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ABSTRACT. The Holliday junction is a central intermediate in genetic recombination. It contains four strands
of DNA that are paired into four double helical arms flanking a branch point. In naturally occurring
Holliday junctions, the sequence flanking the branch point contains 2-fold (homologous) symmetry. As
a consequence of this symmetry, the junction can undergo a conformational isomerization known as branch
migration, which relocates the site of branching. In the absence of proteins and in the presenég, of Mg
the four arms are known to stack in pairs, forming two helical domains whose orientations are antiparallel.
Nevertheless, the mechanistic models proposed for branch migration are all predicated on a parallel
alignment of helical domains. Here, we have used antiparallel DNA double crossover molecules to
demonstrate that branch migration can occur in antiparallel Holliday junctions. We have constructed a
DNA double crossover molecule with three crossover points. Two adjacent branch points in this molecule
are flanked by symmetric sequences. The symmetric crossover points are held immobile by the third
crossover point, which is flanked by asymmetric sequences. Restriction of the helices that connect the
immobile junction to the symmetric junctions releases this constraint. The restricted molecule undergoes
branch migration, even though it is constrained to an antiparallel conformation.

The Holliday @) junction is the most prominent DNA  crossover isomerizations leads to a patch recombinant,
intermediate in genetic recombination. It is known to be whereas an odd number produces a splice recombinant.
involved in site-specific recombinatio2<4), and it is likely Much of our information about the physical properties of
to be involved in homologous recombinatios).(The life branched junctions1Q, 11) derives from the study of
cycle of the Holliday junction in recombination is illustrated immobile DNA branched junctiond @); these are synthetic
in Figure 1, which depicts the process in junctions with both four-stranded complexes in which the sequence symmetry
parallel and antiparallel conformations. The first step, shown has been destroyed, thereby fixing the site of the branch
at the left of the drawing, is the formation of the junction point. The accepted structural model for the immobile
(1) from two pieces of DNA containing homology (I). The junction in solution is that pairs of adjacent arms stack to
branch point of the Holliday junction is flanked typically form two helical domains1@3). This structure leads to a
by regions of dyad (homologous) sequence symmetry; this molecule in which two ‘helical’ strands have a structure
symmetry enables the branch point to relocate through ansimilar to strands in conventional double helical DNA, and
isomerization known as branch migration (e®)., Branch the other two ‘crossover’ strands connect the domains. The
migration (Ill) is illustrated in the next step to the right of helical domains are oriented about’@@om antiparallel to
formation. Proceeding to the right, the Holliday junction may each other 14—16). Recent crystal structuresl{—19)
undergo another conformational change, known as crossoveiconfirm the antiparallel relationship, although the angle
isomerization. This rearrangement reverses the helical andobserved is somewhat smaller.
crossover strands (IV), and it is known to be spontaneous The relative orientation of the helix axes is somewhat
(7). The junctions may then be cleaved (V) by resolvases, puzzling, because antiparallel helix axes are not in accord
such as endonuclease V8)(or RuvC 0), and religated (VI). with models of recombinational intermediates derived from
It is clear from Figure 1 that the extent of branch migration genetic experiments. In parallel conformations, homologous
and the number of crossover isomerizations will influence nucleotides would be in proximity everywhere, which seems
the products of recombination; the extent of branch migration likely for systems where DNADNA recognition is expected
will determine the site of resolution, and (for a resolvase to occur by interactions of homologous bases. By contrast,
that cleaves the crossover strand) an even number ofin antiparallel junctions, homologous nucleotides are only

in proximity near the branch point. Sigal and Alber2O)
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Ficure 1: Formation and resolution of the Holliday structure in genetic recombinafioa process is illustrated both in the commonly

shown parallel conformation, and also in the antiparallel conformation, suggested by physical data; it proceeds from the left to the right.
Each of the possible stages is labeled with capital or small Roman numerals. In the first stage, |, two homologous double helices of DNA
align with each other. The two strands of each duplex are indicated by the two pairs of lines terminated by half-arrows, which indicate the
3' ends of the strands. Strands are distinguished by their thickness. Each of these two homologous regions carries a flanking marker, A and
B in the strands on the left, ard and on the right. After the first step, the homologous pairs have formed a Holliday intermediate, I,

by exchanging strands. Note that the two crossover strands are composite strands with both a thick and a thin portion formed through any
of a number of possible mechanisms. The parallel representation of the Holliday junction is shown. The homologous 2-fold sequence
symmetry of this structure permits it to undergo the iterative isomerization process, branch migration; movement in the direction indicated
results in structure Ill. The Holliday intermediate may or may not undergo the crossover isomerization process to produce structure 1V, in
which the crossover and noncrossover strands are switched. Although indicated as separate, the crossover isomerization process could be
a feature of branch migratio) If crossover isomerization occurs an odd number of times, resolution by cleavage of the crossover strands
yields structure V, but structure v results if crossover isomerization occurs an even number of times (including 0) before cleavage. Ligation
of v generates a patch recombinant, vi; this is a pair of linear duplex DNA molecules containing heteroduplex DNA because of branch
migration, but which have retained the same flanking markers. Ligation of VI yields splice recombinant molecules, that have exchanged
flanking markers.

catalyzed 23, 24. To date, Holliday junction branch chanical device 36) and two-dimensional arrays with
migration has been studied only in systems containing a predictable pattern87, 39. Here, we exploit the constrained
single crossover poin2@, 25—28). In those molecules, the  orientation of the helix axes to demonstrate conclusively that
helical domains could reorient themselves between migratorybranch migration is a phenomenon that can occur in an
steps. Indeed, a reorientation was a key feature of a modelantiparallel context.

that simulated the kinetics of the proce&8)(

Here, we have asked whether branch migration can occur'vlm—ERl'A‘LS AND METHODS _ -
in a system constrained to be antiparallel. To examine this DNA Sequence Design, Synthesis, and Purificatite.
issue, we have used antiparallel DNA double crossover{DX) quences have been designed with the program SEQRAN (
molecules 80), which are analogues of the parallel molecules
known to be involved in meiosi3() and in recombination 1 Abbreviations: BSA, bovine serum albumin; DAE, antiparallel
. Ivina double strand breaks. Anti llel DX | | double crossover with an even number of double helical half-turns
involving double strand breaks. Antiparalle MOIECUIES  petween crossovers; DAO, antiparallel double crossover with an odd

are stable and stiff molecular complexexl(30, and we number of double helical half-turns between crossovers; DTT, dithio-
have used them previously to demonstrate thermodynamicthreitol; DX, double crossover; FRET, fluorescence resonance energy

; ; ; il transfer; PBS, phosphate-buffered saline; TAEMg, solution containing
f.eatures of Holllday Junptl0n§8, 34).’ enzyme su_s_ceptlblll 40 mM TrisHCI, pH 8.0, 20 mM acetic acid, 2 mM EDTA, and 12.5
ties 39), and conformational transitiong)( In addition, DX mM magnesium acetate; TBE, solution containing 100 mM-H@&,

molecules have been used recently to produce a nanomepH 8.3, 89 mM boric acid, 2 mM EDTA.
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to minimize sequence symmetry. All DNA molecules used V/cm), constant power. Autoradiograms are quantitated using
in this study have been synthesized on an Applied Biosys- a BioRad GS-250 Molecular Imager.
tems 380B automatic DNA synthesizer, removed from the  (C) Nondenaturing GelsGels contain 5% acrylamide (19:
support, and deprotected using routine phosphoramidite1, acrylamide:bisacrylamide). DNA is suspended ir-28
procedures 40). All strands have been purified by poly- 4L of TAEMg, and the solution is hybridized as described
acrylamide gel electrophoresis. above. Samples are then brought to a final volume qfl20
Formation of the Experimental Moleculghe strands of  and a concentration of &M, with a solution containing
the three-junction molecule (50 pmol) are dissolved to a TAEMg, 50% glycerol, and 0.02% each of Bromophenol
concentration of %M in 10 uL of a solution containing 40  Blue and Xylene Cyanol FF tracking dyes. Gels are run on
mM Tris-HCI, pH 8.0, 20 mM acetic acid, 2 mM EDTA, a Hoefer SE-600 gel electrophoresis unit at 11 V/cm at 4
and 12.5 mM magnesium acetate (TAEMg) and heated to °C, and stained with Stainsall dye.

90°C for.5 min, and then cooled to 6% for 15 min., 37°C Enzymatic Reactions_b\) PhOSphory|ati0nOne microgram
for 15 min, room temperature (ca. 2€) for 20 min, and  of an individual strand of DNA is dissolved in 34 of a
then 4°C for 20 min. solution containing 66 mM Tri$iCl, pH 7.6, 1 mM

Streptaidin Bead TreatmentStreptavidin beads (50L) spermidine, 10 mM MgG| 15 mM dithiothreitol (DTT), and
(Promega), stored at*€ in a solution containing phosphate- 0.2 mg/mL nuclease-free bovine serum albumin (BSA)
buffered saline (PBS), 1 mg/mL BSA, and 0.02% sodium (BRL), and mixed with +2 uL of 1.25 mM [y-32P]ATP
azide, are put into a siliconized tube on a magnetic stand (10 uCiluL) and 3 units of polynucleotide kinase (U.S.
and allowed to settle for 510 min. The buffer is then BiochemicaD fo 2 h at 37°C. The reaction is Stopped by
removed, and the beads are rinsed 3 times withb®f  phenol extraction and ethanol precipitation of DNA.
fresh PBS buffer. The beads are then rinsed twice with a (B) Ligations.Ligations are performed in the same buffer

solption containing !\IEBuffer 2. The biotinylated'DNA, as phosphorylations. Ten units of T4 polynucleotide ligase
which has been restricted, is added to the beads, mixed WeII,(U_S_ Biochemical) are added, and the ligation proceeds at
and allowed to sit at #C for 30 min. The solution IS 15°¢ for 18 h. The reaction is stopped by phenol extraction
separated from beads, by allowing it to settle on the magnetic 3ng ethanol precipitation of DNA. Phosphorylated and ligated

stand. Streptavidin particles are suppliesl & 1 mg/mL  fagments are purified from denaturing 5% polyacrylamide
suspension with a binding capacity of 0-75.25 nmol/mg. gels.

Hydroxyl Radical Analysisindividual strands of the

. . - C) Restriction Endonuclease DigestionRestriction
complexes are radioactively labeled, and are additionally gel- ©) g

enzymes are purchased from New England Biolabs, and used

purified from a 15% denaturing polyacrylamide gel. Each in buffers su - ;
; . ggested by the supplier. To release to symmetric

9f the labeled strands (approximately 10 pmol in TAEMg) junctions, the complex (500 nM) is digested at@ for 24

is annealed to a 4-fold excess of the unlabeled complemen-h with 100 units ofHaell and 100 units ofPuull in 50 uL

tary strand, or it is annealed to the complex, as descrlbedof NEBuffer 2. For characterization of the closed structure,

above, or it is left untreated as a pontrol, oritis treated with the complex (100 nM) is digested at 3 for 2 h with 10
sequencing reagentdl) for a sizing ladder. The samples units of the appropriate restriction enzyme.
are annealed as described above. Hydroxyl radical cleavage

of the double strand and junction samples for all strands takesResyL TS
place for 2 min 42), with modifications noted by Churchill
et al. (L3). The reaction is stopped by addition of thiourea  Experimental DesignA system in which it possible to
and is then precipitated with ethanol. Where necessary,demonstrate branch migration in a constrained conformation
radioactive labels are freed from internal positions on cyclic requires several features: (1) The helical domains must be
strands by restriction, as done previousdp) in addition held tightly in the conformation of interest. (2) One must be
to the enzymes mentioned below, tBed site (Figure 2) is  able to constrain the molecule to a ‘starting set’ of branch
used for this purpose. The sample is dried, dissolved in apoints. (3) While constrained, one must be able to demon-
formamide/dye mixture, and loaded directly onto a 14% strate that the branch point is restricted to the starting set.
polyacrylamide/8.3 M urea sequencing gel. Autoradiograms (4) It must be possible to release the molecule from branch
are analyzed on a BioRad GS-525 Molecular Imager. migratory constraint without releasing it from conformational

Polyacrylamide Gel Electrophoresis. (A) Gamtional constraint. (5) If it can migrate, the molecule must migrate
Denaturing GelsThese gels contain 8.3 M urea and are run to a fixed ‘final set’ of branch points, so that its new position
at 55°C. Gels contain 5% acrylamide (19:1, acrylamide: can be characterized. (6) The range of migration (extent of
bisacrylamide). The running buffer consists of 100 mM Tris homology) must be low enough that the molecule assembles
HCI, pH 8.3, 89 mM boric acid, 2 mM EDTA (TBE). The only to the designated starting set, and no other position.
sample buffer consists of 10 mM NaOH, 1 mM EDTA, The molecule shown in Figure 2 satisfies all of these
containing 0.1% Xylene Cyanol FF tracking dye. Gels are conditions. This drawing depicts a DNA double crossover
run on a Hoefer SE-600 gel electrophoresis unit at 35 V/cm, (DX) molecule containing three crossover points. Regarding
dried onto Whatman 3MM paper, and imaged by using a condition (1), the DNA double crossover molecud®) has
BioRad GS-250 Molecular Imager. been shown to be a very stiff molecul@2]. We have also

(B) Sequencing Denaturing Gelthe samples are phenol- shown that antiparallel DX molecules do not undergo
extracted, ethanol-precipitated, dried, dissolved in a form- crossover isomerizatiorT( The criteria for condition (2) are
amide/dye mixture, and loaded directly onto a 14% polyacryl- satisfied easily by the use of symmetric immobile junctions
amide sequencing gel containing 8.3 M urea. Gels are run(43). Symmetric immobile junctions are DX molecules in
on an IBlI model STS 45 electrophoresis unit at 70 W (50 which one branch point is immobile because it is asymmetric,
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Ficure 2: Experiment that demonstrates antiparallel branch migrafiba top portion of this drawing illustrates the molecule used in the

work described here. The upper drawing illustrates the strand topology, including the junction names, A, B, and C. The spacing between
A and B is a DAO structure, because there are three double helical half-turns between crossovers, and that between B and C is a DAE
structure, because there are four. The three strands of the catenane are drawn with lines of different thickness. Below this schematic is the
sequence of the molecule (‘B’ represents a biotinylated residue), drawn with unwound helices, indicating strand numbers, restriction sites,
and strand numbering. The bottom portion of the drawing shows the new strand numbers, new nucleotide numbers, and new junction
names for the molecule following the restrictions indicated. The restricted molecule is shown as having migrated to its designated ending
position.

and the other branch point is flanked by sequence symmetry.separated the two Holliday junctions of a DX molecule by

If the two branch points are close enough (1.5 turns hasrestriction of the helical domains between them. We have
proved effective), the torsional coupling between them keepsused this method to release the symmetric molecule from
the symmetric junction immobile. The ability of this design the asymmetric molecule, and thus satisfy condition (4).
to hold symmetric junctions immobile has been demonstrated Figure 2 shows that restriction of this molecule can lead to
by their use to characterize the thermodynamics of symmetricbranch migration.

crossover isomers3g) and of branch migratory minima4). Once released from a strong constraint, a branch migratory
Hydroxyl radical autofootprinting has been used to char- system is free to migrate to any of the sites within the region
acterize a number of unusual DNA motifs, such as branchedof sequence symmetry. Such polydispersity is hard to
junctions (3), antijunctions and mesojunctiongd4, 45), characterize, because it will generate a mixed and weak
partially mobile junctions46), double @0) and triple @7) signal in the hydroxyl radical pattern. To satisfy condition
crossover molecules, Bowtie junctior&8], and symmetric (5), we have included mispairing in the starting set that is
immobile junctions 43). The site of the branch point is eliminated when the system migrates to the final set. Thus,
readily apparent from a distinct protection pattern, relative the final set is a sink that absorbs molecules capable of
to a double helical control. We have used this form of branch migration. Condition (6) entails making sure that there
analysis to establish the sites of the branch points, therebyare no possible crossover positions besides those designated
satisfying condition (3). In a previous study)(we have by the design. This can occur if the length of the symmetric
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region is long enough so that crossover points are not m
designated unambiguously. It is possible to satisfy this
condition by limiting the possible range of migration to four
steps in a parallel system, but fortunately this problem does
not exist for symmetric immobile antiparallel junctions; the 1*
same torsional constraints that limit mobility in this system z
; . " 3

also prevent the wrong site from being the position of the FeoR V
crossover. Pru 11

Molecular Features of the Experimental Moleculss BB |
noted above, the molecule shown at the top of Figure 2 )
contains three crossover sites, labeled A, B, and C. Anti-
parallel DX molecules can exhibit two different topologies:
DAE, with an even number of double helical half-turns
between crossovers, and DAO, with an odd numi3&). ( igg:j:
The distance between junctions A and B is 1.5 turns, leading
to a DAO topology, and the distance between junctions B 300L—
and C is 2 turns, corresponding to a DAE topology. Junctions e L ]
A and B have symmetric sequences, and C is a fixed junction
with the J1 49) sequence. After removing junction C by 200L— = ® —126C
Puull and Hadlll restriction, the DAO molecule on the left =
is free to migrate through the symmetric sequences. The -
symmetric sequences are flanked by mispairs (drawn in
outline in Figure 2) in the unmigrated state that produce =
perfect pairs after migration. Hence, migration is designed
to stop when it moves five positions to reach that point. We
have designated the two junctions that result from migration =]
of junctions A and B as junctions’4and B, respectively. looL— W ® -sic
We have used an estimate of the sequence dependence of
branch point free energy26) to ensure that in this system
the gradient of free energy for migration will be downhill.
We have added biotin-containing hairpins to the ends of the
outside four arms to produce a topologically closed structure
that is readily purified from a denaturing gel. In addition to
the Puull and Hadlll sites, we have included other sites that
aid in characterization of the molecule.

Formation of the Experimental Molecul&he first issue
to be addressed with a new DNA motif is whether it forms
in a satisfactory fashion. The molecule at the top of Figure
2 is a triple catenane of DNA, whose individual circles,
numbered I, II, and Ill, contain 158, 42, and 122 nucleotides. _ -’
Figure 3 shows a denaturing autoradiogram of a 5% gel

. o . i Ficure 3: Characterization of the experimental molecufn
containing the restriction analysis of the purified molecule autoradiogram of a 5% denaturing gel. The molecule is Shown at

on a denaturing gel. Digestion wiicoRV cleaves strand  the top, with the strand numbers and first letters of the relevant
2, digestion withPuull cleaves strands 1 and 2, and digestion restriction sites indicated. The chart at the top describes the contents
with BsiBI cleaves strand 3. The leftmost lane contains linear of each lane. The notations 1*, 2*, and 3* indicate the labeled strand
markers, and the rightmost lane contains cyclic markers, for @ particular experiment. Digestion by a particular resriction
Undigested triple catenane material is shown to the right of enzyme is noted. ‘L and ‘C' indicate the presence in the lane of

. . - ~" linear and circular markers, respectively.
the linear markers. The central circle (strand 1) is labeled in
the next three lanes to the right. Cleavage wiboRV strands, generating a 122-mer cirdBsBI cleavage leads
releases cyclic strand |, and digestion Byull releases a  to the expected linear product, a 101 nucleotide linear
small amount of linear strand I; the more rapid mobility of molecule.
the 42-mer circle has been verified elsewhere (data not Release of the Symmetric Junctioiifie immobile ex-
shown). Removal of strand Il byBsBI produces the perimental molecule requires cleavage to convert it to a
catenane of 42 and 158 nucleotide circles; the relative molecule free to undergo branch migration. Cleavage at the
mobilities of the catenane and the 158-mer circle have beenHaelll and Pwull sites is all that is necessary to remove the
established elsewhere (data not shown). In the next threeblockage to migration. However, it is an important control
lanes, strand Il is labeled: Digestion wifttoRV produces to demonstrate that strand exchange does not occur during
the expected linear 132-mer, and weak digestion withll our analysis); to perform this experiment, we also restrict
generates a nicked 158-mer linear molecule. Again, removalat theDral and BsiBI sites (see below). Incomplete restric-
of strand 3 byBsBI produces the 42+ 158 catenane. In  tion could lead to ambiguity in the interpretation of the
the last three lanes, strand Ill is labeled. Cleavage both withresults. To solve this problem, biotin groups have been
EcdRV and withPuull decatenates strand Il from the other incorporated on the hairpin loops of the molecule (Figure
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Ficure 4: Restriction and purification of the experimental molecule TR R e W
Shown is an autoradiogram of a 5% nondenaturing gel. Two bs W}U\MMM W\MMWW
experiments are shown, one performed with a concentration of 500
nM DNA, and the other with a concentration of 100 nM DNA.  TPHETIONE VL0 o IEGREE g B0 n
The restriction is only partial, but streptavidin bead treatment
removes incompletely restricted material. The extra strand is a - W WMMNW
control to ensure that no dissociation has occurred. In both
experiments, it is clear that the final molecule can be prepared

cleanly, and that it does not dissociate under the conditions shown.

The sequence of the extra strand i$:CTAGACAGTA.TGACT- STRANDS 11 (1-20) 1U1-20) 11 (75-05) HU15-135)
AAAGA.CGTGGCATTG.GTGTATCGCA.GAGCAGGCG G.TAC- T T v 1N e
TACACAT.TCCGTAGCCG.CAGGTCACTT.CGGTC-3

DS
2). After restriction treatment, those biotin groups that remain |,y
are tagging incompletely restricted molecules. The system TOoH oy 7 H by

can be purified of these contaminants by treatment with ox
streptavidin beads, as performed previoudg)( J{
To control for molecular dissociation during the experi-

ment, an extra strand is added to the solution containing theFIGURE 5. Hydroxyl radical autofootprinting of the experimental

: : ; : molecule before restrictiofcach of the junctions is shown, A, B,
experimental molecule. This extra strand is a version of and C, moving from top to bottom. The appropriate residues are

strand iii (bottom of Figure 2), containing extra nucleotides shown in a clockwise fashion as one proceeds around the junction;
on each end, which leads to a band of lower mobility if it see the top of Figure 2 for strand numbering. Each panel contains
replaces strand iii (data not shown). The extra strand is addedwo intensity traces, one for the indicated residues when incorpo-
to the restriction digest, and after restriction, the molecules ratéd into the double crossover (DX) and a second for the same

e : strand when paired with its traditional Watse@rick complement
are allowed to equilibrate for 2 days at@ (Figure 4) or at (DS). The two nucleotides that flank the junction are indicated by

room temperature (not shown but identical to Figure 4), a pair of arrows, regardless of whether the nucleotides are
before treatment with streptavidin beads. designated to be on the crossover strands or on the helical strands.

Figure 4 illustrates both the efficacy of restriction and the The helical strands are in the first and third panels, from left to

absence of dissociation. This is an autoradiogram of a 5% right, and the crossover strands are in the second and fourth panels.

d turi Ll ) trati . ¢ tt In each case, the pattern at the junction is similar between the DX
nonaenaturing gel, lliustrating expenments run at tWo g4 ps molecules for the helical strands, but marked protection is
different concentrations, 500 nM (left) and 100 nM (right). visible on the crossover strands.

In agreement with the partial digestion seen in Figure 3,

particularly for Puull, a relatively small quantity of com-  complexed in the unusual motif. The duplex pattern serves
pletely restricted material results from treatment by the four to control for sequence effects, and provides a baseline of
restriction enzymes. However, all of the partially restricted known structure with which to compare the pattern in the

material is removed cleanly by the streptavidin bead treat- ynysual motif. If the cleavage pattern of the strand in the

ment. The final molecule shown at the bottom of Figure 2 yyo complexes is the same, the inference is that the strand
contains 78 nucleotide pairs (39 in each of its helical hag adopted a helical structure in the unusual motif. The

domains), and Figure 4 shows that it migrates on the gel  jeotides flanking crossover points characteristically evince
somewhat more rapidly than a 100 nucleotide pair marker, ,.qtection from cleavage, relative to the double helical

lphaglr eement d\_/wth_ pre\aous observatuf)nﬁ (data not Sh%\’\m)'control; sometimes this protection extends one nucleotide
e lanes indicating the presence of the extra strand are, "\ -5 direction 3.

identical to the ones without it. Thus, any phenomenon noted i ]
on the experimental molecule is a consequence of its behavior Figure S illustrates the pattern of the experimental
as an intact molecular complex, rather than as a group of molecule before digestion by restriction enzymes. Junction
continually shifting complexes such as the couples in Arthur A shows the characteristic pattern discussed above. The
Schnitzler'sLa Ronde(50) or the protons in the Grotthus ~ Crossover strands, strand Il residues (46, 47) and strand IlI
mechanism of proton mobility in water (e.&J). (85, 86), are protected, relative to the double helical baseline
Hydroxyl Radical AutofootprintingThe autofootprinting ~ Structure. By contrast, there is no significant difference
experiment with unusual motifs compares the quantitative between the DX pattern and the duplex pattern for the helical
hydroxyl radical cleavage pattern of each strand paired with positions, residues (14, 15) and residues (46, 47) on strand
its duplex complement to the pattern of the same strandlll. In addition to demonstrating which nucleotides are
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involved in the crossover, the pattern shows that the site of
the branch point is well localized at the residues designated.
From these data, we cannot exclude the possibility of a small
percentage of the molecules having their branch point shifted
one position in the direction of symmetry, but certainly this
population does not dominate the distribution. The other
symmetric immobile junction, B, has a similar pattern,
wherein crossover residues (30, 31) of strand Ill and (33,
34) of strand | are protected, but helical residues (30, 31)
and (62, 63) of strand Il are unprotected. Junction C is an
immobile junction, and it serves as a control for the patterns
seen there. Crossover residues (123, 124) of strand Il are
protected, as are residues (12, 13) of strand I, but helical
residues (9, 10) and (83, 84) of strand Il show no protection.
These data confirm that the molecule constructed has the
conformation indicated at the top of Figure 2, and it is poised
to branch-migrate following restriction.

Figure 6 contains the hydroxyl radical autofootprints of
the restricted and purified molecule shown at the bottom of
Figure 2. Figure 6a shows the results for the experiment using
a 100 nM concentration of the experimental molecule, and
Figure 6b illustrates the same results for a concentration of
500 nM. There is a new strand numbering for the restricted
molecule. In this new numbering, the original prerestriction
crossover residues for junction A were (25, 26) on strand i
and (9, 10) on strand iv. It is evident that protection is seen
at residues (30, 31) on strand i and (14, 15) of strand iv,
corresponding to junction'AFigure 2); nothing remarkable
has occurred on the helical strands. Thus, the junction has
migrated the entire range of the symmetry, five positions in
the 3 direction on the crossover strands, and it has stopped
at the position where the original mispairs now form proper
pairs.

A similar result is apparent for junction’Bin the new
numbering scheme, the crossover at junction B occurred
before restriction at (14, 15) on strand ii and at (30, 31) on
strand iii. Figure 6a shows that the key protection on strand
ii has shifted to (9, 10) and the major protection on strand
iii has shifted to (25, 26); these crossover sites correspond
to junction B (Figure 2). Thus, this junction has also
migrated 5 positions through the symmetric region; however,
the crossover strands have migrated in thdifgction, rather
than the 3 direction, as in junction A No changes are
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Ficure 6: Hydroxyl radical autofootprinting of the restricted and
purified experimental molecul&@he same conventions apply as in

notable on the helical strands at sites (14, 15) or (46, 47) of Figure 5. (a) The experiment performed at 100 nM molecular

. . . . concentrationlt is evident that the pattern at the junction residues
strand i, that flank the branch point. Figure 6b reinforces follows the same pattern seen in Figure 5. However, the positions

the same conclusion derived from Figure 6a: The same have now shifted to the residues that correspond to the designated
protections are seen at the same sites, indicating that thisendpoint of migration, rather than the beginning. (b) The experiment
result is independent of strand concentration. performed at 500 nM molecular concentratidime same findings

are visible here as in (a): The branch point has migrated from the

DISCUSSION starting point to the designated ending point.

Mobility in Antiparallel Junctions and Double Crosser whether parallel double crossover molecules can branch-
Molecules.The results above demonstrate unambiguously Migrate, but our demonstration of branch migration in an
that antiparallel double crossover molecules are capable ofantiparallel double crossover molecule shows that the
undergoing spontaneous branch migration. Two junctions, coordinated movement necessary for this isomerization is
whose migration is tightly coupled togethd3], have been ~ possible.
shown to migrate to a designated stopping position favored Does this result tell us anything about the mechanism of
by a lower free energy. This finding suggests strongly that branch migration? An early simulation of the syste?d)(
individual antiparallel junctions are also capable of branch suggested that structures far from the Sigaberts structure
migration. Thus, such problems as may appear to be involvedmight undergo a slow isomerization to produce those
in branch migration in an antiparallel context seem not to structures, thereby enabling the Meselson mechanism to
exist in a practical sense. It remains an open question as tooccur. The success of that model suggests that there may
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well be a slow conformational step in branch migration, but described here could be used as a trigger for a onetime event

it appears unlikely that a SigaAlberts-like structure is to create a small displacement between the ends to two

necessary for branch migration to occur. The double cross-helices. This movement could be used to transduce the

over molecule is known to be quite stif8%), and at 4°C, occurrence of the restriction, through a change in a FRET

even over a long time period, it seems improbable that the signal 86). Likewise, transduction could be done by enabling

extreme fluctuations needed to produce that structure areprotein binding through the exposure of a helix. For example,

likely to occur. Of course, other fluctuations, even unlikely the lower helix in the restricted DAO of Figure 2 could

fluctuations such as strand dissociation at the junction, may contain a binding site on its left end, and the upper helix

be required to enable the system to migrate. could have one on its right end, although more DNA would
The essence of branch migration is movement of the be needed than shown there.
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