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The four-way DNA (Holliday) junction is an essential intermediate in
DNA recombination, and its dynamic characteristics are likely to be
important in its cellular processing. In our previous study we observed
transitions between two antiparallel stacked conformations using a
single-molecule fluorescence approach. The magnesium concentration-
dependent rates of transitions between stacking conformers suggested
that an unstacked open structure, which is stable in the absence of metal
ions, is an intermediate. Here, we sought to detect possible rare species
such as open and parallel conformations and further characterized ionic
effects. The hypothesized open intermediate cannot be resolved directly
due to the limited time resolution and sensitivity, but our study suggests
that the open form is achieved very frequently, hundreds of times per
second under physiologically relevant conditions. Therefore despite
being a minority species, its frequent formation raises the probability that
it could become stabilized by protein binding. By contrast, we cannot
detect even a transient existence of the junctions in a parallel form, and
the probability of such forms with a lifetime greater than 5 ms is less
than 0.01%. Stacking conformer transitions are observable in the presence
of sodium or hexammine cobalt (III) ions as well as magnesium ions, but
the transition rates are higher for lower valence ions at the same concen-
trations. This further supports the notion that electrostatic stabilization of
the stacked structures dictates the interconversion rates between different
structural forms.
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Introduction

Genetic recombination is an important mechan-
ism for the repair of damage to DNA that occurs
in all cells.1 The central intermediate in this process
is the four-way (Holliday) junction,2 which can be
described as a four-stranded DNA structure com-
prising four helices joined in the middle (Figure
1(a)).3 Although much is known about its static
structure, there is only limited information on the
dynamic properties and their functional conse-
quences. The dynamic characteristics of the junc-
tion are likely to be important in understanding

how different enzymes recognize and process the
Holliday junction. Single-molecule fluorescence tech-
niques offer a promising avenue into these aspects,
since they can reveal the structural changes of indi-
vidual molecules in real time while they are function-
ing, and do not require synchronization.4 Indeed,
single-molecule fluorescence resonance energy trans-
fer (FRET)5,6 has been used to reveal spontaneous
dynamics of DNA structures,7,8 to deduce the struc-
tures of DNA–protein complexes,9,10 and to follow
the structural changes in DNA induced by protein
binding or enzymatic activities.11,12

In the absence of added metal ions, the Holliday
junction adopts an open conformation where the
four helices are directed to the corners of a
square.13,14 On addition of divalent metal ions
such as magnesium, the structure folds by the pair-
wise, coaxial stacking of helical arms to form the

0022-2836/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.

E-mail address of the corresponding author:
tjha@uiuc.edu

Abbreviation used: FRET, fluorescence resonance
energy transfer.

doi:10.1016/j.jmb.2004.06.024 J. Mol. Biol. (2004) 341, 739–751



antiparallel stacked X-structure in which the
continuous strands of the junction are oriented in
opposite directions.14,15 This structure was
originally proposed on the basis of
electrophoretic,14,16,17 FRET15,18 and chemical
probing experiments,19 and has recently been
confirmed by X-ray crystallography.20–22

Formation of the stacked X-structure in the
presence of Mg2þ lowers the symmetry of the
junction, and there are two possible conformers of
this structure that differ in the choice of stacking
partners (Figure 1(a)–(c)). Thus a junction with
arms named B, H, R and X (sequentially around
the junction, as depicted in Figure 1(a)) may stack
into alternative conformers based on the stacking
of arms X on R (and consequently B on H), or X

on B. These are termed the iso I and iso II confor-
mers here.23 In principle each of the stacking con-
formers could exist in predominantly parallel or
antiparallel forms, although earlier studies have
indicated that the antiparallel structure is the
major form present in solution15 and in the
crystal.20,22 However, in the original proposals for
the mechanism of recombination the structures
were expected to be parallel,2,24 and have conse-
quently most frequently been drawn this way in
textbooks. Although not observed in bulk solution
measurements,14,15 it is possible that the parallel
structure exists in a minor population rare enough
to evade detection in ensemble experiments.
Single-molecule measurements should be able to
detect even very rare conformations as long as

Figure 1. Conformational polymorphism in a four-way DNA junction studied using FRET. The four arms of the
junction are named B, H, R and X sequentially around the point of strand exchange. Cy3 (green circle) and Cy5 (red
circle) fluorophores are attached to the ends of two arms. Vectors are named according to the arms carrying donor
and acceptor (in that order). (a) The XB vector of junction 1. In the absence of metal ions the junction takes the open-
square form. On addition of divalent metal ions, the structure folds into the stacked X-structure. There are two possible
conformers that differ in the stacking partners, shown in an antiparallel conformation (iso I and iso II). (b) The positions
of attachment of fluorophores are reversed in the BX vector compared to the XB vector, but should exhibit the same
variation in fluorescence in response to the conformational transition between iso I and iso II. (c) XR vector. The fluoro-
phores will only be close in the antiparallel form of iso II, in contrast to the XB and BX vectors.
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they have distinct fluorescence signals and they are
longer-lived than the time resolution of the
experiment.

The four-way junction can undergo a number of
important dynamic processes. First, a junction can
exchange between the two alternative stacking
conformers. It is not possible to synchronize this
process, and it was difficult to demonstrate in sol-
ution except by rather indirect experiments.23,25–27

However, we have recently used single-molecule
FRET analysis to demonstrate conformer exchange
in a direct manner, and measured the rates of
interconversion.7 Four-way junctions can also
undergo branch migration by virtue of the
sequence homology, in which there is a step-wise
exchange of base-pairing partners that moves the
point of strand exchange.28,29 Branch migration is
an important element in the recombination
mechanism,2,24,30 and is accelerated in the cell by
the action of specific proteins.31–35 Both conformer
exchange and branch migration require the open-
ing of the four-way junction to permit the required
exchange of stacked helices or base-pairing. In the
case of branch migration this is consistent with
the observed inhibition of the process by concen-
trations of metal ions known to stabilize the
stacked X-structure.36

Here, we have used single-molecule fluorescence
spectroscopy to probe for the existence of minor
species, the anticipated open intermediate of
conformer transitions, and the parallel con-
formations of the stacked form of the junction. We
find that the population of parallel species is
exceedingly low, and the open species is
achieved very frequently, hundreds of times per
second under physiologically relevant conditions
even though it is too short-lived to be detected
directly.

Results

Non-migratable four-way DNA junctions for
single molecule FRET experiments

We have studied 4H DNA junctions with four
perfectly base-paired arms each of 11 bp. The
sequences were chosen to disallow branch
migration, and are thus termed non-migratable.
We have measured FRET between donor (Cy3)
and acceptor (Cy5) fluorophores attached to the
ends of different helical arms to distinguish
various possible junction conformations as shown
schematically in Figure 1(a). Fluorescent vectors
are named according to the arms carrying the
donor and acceptor in that order; for example the
XB vector carries Cy3 on the end of the X arm,
and Cy5 on the end of the B arm. We have used a
number of vectors here to report on the various
possible conformations of the junction.

XB Vector (Figure 1(a)). The donor–acceptor pair
should be physically close (and therefore result in
elevated energy transfer) only for the antiparallel

conformer of the X on R stacked form. Conversion
to the alternative (X on B) stacking conformer
leads to separation of the fluorophores, and thus
lowered energy transfer. The vector BX (Figure
1(b)) has the fluorophores reversed with respect to
XB, and should behave equivalently.
XR Vector (Figure 1(c)). The fluorophores will

only be close in the antiparallel form of the alterna-
tive stacking conformer with X on B stacking.
BR Vector (Figure 4(a)). The fluorophores will be

close in either of the parallel forms. It will thus
identify parallel conformers as a group, but not
distinguish between stacking conformers. The
fluorophores are attached to the alternative pair of
helices in the XH vector, which would therefore be
expected to behave equivalently to BR.
The conformational interconversions of these

vectors have been analyzed using single-molecule
FRET spectroscopy, whereby the junction
molecules were immobilized onto a glass surface
via biotin covalently attached to the end of one
arm that is free from fluorophore conjugation.

Conformational exchange between stacking
conformers of junction 1

Ensemble experiments indicated that junction 1
adopts predominantly the antiparallel iso I stacked
X-structure.14 We chose the XB vector for initial
study, which should exhibit high FRET efficiency
for iso I (Figure 1(a)). Figure 2(a) shows a time
record of donor and acceptor fluorescence signals
(ID and IA, respectively, obtained by subtracting
background counts and correcting for cross-talk
between the two detection channels) of a single
junction 1 molecule in the presence of 10 mM
Tris–HCl (pH 8.0), 30 mM Mg2þ, 50 mM Naþ. ID
and IA exhibit two-state fluctuations that are clearly
anti-correlated. Figure 2(b) shows the histogram of
the apparent FRET efficiency Eapp, defined as
Eapp ; IA=ðID þ IA). The Eapp histogram has two
peaks corresponding to the two stacking con-
formers with a strong bias toward the higher
FRET state. We assign the Eapp ¼ 0.69 state as iso I
and the Eapp ¼ 0.15 state as iso II, as indicated in
Figure 1. The forward and backward stacking
conformer transition rates (kI!II and kII!I) were
obtained through a combination of cross-corre-
lation analysis and the ratio between numbers of
data points corresponding to each FRET state (see
Materials and Methods). We obtained
kI!II ¼ 9.3 s21 and kII!I ¼ 28 s21, averaged over 41
molecules. Thus junction 1 significantly favors the
iso I conformer as expected.14

Metal ion dependence of conformer transitions
in junction 1

In our previous study of junction 7 we dis-
covered that the conformer transitions became
faster as the Mg2þ concentration was reduced. The
conformer transition of junction 1 exhibits the
same dependence on the concentration of Mg2þ.
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Comparison of the FRET efficiency histograms in
Figure 2(b) and (d) shows that the ratio between
iso I and iso II remained constant regardless of
Mg2þ concentration. This behavior was true for all
concentrations of Mg2þ, as long as two FRET states
were distinguishable in the histogram. Thus Mg2þ

must stabilize both stacking conformers equally
by screening of electrostatic repulsion between
phosphate groups around the point of strand
exchange. Stacking conformer transitions require
the disruption of base stacking at the point of
strand exchange, and should become slower if the

Figure 2. Conformational dynamics between stacking conformers. (a) The interconversion of the XB vector of
junction 1 between two stacking conformers (8 ms bin time). It shows a time record of donor (green) and acceptor
(red) fluorescence signals of a single molecule in the presence of 30 mM Mg2þ and 50 mM Naþ. (b) Histogram of the
apparent FRET efficiency Eapp from 41 molecules. The high FRET ðEapp , 0:69Þ state corresponds to iso I and the low
FRET ðEapp , 0:15Þ, iso II. (c) Time record in the presence of 1 mM Mg2þ and no Naþ. The acceptor photobleached at
2.6 seconds. (d) Histogram of Eapp from ten molecules. (e) Time record in the presence of 0.1 mM Mg2þ and no Naþ.
(f) Histogram of Eapp from 13 molecules. (g) Cross-correlation analysis on BX vector of junction 1. The correlation
time, t, changes over different Mg2þ concentrations. t is 2.1, 21.2 and 71.3 ms in the presence of 0.5 (circles), 10
(squares) and 100 mM (triangles) Mg2þ, respectively. (h) Conformer transition rates kCT of BX, XB and XR vectors of
junction 1 as a function of Mg2þ concentration. Each kCT value is the average over about ten molecules. Error bars on
the graph represent the heterogeneity in kCT values between molecules.
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stacked structure is stabilized by elevated Mg2þ

concentration.
In order to study the fast dynamics under more

physiologically relevant conditions, cross-corre-
lation analysis was used to provide accurate values
of the conformer transitions rate kCT, where
kCT ; kI!II þ kII!I. Figure 2(g) shows how the cor-
relation time ðt ¼ k21

CTÞ changes with different
Mg2þ concentrations. The resulting kCT rates (each
an average of , ten molecules) are plotted as a
function of ionic conditions in Figure 2(h). Error
bars represent the heterogeneity in kCT values
between molecules (see Materials and Methods).

As illustrated in Figure 1(a), while only iso I has
high FRET, low FRET states might result from any
of the other conformations including the iso II,
open and parallel forms. In contrast to the XB vec-
tor, high FRET efficiency is expected for the iso II
conformer of the XR vector (Figure 1(c)). If the low
FRET states of the XB vectors arise only from iso II,
XR vectors should show the same transition rates
of junction dynamics regardless of their different
labeling. In Figure 2(h), transition rates measured
for XB (triangles) and XR (squares) vectors fall on
a single line with deviations that are small com-
pared to the error bars, indicating that the low
FRET state of XB vectors mainly consists of iso II in
the presence of high Mg2þ concentration. In
addition, this indicates that there is no significant
effect of fluorophores or attachment position on
junction dynamics.

Taken together with our previous studies of
junctions 3 and 7,7 the new data on junction 1
show that the two-state FRET fluctuations
observed represent stacking conformer transitions,
and provide further evidence of the sensitivity of
the conformation of the four-way junction to the
sequence immediately at the point of strand
exchange (Table 1).

Transitions between open and stacked
conformations of junction 1 at low Mg21

concentration

In order for the conformer transitions to occur,
base stacking at the exchange point has to be dis-
rupted, suggesting that the transition trajectory
should pass through the open structure that is

stable in the absence of divalent ions (Figure 1(a)).
The same open species should lie on the trajectory
for spontaneous branch migration; however, in
that case the base-pairing must also be disrupted.
In the branch migration process the open structure
is not therefore likely to be the transition state, but
instead must be a high energy intermediate. It is
therefore likely that the open structure is a com-
mon intermediate in both stacking conformer
transitions and branch migration. This then raises
the question of whether the open structure might
be detected as a stable structure of measurable
lifetime.
We studied the XB vector of junction 1 as the

Mg2þ concentration was reduced, seeking the
observation of a new peak emerging between
the two peaks in the Eapp histogram shown in
Figure 2(b) and (d). However, instead of revealing
a new peak, the two peaks merged into a single
peak as the Mg2þ concentration was reduced
(Figure 2(f)). Such behavior can be fully explained
if the lifetime of the states is less than the time
resolution, leading to averaging of FRET values.
As an alternative way of seeking the open

structure, we performed experiments at low Mg2þ

concentrations, where conformer transitions are
not fully resolved. Figure 3 shows the time-
averaged Eapp values measured from single
molecules of the XB vector of junction 1 at Mg2þ

concentrations between 1 mM and 1 mM, in the
absence of Naþ (circles). Since junction 1 is biased
strongly toward iso I (high FRET state), Eapp

averaged over multiple transitions is expected to
be high, close to the Eapp of iso I, as long as junction
1 is folded into stacked conformations. This
appears to be the case at Mg2þ concentrations
above 100 mM Mg2þ. By contrast, at sufficiently
low Mg2þ concentrations, the junction would exist
primarily in the open structure with Eapp value sig-
nificantly below that of iso I, which is the case
below 10 mM Mg2þ. In between these extremes, in
the range 10–100 mM Mg2þ, a clear and gradual
transition in the average Eapp is observed, which
we interpret as the transition between open and
stacked structures. This interpretation is consistent
with earlier ensemble studies37 that showed that
stacked X-structures become stable at , 80 mM
Mg2þ. A control experiment with the XR vector
did not show significant changes in Eapp (squares
in Figure 3), ruling out possible Mg2þ-dependent
effects on fluorophore properties as the source for
the observed transition.

Parallel conformations of junction 1 are
not detectable

While our single-molecule data and previous
ensemble data collectively indicate that confor-
mational exchanges occur predominantly between
two antiparallel stacking conformers, we explored
the possibility that parallel conformations might
also exist in some small proportion. We studied
the BR vector of junction 1, where the fluorophores

Table 1. Stacking conformer bias in three DNA junctions
as a function of metal ions

Junction
1

Junction
3a Junction 7

Ion 50 mM
Mg2þ

50 mM
Mg2þ

50 mMa

Mg2þ

1 M
Naþ

2 mMb

[Co(NH3)6]
3þ

iso I (%) 77.9 22.6 48.3 64.3 61.3
iso II(%) 22.1 77.4 51.7 35.7 38.7
kCT (s

21) 20.1 15.5 11.8 60.0 70.0

a From our previous study.7
b In the presence of 50 mM Naþ.
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come into close proximity only in the parallel con-
formations (Figure 4(a)). Time traces for this vector
(Figure 4(b) and (d)) exhibited a constant level of
Eapp (,0.3) without any transition to high Eapp

values, and lacking any anticorrelation between
donor and acceptor intensities (Figure 4(c) and (e))
at a time resolution of 5 ms in several different
solution conditions, i.e. 1, 10 and 50 mM Mg2þ

with 50 mM Naþ, 30 mM and 50 mM Mg2þ without
Naþ, 50 mM and 1000 mM Naþ without Mg2þ.

A quantitative limit on the existence of parallel
conformations was established by examining the
BR vector in the presence of 30 mM Mg2þ with no
Naþ, at 5 ms time resolution. No transition to a
higher FRET state was observed within a total
observation time of 50 seconds measured from 23
molecules. Therefore, a stable parallel confor-
mation with a lifetime greater than 5 ms must be
exceedingly rare, with a probability lower than
0.01%. We have performed the same measurements
on the XH vector, which should also be sensitive to
the presence of parallel conformations. In addition,
no evidence of parallel conformations was
obtained for this vector in the presence of 50 mM
Mg2þ at 6 ms time resolution (Figure 4(f) and (g)).
In contrast to these properties of DNA junctions,
we have observed a significant population (,25%)
of the parallel form of a four-way RNA junction,
using equivalent labeling strategy in single-
molecule experiments.38 The failure to detect the
parallel conformation of the DNA junction is
therefore unlikely to be an artifact of the experi-
mentation, and we conclude that its population is
vanishingly small for four-way DNA junctions.

Transitions between stacking conformers of
junction 7 in the presence of monovalent
ions alone

If the role of Mg2þ is primarily in the screening of
electrostatic interactions, high concentrations of
monovalent ions may achieve the same effect as
Mg2þ. Indeed, in previous studies the stacked-X

structure has been observed in the presence of
monovalent ions only (e.g. 1 M Naþ).37 We have
therefore used single-molecule FRET spectroscopy
to examine whether the stacking conformer tran-
sitions can be observed in Naþ alone, how Naþ

concentration affects the transition rates, and
whether the conformer bias seen in Mg2þ is main-
tained. The transition rate of junction 7 is lower
than that of junction 1 (Table 1), thus measure-
ments on junction 7 are more accessible. So,
junction 7 was used to examine the ionic effects of
monovalent and trivalent ions.

We studied the HB vector of junction 7 at high
Naþ concentrations (400 mM to 2 M) in the absence
of Mg2þ. The buffer included 2.5 mM or 5 mM
EDTA to chelate any residual divalent ions.
Figure 5(a) shows the time record of a single junc-
tion 7 molecule in the presence of 1.5 M Naþ. The
corresponding Eapp histogram (Figure 5(b)) com-
prises two peaks, although there is broad overlap
that probably arises from time-averaging due to
fast exchange between states. iso I is favored over
iso II by 3 to 2, in contrast to the 1:1 distribution
observed in the presence of Mg2þ (Table 1). The
transition rates averaged over 13 molecules were
kI!II ¼ 24 s21 and kII!I ¼ 36 s21.

Figure 5(e) shows transition rates for junction 7
measured as a function of Naþ concentration from
400 mM to 2 M. As in the case of Mg2þ, increased
Naþ concentration in this range reduced the rate
of the conformer transitions, while leaving the
ratio between iso I and iso II unchanged (data not
shown). Therefore, the effect of Naþ appears to be
very similar to that of Mg2þ, except that much
higher concentrations are needed to stabilize the
stacked structures.

Transitions between stacking conformers of
junction 7 in the presence of hexammine
cobalt (III) ions

Hexammine cobalt (III) ions have a similar
octahedral geometry to Mg2þ, but differ in two

Figure 3. Estimating the popu-
lation of the open structure of
junction 1. The XB (circles) and XR
(squares) vectors of junction 1 have
been studied as a function of Mg2þ

concentration. Eapp values averaged
over ,20 molecules are plotted as
a function of ion concentration. The
averaged Eapp of the XB vector is
close to the Eapp of iso I above
100 mM Mg2þ. Below 10 mM Mg2þ,
the junction exists primarily in the
open structure with Eapp value
significantly below that of iso I. In
between, a clear and gradual
transition in the average Eapp is
observed. In contrast, no significant
change in Eapp is observed in the
XR vector.
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important respects. The charge on the ion is þ3,
and the NH3 ligands of the cobalt ion are very
good H-bond donors. These ions are highly
efficient in promoting structural transitions in
DNA, including stabilizing left-handed Z-DNA39

for example. Previous studies have demonstrated
the formation of the stacked X-structure in micro-
molar concentrations of [Co(NH3)6]

3þ.37 We tested
whether the stacking conformer transitions can be
observed in [Co(NH3)6]

3þ, how the transition rates
are affected by the concentration of the trivalent
ion, and whether the conformer bias observed in
the presence of Mg2þ and Naþ is maintained.

Figure 5(c) shows a time record of FRET
efficiency of junction 7 in the presence of 2 mM
[Co(NH3)6]

3þ, 50 mM Naþ, 0.1 mM EDTA. The
corresponding Eapp histogram (Figure 5(d)) con-
tains two peaks. The iso I conformation (lower

FRET state) is favored over iso II by 3 to 2 in
contrast to the 1:1 partitioning observed in Mg2þ

solution, (Table 1), consistent with previous studies
using gel electrophoresis.23 The transition rates
averaged over 16 molecules were kI!II ¼ 28 s21 and
kII!I ¼ 42 s21.
Figure 5(f) shows transition rates measured from

junction 7 as a function of [Co(NH3)6]
3þ concen-

tration in the range from 0.1 mM to 2 mM in the
presence of 50 mM Naþ and 0.1 mM or 0.25 mM
EDTA. Increased [Co(NH3)6]

3þ concentration
decreased the conformational transition rates, simi-
lar to the effects of Mg2þ and Naþ. In addition, the
ratio between iso I and iso II was constant over this
range of [Co(NH3)6]

3þ concentration, as it was
with other ions (data not shown). Therefore, while
the [Co(NH3)6]

3þ promotes the formation of the
stacked X-structure of the DNA junction at much

Figure 4. The parallel forms of the junction are not detected. (a) The donor–acceptor pair for the BR vector of
junction 1 should come into close proximity only in the parallel forms. The XH vector (not shown) would similarly
detect the parallel form. Typical single-molecule time records with 5–6 ms time resolution are shown for the BR vector
of junction 1 in 30 mM Mg2þ (b), 1 mM Mg2þ (d) and for the XH vector in 50 mM Mg2þ (f). In each case, donor and
acceptor fluorescence signals do not exhibit any anti-correlated two-state fluctuations except in the case of photo-
blinking/photobleaching events of the acceptor. (c), (e) and (g) Cross-correlation analysis from about 30 molecules in
each case, which supports non-existence of parallel forms.

Conformational Species of Holliday Junction 745



lower concentrations, the effects on the dynamics
of the interconversion are closely similar to those
of other metal ions.

Competition and cooperation between
monovalent and divalent ions

In an earlier study,7 we found that the rate of
stacking conformer transitions occurring in Mg2þ-
containing solution was accelerated by the
addition of 50 mM Naþ. However, we have seen
that high concentrations of Naþ as the only cation
slow the rate of transitions (Figure 5(e)). Naþ thus
play dual roles in determining conformational
dynamics, and it is therefore expected that the
interconversion rate in the presence of Mg2þ will
exhibit a non-monotonic dependence on Naþ con-

centration, with a maximum rate at some
concentration. Figure 6 shows the dependence of
transition rates on Naþ concentration in the
presence of three different background Mg2þ con-
centrations of 2, 5 and 20 mM. Clearly, the overall
trend is non-monotonic, with a maximum rate in
each case. For example, at 5 mM Mg2þ, addition of
Naþ to a concentration of 300 mM led to a marked
increase in the transition rate. Beyond 300 mM
Naþ, however, further increase in Naþ concen-
tration led to a reduction in rate. This non-
monotonic trend was observed for all Mg2þ

concentrations examined, and indicates that the
stability of the stacked structures is not a simple
function of ionic strength. Evidently, at low con-
centrations, Na ions screen the interaction between
Mg2þ and the junction, reducing the conformer

 
 

 

 

  

 

 

 

 

 

 

 

 

  

Figure 5. Dynamics of stacking conformer exchange of junction 7 in the presence of Naþ and hexammine Co (III)
ions. Data were obtained from the junction 7 HB vector. (a) Fluorescence signals with time resolution of 4 ms, in the
presence of 1.5 M Naþ. The acceptor photobleached at 3.25 seconds. (b) The histogram of Eapp values measured from
13 molecules in the same condition as (a). Eapp fluctuates between ,0.66 (iso II) and ,0.19 (iso I). (c) Time record in
the presence of 2 mM [Co(NH3)6]

3þ and 50 mM Naþ. The acceptor photobleached at 2.25 seconds followed by the
donor photobleaching at 2.35 seconds. (d) The histogram of Eapp from 16 molecules in the same condition as (c).
(e) The conformer transition rate kCT as a function of Naþ concentration. (f) kCT as a function of [Co(NH3)6]

3þ concen-
tration in the presence of 50 mM Naþ. Each rate is an average from , ten different molecules, and error bars reflect
the heterogeneity in kCT values between molecules.
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stability and hence accelerating the dynamics. At
high concentrations, Na ions play a similar role as
Mg2þ, and the two cooperate to stabilize the
stacked structures.

Discussion

The single-molecule studies confirm the
dynamic nature of the four-way DNA junction,
with constant exchange between stacked
X-structures. They have also allowed us to examine
the importance of species other than the majority
antiparallel stacked conformers. While some of
these exist in low populations, they are neverthe-
less of great potential significance in the functional
role of the junction.

The open intermediate of the non-
migratable junction

Figure 3 shows a transition from open to stacked
forms as Mg2þ concentration is increased. The fit
shown is made to the Hill binding model with the
Hill coefficient of 1. Although the fit cannot be
interpreted as the site binding of one magnesium
ion, the excellent agreement with data suggests
that the transition from open to stacked species is
relatively gradual, instead of being sharp and
highly cooperative. Therefore, it is likely that the
open state is significantly populated even in higher
magnesium concentrations and is probably a stable
intermediate during conformer transitions.
However, we cannot estimate the lifetime of the
open intermediate directly because of limited time
resolution and signal level.

The parallel conformation of the free DNA
junction is not detectable

Original models of the Holliday junction were
almost exclusively in a parallel conformation, and
it therefore came as a surprise when the first
structural data indicated that the four-way DNA
junction in free solution preferentially adopted an
antiparallel conformation.14,15 This bias was later
shown to be true in the crystal too.20,22 Neverthe-
less, it is possible that in solution the junction
might exist in a parallel conformation during
some small fraction of the time, such that it would
be undetectable in ensemble measurements. We
therefore set out to try to detect this conformation
by single-molecule spectroscopy. However, our
single-molecule FRET data suggest that the four-
way DNA junction does not exist in the parallel
form, even for a short time.
In the presence of 30 mM Mg2þ, the parallel

form was not observable during a total time of
50 seconds with 5 ms time resolution. Therefore, a
stable parallel conformation with a lifetime greater
than 5 ms must be exceedingly rare (,0.01%). It is
still possible that parallel conformations exist with
lifetimes shorter than 5 ms. With time resolution
less than 5 ms, we did see short-lived high FRET
states, which could correspond to short-lived
parallel forms. But, as shown in Figure 4(c), (e)
and (g), cross-correlation analysis with 1–2 ms
time resolution shows no anti-correlation. Also, at
a low temperature (2 8C), the lifetimes of short-
lived high FRET states of junction 1 did not
increase (data not shown). From these obser-
vations, the short-lived high FRET states of less
than 5 ms are unlikely to arise from a population
of parallel forms, but are rather due to shot noise
or some other artifact.
The lack of parallel states does not appear to be a

peculiarity of non-migratable junctions because
our preliminary measurements on migratable junc-
tions did not detect any evidence of parallel forms
(S.A.M. et al., unpublished data). Thus, even if the
parallel structure has a transient existence, it is
unlikely to be important for the mechanism of
genetic recombination unless stabilized by the
interaction with proteins.

Branch migration rate is likely to be limited by
the rate of interconversion between conformers

Branch migration is a key step in genetic recom-
bination, involving the step-wise sequential
exchange of base-pairing between the complemen-
tary strands of homologous duplexes. Two broad
models have been suggested for the mechanism.
Initially, the Holliday junction was believed to
exist as a parallel structure, and it was proposed
that simple rotational motion around the helical
axes might induce branch migration without the
need for unstacking the helices.40,41 However, it is
now well established that four-way DNA junctions
adopt an antiparallel conformation, and that

 

 

Figure 6. Competition and cooperation between mono-
valent and divalent ions. The dependence of transition
rates for junction 7 on Naþ concentration in the presence
of three different background Mg2þ concentrations of 2
(triangles), 5 (circles) and 20 mM (squares). Each rate is
an average of ,five different single-junction molecules.
Error bars reflect the heterogeneity in kCT values between
molecules.
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conclusion has now been reinforced and extended-
here. It therefore seems inescapable that branch
migration must require an open conformation as
an obligate intermediate, consistent with earlier
observations28 that the rate is 1000-fold greater in
the absence of Mg2þ. A recent atomic force micro-
scopic study of surface-immobilized four-way
DNA junctions in the absence of Mg2þ also showed
that the open form must be achieved for branch
migration to occur.42

Conformational interconversion between iso I
and iso II conformers becomes slower as the con-
centration of Mg2þ increases. This is qualitatively
similar to the behavior of spontaneous branch
migration, the rate of which also decreases with
increased Mg2þ concentration.36 Therefore, it is
likely that the open structure is a common inter-
mediate for branch migration and stacking confor-
mer transitions.7 Because the frequency with
which the open intermediate is accessed cannot be
greater than the measured interconversion rate,
this sets the upper limit on the stepping rate of
branch migration, kBM. At high Mg2þ concentration,
kCT is low, so the open intermediate is visited less
frequently, and consequently kBM is reduced. For
example, in the presence of 10 mM Mg2þ, kCT for
junctions 1 and 7 is 47 s21 and 17 s21, respectively.
Thus, the frequency with which the open inter-
mediate is visited, 4/(kI!II

21 þ kII!I
21 ) sets the upper

limit as 30 s21 and 17 s21 on the kBM, with the caveat
that this limit can be highly dependent on the local
sequence. Here, the factor of 4 stems from the fact
that the open state is likely to be visited four times
on average during one cycle of conformer tran-
sition, twice during the actual transitions back and
force and twice during a failed attempt that returns
the molecule to the previous conformer.

In the branch migration experiments of Panyutin
& Hsieh28 kBM was measured as 3.9 s21 in the
presence of 10 mM Mg2þ, which is much lower
than the upper limits calculated from the data of
junction 1 and 7 even though branch migration
was measured at a higher temperature than confor-
mer transitions (37 8C versus 20 8C). This indicates
that during extended branch migration, multiple
conformer transitions may occur before the branch
point migrates a given step. Moreover, this
does not appear to be a unique property of non-
migratable junctions (i.e. those incapable of
branch migration), because our measurements on
migratable junctions showed the expected
behavior (S.A.M. et al., unpublished data).

Local sequence and metal ions determine the
conformer bias in the four-way DNA junction

The conformational dynamics of four-way DNA
junctions are affected by the base sequence at the
point of strand exchange, and the nature and con-
centration of metal ions present (Table 1). Although
junctions 1, 3 and 7 differ only in the identities of
the nucleotides located immediately at the point
of strand exchange, they exhibit markedly different

conformational properties. In the presence of Mg2þ,
junction 1 exists predominantly in the iso I stacking
conformer, junction 3 favors iso II, while junction 7
favors neither significantly. The type of cation
present may also affect the bias; while junction 7
has equal populations of iso I and iso II confor-
mations in the presence of Mg2þ, iso I is favored in
Naþ or hexammine cobalt (III) ions. However, the
concentration of a given cation does not affect the
conformer bias.

Conclusion

Single-molecule studies underline the dynamic
and polymorphic character of the four-way DNA
junction. These species are in constant exchange
between stacking conformers, where the position
of equilibrium is determined first and foremost by
the local sequence around the point of strand
exchange together with some influence of cation
concentration and type. Despite the dynamic char-
acter of these branched DNA species, our studies
have shown that parallel forms of the DNA junc-
tion are not observed. Parallel forms with a lifetime
greater than 5 ms are extremely rare (possibly non-
existent), with a probability lower than 0.01%. This
contrasts with the corresponding RNA four-way
junction, where a significant population of parallel
forms exist.38 It is possible that the antiparallel
form of the DNA junction is stabilized by favorable
backbone–groove interactions,43,44 which are not
possible in RNA due to the different geometry of
the A-form helix.

We could not directly detect the open form of the
junction that must exist as an essential inter-
mediate in the interconversion between stacking
conformers. However, our data suggest that the
open form is stably populated even in relatively
high magnesium concentrations. The open form
must be visited very frequently, hundreds of times
a second in submillimolar magnesium concen-
trations, since stacking conformer transitions
occur in a few milliseconds time scale in these
physiologically relevant conditions. Therefore, the
open form may play important roles in the mech-
anism of genetic recombination even though it is
not the major species. This species must also be a
common intermediate in the branch migration
process. Relative rates indicate that conformer
exchange equilibration will occur at each step of
spontaneous branch migration.

In summary, the four-way DNA junction
intrinsically adopts an antiparallel stacked
X-conformation that is in constant exchange
between stacking conformers via a short-lived
open intermediate. Any other behavior that might
be required by the exigencies of recombination
mechanisms must be conferred by protein binding.
Indeed, it is striking that many proteins targeted to
four-way DNA junctions (junction-resolving
enzymes for example,45–49) do indeed distort the
local and global structure.50 A clear example is
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provided in branch migration, accelerated by the
RuvAB proteins in Escherichia coli.51 The RuvA
protein stabilizes the structure of the junction in
the unstacked square form,52 effectively driving
the formation of a conformation with the proper-
ties of the open intermediate. Manipulation of
DNA structure may therefore be one of the most
important functions of recombination proteins,
working to overcome the intrinsic conformational
properties of the DNA junction.

Materials and Methods

DNA preparation

Vectors of junction 1 were prepared as following.
Oligonucleotides of the following sequences were
purchased from Integrated DNA Technologies. All the
strands were purified by gel electrophoresis in polyacryl-
amide. J1b is 50-Cy5-CCC TAG CAA GCC GCT GCT
ACG G; J1Lb, 50-CCC TAG CAA GCC GCT GCT ACG
G; J1Rb, 50-Cy3-CCC TAG CAA GCC GCT GCT ACG G;
J1h, 50-CCG TAG CAG CGA GAG CGG TGG G; J1Th,
50-Biotin-CCG TAG CAG CGA GAG CGG TGG G; J1Qh,
50-Cy5-CCG TAG CAG CGA GAG CGG TGG G; J1r,
50-Biotin-CCC ACC GCT CTT CTC AAC TGG G; J1Tr,
50-Cy5-CCC ACC GCT CTT CTC AAC TGG G; J1x, 50-
Cy3-CCC AGT TGA GAG CTT GCT AGG G; J1Rx,
50-Cy5-CCC AGT TGA GAG CTT GCT AGG G; J1Ax, 50-
CCC AGT TGA GAG CTT GCT AGG G. Each junction
is constructed by the hybridization of four strands: b, h,
r and x. Junction 1-XB comprises strands J1b, J1h, J1r
and J1x; junction 1-XR comprises J1Lb, J1Th, J1Tr and
J1x; junction 1-BX comprises J1Rb, J1h, J1r and J1Rx;
and junction 1-BR comprises J1Rb, J1Th, J1Tr and J1Ax.
The four oligonucleotides were mixed with the ratio of
1 : 2 : 2 : 2 for Cy3-, Cy5-, biotin-labeled and unlabeled
strands, respectively, in 10 mM Tris–HCl (pH 8.0),
50 mM NaCl, with a Cy3-strand concentration of
approximately 2 mM. The mixture was cooled from
90 8C to 24 8C over three to four hours. Annealed junc-
tions were stored at 220 8C. Junction 7 was prepared
analogously.7

Single-molecule measurements

Details were as described.7 Briefly, junction molecules
were immobilized to a streptavidin-coated glass surface
and the donor fluorophores were excited using a solid-
state 532 nm laser, with a power of 1–16 mW in a home-
built confocal scanning microscope based on an inverted
microscope with a 100 £ oil immersion objective with a
numerical aperture of 1.4. A piezoelectric nano-
positioner (Nano-Drive, Mad City Labs Inc.) was used
to locate a single molecule under the laser focal spot,
and fluorescence signals were detected by a pair of
detectors (Photon counting module, SPCM-AQR-14,
Perkin Elmer). Data were collected at 20(^2) 8C and the
temperatures were monitored using a thermocouple.
Unless otherwise specified, all measurements were
made in a 10 mM Tris–HCl (pH 8.0), oxygen scavenger
system (0.4% (w/v) glucose, 1% (v/v) 2-mercapto-
ethanol, 0.1 mg ml21 glucose oxidase 0.02 mg ml21

catalase) with specified amounts of MgCl2, NaCl,
Co(NH3)6Cl3 and EDTA.

Data acquisition and analysis

Data were acquired using software written in Visual
Cþþ (Microsoft). They were analyzed using Origin
(Origin Lab Corporation) and Matlab (The MathWorks,
Inc.). The locations of junctions were manually identified
in images scanned over 10 mm £ 10 mm area, by Cy5 sig-
nals. The fluorescence signals of the chosen molecules
were recorded for 15–30 seconds. Junctions with four
perfectly base-paired arms should exhibit an anti-corre-
lated behavior with respect to signals of Cy3 and Cy5
during conformational change or when Cy5 photo-
blinking/photobleached, and the photobleaching of Cy3
or Cy5 should be a one-step process. These criteria select
10–50% out of all data recorded. Rates of conformational
fluctuations were obtained by a cross-correlation
analysis. The quantity,

Ð
IDðtÞIAðtþ DtÞdt, was fitted by a

single exponential function, expð2Dt=tÞ with the fitting
parameter of correlation time, t. For each condition,
about 5–20 molecules were analyzed. The data for each
molecule were fitted to give the value of t. The set of t
for a given condition gave the average and the standard
deviation as represented in the Figures. The standard
deviation of t reflects the statistical, local and possibly
intrinsic heterogeneity of molecules in a given condition.
Conformer transition rates, kCT were calculated from the
correlation time using kCT ¼ t21. The ratio between num-
bers of data points of each FRET state gives kI!II/kII!I.
Values of the forward and backward transition rates
(kI!II and kII!I) are obtained by the ratio of kI!II/kII!I in
concert with the relation kCT ; kI!II þ kII!I.
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