the step-
ping rate of branch migration, the conformational dynamics
would not reach equilibrium before the next migration step
occurs. NMR studies determined the conformer transitions rates
of 5.6 s~' and 2.3 s~! under a single solution condition'® (15 mM
Mg?* and 50 mM NaCl, pH 6.5, at 21 °C). However, as we show
here, these rates strongly depend on the solution conditions, so
the direct comparison to the branch migration was not possible.
Our study shows that the conformer transitions are substantially
faster than the branch migration steps; hence, the sequence-
dependent conformer bias can be fully manifested even in a fully
branch-migratable junction and can determine the extent of
genetic information exchange upon junction resolution.

Energy landscape of junction dynamics
On the basis of our observations, we propose a unified energy
landscape of stacking conformer transitions and branch migration
by Holliday junctions (Fig. 4b). Along the reaction coordinates of
conformer transitions and branch migration (where 7 denotes the
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branch point location), we proposed the open structure (O,,
O,;1>-..) as the common intermediate state for both processes. As
Mg?** concentration increases, the stacking conformers (isol,,
isoll,, isol,,,, isoIl,,,,...) become more stable relative to both the
open structures and the transition states (750, T39,...) separating
O from X states and leading to the large decrease in k;_ ;and ky_ 1.
At the same time, kg decreases with increasing Mg?* concentra-
tion because O states are less populated. Because branch migration
is 1,000-fold slower in the presence of Mg?*, the intermediate state
must be populated at least 0.1% of the time, setting the upper limit
for the free energy difference between the open structure and the
stacking conformers (AGyo) at (15 k] mol-'. The branch migra-
tion from the open structure must go through a transition state
(TBM,,...), which is the main barrier in branch migration. The
nature of this transition state is not clear yet but probably involves
disruption of the base pairs at the exchange point, consistent with
the large enthalpic cost.

In this model, the increase in Mg?* concentration will decrease
the population of the intermediate open structure, thereby slow-
ing down both the branch migration and conformer transition.
Our studies also suggest that Mg?* ions have additional effects
other than changing the population of the intermediate state. The
rate of branch migration reached a maximum at 0.5 mM Mg
(ref. 26), but the conformer transition rates continued to change
steeply at least until 50 mM Mg?* (Fig. 3). This observation indi-
cates that Mg?* ions influence the energy barriers for the con-
former transition and branch migration differently. Conclusions
drawn here are probably general for other sequences because
even the heavily biased junction 3 has conformer transition rates
that are far higher than the rate of branch migration.

Conclusions

In summary, we can construct a comprehensive model for the
processes of conformer exchange and branch migration, linked
by common open states. The faster rate of conformer exchange
will ensure that equilibrium between stacked forms is achieved

Fig. 3 Na* and Mg?* influence the conformer transition rates differently.
The conformer transition rates, k;_; (open symbols) and k;,_; (filled sym-
bols), are averaged over at least 30 molecules of junction 7 for various
[Mg?*] with (squares) and without (triangles) 50 mM Nacl.
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Fig. 4 Energetics of Holliday junction dynamics. a, Temperature dependence in kJ of (k;_; + k;;_.;) averaged over 60 molecules of junction 7 under
each condition. The large error bars result from the inhomogeneous distribution of the transitions rates among individual molecules. The activation
enthalpy (AH*¥) was obtained by fitting the data using the function In(k) = Const. - AH*/ RT. b, The proposed energy landscape of conformer transi-
tions and branch migration. Red and green lines are the free energy function along the reaction coordinate of conformer transitions (isol, - O, -
isoll,) and branch migration (O, «~ O,,1), respectively. T8%,, is the transition state between O, and O,,; Two lines intersect at the open structure, a
common intermediate for both processes. See text for the definition of symbols.

at each stage of branch migration. The decrease in the rate of
branch migration in the presence of Mg?* ions probably results
from depopulation of the open state because of the stabilization
of the stacked X-structure.

The conformer transitions observed here raise interesting
questions about the Holliday junction dynamics in a cellular con-
text. The genomic DNA molecules are likely constrained in vivo
by other cellular components; how such frequent, large swiveling
of DNA helices involved in stacking conformer transitions can be
accommodated is not known. Combining the single-molecule
fluorescence method with mechanical manipulation tools to
apply force or torque may address this issue. One possibility is
that the Holliday junction conformational dynamics are altered
by junction-specific proteins. Indeed, RuvA and RuvB (two
branch migration proteins) in E. coli maintain the junction in the
open conformation to facilitate branch migration?”, and many
junction-resolving enzymes induce global changes in junction
conformations’. Single-molecule approaches illustrated here
should also be useful in understanding other dynamic aspects of
Holliday junction during recombination, including its forma-
tion, branch migration and final resolution into duplexes.

Methods

DNA preparation. Oligonucleotides of the following sequences
were synthesized using phosphoramidite chemistry implemented on
ABI394 DNA synthesizers. Cy5-J7b is 5'-Cy5-CCCTAGCAAGCCG
CTGCTACGG; Cy3-J7h, 5'-Cy3-CCGTAGCAGCGCGAGCGGTGGG; Biot-
J7r, 5'-Biot-CCCACCGCTCGGCTCAACTGGG; J7x, 5'-CCCAGTTGAGCGC
TTGCTAGGG; Cy5-J3b, 5'-Cy5-CCCTAGCAAGGGGCTGCTACGG; Cy3-
J3h, 5'-Cy3-CCGTAGCAGCCTGAGCGGTGGG; Biot-J3r, 5'-Biot-CCCAC-
CGCTCAACTCAACTGGG; and J3x, 5'-CCCAGTTGAGTCCTTGCTAGGG.
The junction was annealed by first mixing 45, 50 and 55 pmol of the
oligonucleotides labeled with biotin, Cy3 and no attachment,
respectively, in 25 mM Tris-HCl, pH 7.5, and 25 mM NaCl. This mixture
was slowly cooled from 65 to 37 °C, at which point 55 pmol of the
Cy5-labeled oligonucleotide was added, followed by 15 min incuba-
tion and chilling on ice. Assembled junctions were purified by elec-
trophoresis using polyacrylamide gels and electroelution.

Single-molecule measurements. Strepatvidin-coated glass or
quartz surfaces were prepared by successive application of 1 mg
ml-' biotinylated BSA (Sigma) and 0.2 mg ml' steptavidin
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(Molecular Probes) in buffer A (10 mM Tris-HCI, pH 8.0, and 50 mM
Nacl). Biotinylated junction molecules (10-50 pM in buffer A) were
then added to the treated surface and immobilized. A 532 nm laser
(Crystalaser) was used to excite the donor, Cy3. Single-molecule
data were obtained using a confocal scanning microscope?®, except
for the temperature-dependence studies that used a wide-field
evanescence field microscope?2. For temperature regulation, a
water-circulating bath (NESLAB) was connected to all parts in con-
tact with the sample, including the prism mount, the sample
mounting platform and the microscope objective (via a brass tubing
collar). The sample temperature was monitored directly using a
thermocouple. Unless otherwise specified, all measurements were
made at 25 °Cin a 50 mM Tris-HCl, pH 8.0, oxygen scavenger system
(7% (w/v) glucose, 1% (v/v) 2-mercaptoethanol, 0.1 mg ml-' glucose
oxidase and 0.02 mg ml-' catalase) with specified amounts of MgCl,
and NaCl. We also performed measurements on PEG surfaces? and
found similar results both in terms of molecular heterogeneity and
Mg?*-dependent changes in the transition rates.

Data analysis. To analyze the traces, we first filtered out blinking
events (defined as a reversible transition of the acceptor to an inact-
ive state, giving rise to an unquenched donor emission) and photo-
bleaching of either fluorophore, and then performed a threshold
analysis on the Ewer time traces. For all but the very lowest [Mg2+],
two distinct Egzer states were observed at (0.2 and 0.6, in reasonable
agreement with the predictions based on the stacked X-structure.
The threshold varied ranging from 0.35 to 0.5 depending on [Mg?+].
Transitions were not counted unless the state lasted at least for two
data points, with exceptions being made for one data point transi-
tions that showed anti-correlated behavior in I, and I,. To calculate
the average rate, the duration of all events from a specified number
of molecules were plotted as a histogram and fit to an exponential
decay. This method yielded similar decay times with those obtained
by autocorrelation analysis. We used autocorrelation analysis to
determine the temperature dependent rates.
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