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The Holliday junction is a central intermediate in the process of genetic
recombination. The position of its branch-point can relocate through an
isomerization known as branch migration. This migration occurs because
the branch-point is flanked by homologous symmetry. All attempts at
modeling the kinetics of branch migration have relied on the assumption
that branch migration minima are sequence-independent. We have tested
that assumption here, using a competition assay based on symmetric
immobile branched junctions; these are junctions that cannot undergo
branch migration, despite the fact that they are flanked by homology.
The assay used is predicated on the non-association of strands displaced
in the assay; we have tested this assumption, and have performed our
experiments under conditions where we know that it is true. We have
measured the free energy of relocating a branched junction from a fixed
non-homologous sequence to all possible dimeric symmetric sequences.
We find that the assumption of sequence-independence is often valid, but
that it is not universally true. We find that the flanking sequences can
have a marked effect on the free energy measured, both for extensions of
symmetry and for reversals of flanking nucleotides. We have varied the
temperature in our experiments, and have derived both enthalpies and
entropies for the different sequences. The entropies are largely unfavor-
able, whereas the enthalpies are largely favorable; regardless of the signs
of these quantities, we see that this is another system where enthalpy-
entropy compensation is operative.
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Introduction

an authentic intermediate in site-specific recombi-
nation (Hoess et al.,, 1987, Kitts & Nash, 1987;

Genetic recombination occurs universally in liv-
ing organisms, from viruses to humans. A great
deal of DNA metabolism is clearly devoted to
ensuring the stability required for its role as genetic
material, but recombination is a process that
affords the flexibility necessary for the adaptation
of species to a changing environment. The basic
molecular feature of recombination is the inter-
action of two pieces of DNA to yield new genetic
material that may incorporate segments of both
interacting molecules, either directly or in the form
of copied information. The resulting DNA may
show such alterations as insertions, deletions,
changes of sequence, rearrangements or exchanges
of flanking markers. The Holliday (1964) junction
intermediate is a central paradigm in the molecular
mechanism of this process. It has been shown to be
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Nunes-Duby et al., 1987), and it is believed to be
involved in homologous recombination (DasGupta
et al., 1981).

The Holliday junction consists of four strands,
arranged in four double-helical arms. Figure 1 illus-
trates the way in which the Holliday junction can
participate in genetic recombination. At the first
stage (I, in Figure 1), DNA strands containing hom-
ologous sequences, but different flanking markers,
are aligned. The allelic flanking markers are A and
o, B and B. The Holliday junction is a four-stranded
intermediate (II) in which two strands have (effec-
tively, but not mechanistically) been nicked and
religated so that they fuse their sequences and form
a branch-point; the other two strands remain intact
and are not involved directly in branching in the
equilibrium structure (Lilley & Clegg, 1993; Seeman
& Kallenbach, 1994). The strands that join the
double-helical domains are called the crossover
strands, and the other two strands are called the
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Holliday intermediate, II, 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 possibilities. 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 III. The
Holliday intermediate may or may not undergo the crossover isomerization process to produce structure IV, in
which the crossover and non-crossover strands are switched. Note that this process has meaning only if the Holliday
intermediate is 2-fold symmetric, rather than 4-fold symmetric. Although indicated as separate, the crossover isomeri-
zation process could be a feature of branch migration (Mueller et al., 1988). If crossover isomerization occurs an odd
number of times, resolution by cleavage of the crossover strands yields structure V, but structure v results if cross-
over isomerization occurs an even number of times (including 0) before cleavage. Ligation of v generates a patch
recombinant, vi; this is a pair 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,

which have exchanged flanking markers.

helical strands. Homology permits the Holliday
junction to undergo branch migration, an isomeri-
zation that relocates the branch-point (III; e.g. see
Hsieh & Panyutin, 1995). In addition to branch
migration, another isomerization appears possible,
the crossover isomerization reaction. In crossover
isomerization, the crossover strands and the helical
strands switch functions (IV). Thus, the fused
strands now take on the role of the helical strands,
and the intact strands become the crossover strands.
The isomerization is spontaneous (Li et al., 1997; the
position of the equilibrium has been examined in
junctions flanked by both symmetric (Zhang &
Seeman, 1994) and asymmetric (Miick et al., 1997)
sequences. Resolution of the unisomerized Holliday
junction (III) by a resolvase that cleaves the cross-
over strands (v), such as endonuclease VII (Mueller
et al., 1988), yields patch recombinants (vi) upon lig-
ation; patch recombinants can lead to gene conver-
sion. However, resolution of the isomerized
Holliday junction (IV) by the same resolvase (V)
produces splice recombinants (VI), corresponding
to the exchange of flanking markers.

Branch migration complicates the physical
characterization of branched junctions, because it
can lead to a heterogeneous population of mol-
ecules. However, branch migration is consequence
of the junction being flanked by homologous (two-
fold) sequence symmetry, as illustrated by Figure 2.
Elimination of homologous symmetry in synthetic
molecules produces immobile branched junctions

whose branch-points are fixed (Seeman, 1982;
Kallenbach et al., 1983). It is also possible to fix the
branch-point of a symmetric junction, by coupling
its motion to that of an immobile junction within a
double crossover context (Zhang et al., 1993); these
junctions are known as symmetric immobile junc-
tions.

The branch-point in a Holliday junction is clearly
a pivotal site. There are at least four transform-
ations of this point, three of which are illustrated
by Figure 1. (1) The formation of the branch-point
from two duplex molecules; (2) branch migration
from one position to another; (3) crossover isomeri-
zation; and (4) interconversion of parallel and anti-
parallel junctions (not shown). In the past, we have
used immobile branched junctions to measure the
thermodynamics of branch-point formation (Lu
et al., 1992) and of the interconversion of parallel
and antiparallel conformers (Lu et al., 1991). Most
recently, we have used symmetric immobile junc-
tions to estimate the thermodynamics of crossover
isomers for symmetric sequences (Zhang &
Seeman, 1994). The remaining key transformation
that lacks thermodynamic characterization is
branch migration, which we describe here.

It is clear from Figure 1 that branch migration is
a key step in Holliday-mediated recombination.
The position to which the branch point migrates
determines the extent of heteroduplex DNA, poten-
tially determining the products of the recombina-
tion event; it is evident that the heteroduplex
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Figure 2. Branch migration. The thick black lines correspond to strand backbones, with the half-arrowheads point-
ing in the 5 to 3’ direction of the molecule. The lens-shaped object in the center of each branched structure indicates
the 2-fold sequence-symmetry of the branched junction: strand 1 has the same sequence as strand 3, and strand 2 has
the same sequence as strand 4. In the central molecule, only the five nucleotides flanking the central branch on each
side are shown. The central molecule is shown to branch migrate in each direction. To the right, the base-pairs in the
horizontal arms re-pair to join the vertical arms; to the left, the base-pairs in the vertical arms re-pair to form the hori-
zontal arms. The figures on the left and the right are free to migrate again, as they, too, are 2-fold symmetric.
Repeated migration eventually results in the production of two linear molecules from each branched molecule.

regions in products vi and VI of Figure 1 are a con-
sequence of the branch migration that converts
their precursor, species II, to species III. It is
known that this reaction may be spontaneous (e.g.
see Thompson et al., 1976), but it may also be
enzyme-catalyzed (Lloyd & Sharples, 1993;
Tsaneva et al., 1993). A number of investigators
have measured the kinetics of spontaneous double-
stranded branch migration in elegant systems that
have used a similar approach: branched molecules
are assembled; at a fixed time they are freed to
migrate; the resolution of the branched species to
linear species is monitored, and the step rate is esti-
mated from this observation by modeling a ran-
dom walk with an absorbing barrier. In all
experiments (Thompson et al., 1976; Warner et al.,
1979; Gellert et al., 1983; Johnson & Symington,
1993; Panyutin & Hsieh, 1994) and simulations
(Robinson & Seeman, 1987) of which we are
aware, the probability of migration from one
migratory minimum to another is assumed to be
independent of sequence, as shown in the top por-
tion of Figure 3. Here, we have asked whether that
assumption is warranted, or whether the sequence
can affect the migratory minima, as shown at the
bottom of Figure 3.

We have measured the relative free energies of
branched junctions flanked by all possible sym-
metric dinucleotide sequences. In order to do this,
we have used symmetric immobile junctions
(Zhang et al., 1993) predicted on DAO double
crossover molecules (Fu & Seeman, 1993); the top-
ology of a DAO double crossover molecule is illus-
trated at the top of Figure 4. We have made these
measurements by means of a competition exper-
iment illustrated in the lower portion of Figure 4.
Species B is a double crossover molecule that con-
tains two branched junctions flanked by the central
nucleotides of the well-characterized branched
junction J1 (Seeman & Kallenbach, 1983); its
favored crossover isomer is well known (Churchill

et al., 1988). Strands 1 and 3 are the crossover
strands of the upper junction, and strands 2 and 4
are the crossover strands of the lower junction.
One helical turn (ten nucleotide pairs) from the
lower junction on each helical domain is a sym-

SEQUENCE INDEPENDENT
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Figure 3. Models for branch migration. Two qualitat-
ive models for branch migration are presented here. In
each case, we show six adjacent branch migratory
minima. The minima represent the positions that corre-
spond to intact junctions; if, as is believed (Lilley &
Clegg, 1993; Seeman & Kallenbach, 1994), the nucleo-
tides flanking an intact junction are paired, then these
minima correspond to those structures. The maxima rep-
resent the barriers over which the system must climb in
order to get to the next position. The panel at the top
represents a sequence-independent model of the branch
migration, in which every minimum represents the
same free energy, and every barrier is also the same.
The bottom panel represents a sequence-dependent
model, in which some sequences produce a junction
with lower free energy than others. We have made no
attempt to alter the barrier heights, although fixed bar-
rier heights, relative to minima, result in inherently
higher barriers.
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Figure 4. The experimental sys-
tem used to measure free energy
differences in symmetric immobile
branched junctions. The top panel
illustrates the topology of the DAO
molecule, a double-crossover mol-
ecule in which the crossovers are
separated by an odd number of
double helical half-turns. In the
D molecule shown, they are separated

by three half-turns. In the molecule
shown, they are separated by three
half-turns. The molecule contains
1 four strands, two drawn with thin
lines and two drawn with thick
lines; their 3’ ends are indicated by
arrowheads. The vertical arrows
indicate the 2-fold symmetry axis
that relates the thick strands to the

1fi it [2'" thin strands. The bottom panel
ii 4§t i illustrates the experiment per-
formed here in order to measure

the sequence-dependence of the

\ 4 v free energy of branch-points. The

unwrapped representation of DAO

double-crossover molecules is shown, featuring a conventionally drawn antiparallel junction between the inner
strands, and a crossover that spans the molecule between outer strands; this form is easier to use when sequence
information must be indicated. Species B is a conventional double-crossover molecule, in which each of the branched
junctions is flanked by the J1 sequence (Seeman & Kallenbach, 1983). The strand numbers are shown; strands 1 and 3
from one J1 junction and strands 2 and 4 form the other one. A double-helical turn away is a potentially symmetric
site, flanked by the sequence 5-ij-3'. Species A represents two strands, 2 and 4/, that do not associate in solution.
Their combined sequence is the same as in strands 2 and 4, but their crossover-point is different, occurring at the
sequence 5'-j/,i'-3'. When A and B are equilibrated together, strands 2’ and 4’ can displace strands 2 and 4 from B, to
produce species D and species C, which is just the two non-interacting strands 2 and 4. Species D is a symmetric
immobile junction, because the lower junction is flanked by the sequences 5'-i,j-3' and 5'-',i’-3 that exhibit local 2-fold
(homologous) symmetry. The reaction shown corresponds to moving the lower junction from the J1 sequence to the

[5'-i,j-3', 5'-,j-3'], symmetric sequence.

metric sequence, 5'-i,j-3, paired by normal Watson-
Crick interactions with its complement, 5',i'-3’; in
this notation, i and j represent any of the four con-
ventional deoxynucleotides. The sequence 5'-ij-3'
occurs twice on strand 1, and its complement is
seen twice on strand 4. This double crossover is
equilibrated with strands 2’ and 4. These strands
are drawn stacked for clarity but, in fact, they are
designed not to interact with each other or them-
selves. The sequence of the 5 portion of strand 4’
and the 3’ portion of strand 2 is exactly the same
as the sequence of the 5 portion of strand 4 and
the 3’ portion of strand 2. However, the discontinu-
ity in their sequences (the ultimate crossover site)
is in a different position. Likewise, the sequence of
the 5 portion of strand 2’ and the 3’ portion of
strand 4’ is the same as the 5 portion of strand 2
and the 3’ portion of strand 4. Thus, strands 2’ and
4’ can pair with strands 1 and 3 just as strands 2
and 4 can. If this occurs, double crossover D will
replace double crossover B, and independent
strands C (strands 2 and 4) will replace indepen-
dent strands A (strands 2’ and 4'). This reaction
corresponds to moving the lower junction from a
site flanked by the asymmetric J1 sequence to a
junction flanked by the symmetric sequence 5'-i,j-3'
and its complement 5'-j/,i’-3'.

The double crossover molecules B and D are
stable species without detectable isomers (Fu &
Seeman, 1993), so other substructures that could
affect the thermodynamics of this system must
derived from interactions involving 2, 2/, 4 and 4'.
The equilibrium is represented by the AG for the
reaction:

AGY = AG*L + AG™), — (AG’) + AG”)

Given the readily testable assumption that 2, 2/, 4
and 4 form no substructures in solution, AGY
measures the cost of moving the junction from the
J1 sequence to the symmetric immobile sequence
5'-,j-3". Likewise:

AG" = AG’C + AG — (AG™) + AG™)
represents the free energy of moving the junction
from the J1 sequence flanked by strands 2 and 4 to
the J1 sequence flanked by strands 2’ and 4'. This is
our baseline measurement, accounting for the free
energy difference that results from moving the
junction from one position to the other. The differ-
ence between two reactions:

AJlGij — AGl_] _ AGJI

places the AG measurement on an absolute scale.
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The cost of moving the branch-point to sequence
5'-1j-3' from sequence 5'-k,1-3' is given by:

AAGij’kl — AJlGij _ AJlel

The sequence-independent model illustrated at the
top of Figure 3 requires that AAGY is zero for all
sequences 5'-i,j-3' and 5-k,I1-3'. We have measured
AT'GY for all 16 dinucleotides. Within the limits of
our measurements, we find that the sequence-inde-
pendent model at the top of Figure 3 is often true,
but that there are clear exceptions; hence, the
sequence-dependent model appears to be the most
appropriate to use for modeling branch migration.

Results
DNA sequence design

The DNA molecules used in this work have
been designed using the program SEQUIN
(Seeman, 1990). The sequence of the molecule used
is shown in Figure 5. The sequence naming con-
vention is that the sequence 5'-ij-3' refers to the
second version of the sequence on strand 1, so that
it is flanked by 5-G- and -C-3/, to yield 5'-G-ij-C-
3. The distinction between this version and the
first version (5'-C-i,j-G-3') becomes relevant for cer-
tain controls discussed below.

Characterization of the double-
crossover complex

The first issue to address is the formation and
characterization of the two double-crossover com-
plexes, B and D. Figure 6(a) contains an autoradio-

215 10 20 15 10 5

CCGTTAGG ACTCGT CCGCTACGG j i CTCAGCG
GGCAATCC TGAGCA  GGCGATGCC j'i' GAGTCGC
B 227 A0 [ BBy N5 %7
CGGTATCA GGAACC TGCGTACTC{ j'GTCTGCC
3 GCCATAGT CCTTGG ACGCATGAG i j CAGACGG

H 25 30 33 40 45 7

. . L] 1
+2',4";-2,4 +2,4;-2',4
215 10 20 15 10 5
CCGTTAGG ACTCGTCCGCTACGG j i CTCAGCG
2| GGCAATCC TGAGCAGGCGATGCC j' i' GAGTCGC
D Zz 45-7° T 03515 30 0 35 s 572 4!
CGGTATCA GGAACCTGCGTACTC i'  j'GTCTGCC
3 GCCATAGT CCTTGGACGCATGAG i j CAGACGG
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Figure 5. The sequence of the molecules used. The
molecules used in this study are illustrated here. Species
B and D are the same as in Figure 4, and are shown in
the unwrapped representation. Half-arrowheads rep-
resent the 3’ ends of strands. Strand numbering is indi-
cated in large numbers and sequence positions are
indicated with smaller numbers. The variable positions
5-j-3" and 5'-/,i’-3" are indicated in both molecules. The
reaction is indicated in which strands 2 and 4 in B are
replaced by 2’ and 4’ to yield D.

gram of a typical non-denaturing gel that
illustrates the components of the reaction for
which i=A and j=T. Lanes 1 to 3 contain com-
plexes labeled in strand 3, and lanes 4 to 6 contain
components labeled in strand 1. Lanes 1 and 4 con-
tain the complex of strands 1, 2, 3 and 4. Lanes 2
and 5 contain the complex of strands 1, 2/, 3 and 4'.
Note that the difference in the positions of the
branch-points renders these species readily separ-
able on this gel. Lanes 3 and 6 contain equilibrated
mixtures of all six strands. Note that both species
are visible in these lanes.

Non-association control experiments

The key assumption in this experiment is that
the single-strand components 2, 2/, 4, and 4’ neither
associate with each other nor enter into complex
secondary structures when they have been dis-
placed from complexes B or D. Figure 6(b) illus-
trates the lack of association between these
components (i = A and j=T) at a series of concen-
trations, ranging from 300 nM to 50 nM. We find
no association between the individual strands for
any of the sequences in the concentration range
between 100 nM and 50 nM. Consequently, we
have performed these experiments at a concen-
tration of 88 nM. In addition, we have character-
ized the thermal denaturation profiles for the
individual strands. In order to do this at concen-
trations similar to those used in the other exper-
iments, we have used perpendicular denaturing
gradient gel electrophoresis (Fischer & Lerman,
1979, 1983) to compare the denaturation profile of
the molecules used here with an appropriate length
of oligo(dT), which we assume to be unstructured.
Figure 6(c) illustrates the differences in mobilities
of the strands of two of the molecules studied here,
relative to oligo(dT). The cooperative melting of
the hairpin loop is shown for comparison. Within
experimental error, the differences in mobility are
consistently linear plots, showing no evidence of
secondary structural features; none of the melts
shows cooperativity at the concentrations used
(Figure 6(c)). These data lead us to conclude that
we have designed the sequences in such a fashion
that the strands contain no detectable secondary
structure, either individually or when mixed with
the other three strands. Hence, strands 2, 2/, 4 and
4’ participate in no detectable secondary inter-
action, and it is valid to assume that their contri-
butions as species A and C (Figure 4) to the free
energy of the system are equivalent in each exper-
iment.

Hydroxyl radical analysis

We have used hydroxyl radical autofootprinting
previously to characterize unusual DNA mol-
ecules, including branched junctions (Churchill
et al., 1988; Chen et al., 1988, Wang et al., 1991),
antijunctions and mesojunctions (Du et al., 1992;
Wang & Seeman, 1995), and double crossovers (Fu



64

Branch Migratory Minima

(®)
Lanes 112|314 |5(6 |7 (8|9 (1011
Strands 2 | + |- {- |- |+ |+ |- |- |- |+/|+
4 | - |+ |- |- |+ + | - S+ )+
b I R B R L I A S
4| -] - - + |+ | - - - + | + | +
48 mer —
36 mer —
28 mer —
16 mer —
3.0+
(c)
2.54
"] \
154 Strand 2 (T10)
1.04 \

Strand 2' (AT, T20)

Strand 4 (AT,T20) i}
Strand 4' (GG, T10)

0.0 Strand 4' (AT,T10) Hairpin (T20)
Strand 2' (GG, T20)
Strand 4 (GG,T20)

-0.5

-1.0 T T T T T 1
0 10 20 30 40 50 60

Mobility Difference (cm)

Equivalent Temperature

Figure 6. Experiments characterizing this system.
(a) A typical competition reaction. This is an autoradio-
gram of a non-denaturing gel showing the components
of the competition reaction. B and D indicate the two
double-crossover molecules. Lanes 1 to 3 contain labeled
strand 3, and lanes 4 to 6 contain labeled strand 1. Lane
1 contains the four-strand B complex, composed of
strands 1, 2, 3 and 4. Lane 2 contains the four-strand D
complex, composed of strands 1, 2/, 3 and 4. Lane 3 con-

& Seeman, 1993, Zhang et al., 1993; Zhang &
Seeman, 1994; Fu et al., 1994; Li et al., 1997). These
experiments are performed by labeling a com-
ponent strand of the complex and exposing it to
hydroxyl radicals. The key feature noted in these
analyses is decreased susceptibility to attack when
comparing the pattern of the strand as part of the
complex, relative to the pattern derived from linear
duplex DNA. Decreased susceptibility is inter-
preted to suggest that access by the hydroxyl rad-
icals may be limited by steric factors at the sites
where it is detected. Likewise, similarity to the
duplex pattern at points of potential flexure is
assumed to indicate that the strand has adopted a
helical structure in the complex, whether or not it
is required by the secondary structure. In previous
studies of junctions, double crossovers and meso-
junctions, protection has been seen particularly at
the crossover sites, but also at non-crossover sites
where strands from the two domains appear to
occlude each other’s surfaces from access by
hydroxyl radicals (Churchill et al., 1988; Fu &
Seeman, 1993; Fu et al., 1994; Du et al., 1992; Wang
& Seeman, 1995). Hence, protection is a reliable
indicator of the crossover isomer; strands seen to
be protected relative to duplex are the crossover
strands of the junction.

tains the competition reaction with all six strands;
strands 1 and 3 are present in equimolar concentration,
65 nM, as are the concentrations of strands 2, 4, 2’ and
4/, which are 88 nM. Lanes 4 to 6 contain the same pat-
tern. The 5-ij-3' sequence here is 5-AT-3'. (b) Non-
association controls. This autoradiogram of a non-dena-
turing 8% polyacrylamide gel is designed to illustrate
the fact that strands 2, 4, 2’ and 4’ do not associate with
each other in solution. The contents of each lane are
indicated above it. As in (a), the 5'-i,j-3" sequence here is
5-AT-3'. Lanes 1 to 4 contain single strands, and lane 5
contains all four strands. The same pattern is used in
lanes 6 to 10, and lane 11 contains all four strands. The
strand concentrations in lanes 1 to 5 are 300 nM, in
lanes 6 to 10, 100 nM, and in lane 11, 50 nM. It is clear
that there is no association visible in the lanes contain-
ing multiple species. No band is present on the gel that
indicates a dimer or other slower migrating species. No
association is seen for any species below 100 nM.
(c) Denaturing gradient gel electrophoresis experiments
demonstrating the lack of secondary structure in iso-
lated single strands. Each of the plots represents the
difference in electrophoretic mobility between one of the
strands used in these experiments and a molecule of oli-
go(dT). Oligo(dT), assumed to be unstructured, has been
used as a standard, to control for differential mobility
caused by features of the denaturing gradient gel, rather
than the secondary structure of the molecule. Each
strand is listed, followed by a parenthetical notion indi-
cating both the system (i=A, j=T or i=G, j=G) for
which the results are displayed and the molecule with
which it is compared. The results are all linear, within
experimental error. The cooperative melting in this
system of a molecule containing a hairpin loop (5-
TGCCGATCCTTTTTGGATC-3) is shown as a positive
control.
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Figure 7 illustrates a typical set of hydroxyl
radical protection experiments for species B and D
(i=T and j=A). For each double-crossover
molecule, the protection pattern expected for
the species is seen. Relative to the double-helical
baseline structure, the two nucleotides forming
the crossover-point are protected from attack,
whereas the nucleotides on the non-crossover
strands show no protection. These patterns confirm
the ability of the complexes 1,2, 3,4 and 1, 2/, 3, 4
to form symmetric immobile junctions, with
patterns similar to those reported previously for
these types of molecules.

Strand 2

Free energies, enthalpies and entropies

Figure 8(a) illustrates the final values of A''GY
for all 16 nucleotides, at 277 K (4°C), 289 K
(16°C) and 295 K (22°C). Each experiment has
been repeated five or more times. We have used
the measurements at different temperatures to
estimate the values of A'HU and TAMSU; these
values are illustrated in Figure 8(b) and (c),
respectively. They are derived from the
fundamental  relationship, AG = AH — TAS.
Plotting AG as a function of temperature yields
AH as the intercept and AS as the slope. The
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Figure 7. Hydroxyl radical autofootprinting of symmetric immobile junctions. Each of the portions (B or D) shows
hydroxyl radical attack patterns for the molecules used in these experiments. Each plot represents quantification
through a lane on a sequencing gel; the area of each peak is proportional to cleavage at that site. DX refers to a par-
ticular strand in the double-crossover molecule, and DS refers to the same strand when complexed with its Watson-
Crick complement. Nucleotide numbers are indicated, and correspond to the numbers in Figure 5. The positions of
branch-points are indicated by the symbol ], regardless of whether the position is on a crossover strand or on a heli-
cal strand. The region of crossover sites in strands 2’ and 3 in D requires two different gels to visualize clearly; these
are labeled as being on the 5 or 3’ ends of the strands. In each case, protection is seen at the junctions in the cross-

over strands indicated in Figure 5.
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Figure 8. Thermodynamic quantities for sequences
flanking symmetric immobile junctions. In each case, the
individual sequences corresponding to i and j are shown
along the bottom of the plot. At the right are the con-

errors of these estimates are necessarily rather
large.

The 4°C values of A''GY can be divided into
three groups: Those clearly positive (between 286
and 433 calories), those clearly negative (—680 to
—888 calories) and those in the middle (—333 cal to
+24 calories). Curiously, the CN sequences all
have strongly positive values of A'GY, and they
are the only strongly positive values that we note.
The trend among the strongly negative sequences
is more ambiguous, being represented by GT, TA
and TC.

Our average estimated standard deviations for
AGY are 80 cal, 4 to 16% of the measured values,
which range from 0.5 to 2 kcal/mol. The derived
quantities A1'GY have larger standard deviations,
because they are combined with the errors in the
measurement of AG?; these standard deviations
average 114 (4°C), 149 (16°C) and 159 calories
(22°C). With these errors in mind, a significant
difference, say 3o, between two values of AI'GY
would be about 350 calories. The differences
between the clearly negative and the clearly posi-
tive values certainly qualify as significantly differ-
ent. Some values between these two extreme
groups and the middle group are also significantly
different.

In addition to the measurements described
above, we have done two sets of control exper-
iments involving the flanking sequences. In the
first case, we have taken two sequences and
expanded their symmetry to cover four nucleo-
tides. Thus, we have flanked TA with another T
and A at both positions, replacing the asymmetric
J1 sequences, and generating the symmetric
sequence TTAA. Similarly, we have flanked CT
with C and T, so that the symmetric sequence
CCTT has been produced. The effect of this change
in flanking environment is almost negligible on
A'GY for CT, but AG for TA changes dramati-
cally from the clearly negative group in the middle
group.

In a second set of controls, we have reversed the
flanking sequences of the J1 junction, on both of

trols that involve variation of the flanking sequences.
(a) Free energies. The quantities A"'GY are shown in cal/
mol. We have made these measurements at three differ-
ent temperatures, at 277 K (filled bars), at 289 K (shaded
bars) and at 295 K (open bars). It is clear that many of
the values are similar to each other, but that some differ
by as much as 1.3 kcal/mol (TA-CA). (b) Enthalpic con-
tributions to the free energy. The quantities A''GY are
shown in cal/mol. They have been derived from the
dependence of the free energies on temperature. Note
that all are negative, with the exceptions of GT and CA,
the latter being insignificantly different from zero.
(c) Entropic contributions to the free energy. The quan-
tities —TAJ1ST are shown in cal/mol at 277 K. With the
exception of GT, all of these quantities are positive. We
have checked GT several extra times, and continue to
get the same dependence of its free energy on tempera-
ture.
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these sequences. Thus, the GATC and CATG
sequences have been replaced with CATG and
GATC, respectively. This alteration again has a
major effect on A'GY for AT but, this time, AT'GY
for CT is diminished markedly.

Discussion

The sequence-dependent model for
branch migration

Our key finding is that the various symmetric
dimer sequences that can flank a junction may
exhibit markedly different stabilities. Another way
to phrase this observation is that the cost of placing
a branch-point in a DNA molecule is not sequence-
independent in all cases. Consequently, the cost of
moving a branch-point within a mobile Holliday
junction is not necessarily sequence-independent,
and this observation should be taken into account
in modeling the kinetics of branch migration. It is
clear that measurements of activation barriers (e.g.
see Thompson et al., 1976) are really estimates of
average activation barriers. Within the environ-
ment where we have made our observations, it
appears, for example, that a branch point in a 5'-
CTA-3' sequence would be a lot more likely to be
found between the T and the A than between the
C and the T. Thus, for systems of known sequence,
kinetic modeling could eventually be made more
precise by taking the thermodynamics associated
with the sequence onto account. It is clear that the
data we report here are only the first approxi-
mation to the numbers that are needed for accurate
modeling of branch migratory kinetics. It is clear
also that the sequence-independent model is valid
for many of the possible sequences, but that it is
not universally true.

Caveats of interpretation in this system

The measurements that we have reported here
necessarily require that a number of constraints be
placed on the system to ensure its stability; these
constraints may, in turn, lead to a series of arti-
facts. It is important that we point them out. The
controls that we have run indicate that expansion
of the symmetry flanking the branch-point can
have a dramatic effect on the stability of a
sequence, as seen when the TA sequence is
expanded to TTAA. However, this effect is not a
general rule, as seen in the comparison of CT and
CCTT. Likewise, changing the asymmetric environ-
ment of the symmetric sequence used can have a
marked effect on the stability of the sequence.
Thus, reversal of sequences flanking both TA and
CT changes their stabilities significantly. The effect
of altering the flanking sequences appears to be so
extensive that this study must be regarded as pre-
liminary, at best. Study of symmetric tetrameric or
longer sequences will be necessary before the
sequence-dependence of branch-point minima can
be known accurately.

We attempted initially to perform this study in
symmetric immobile junctions whose sequences
were constrained to be parallel, rather than anti-
parallel. We were unable to get this system to pro-
vide consistent results, and consequently we
switched to the antiparallel system. Little is known
about the local structure of the junction during
spontaneous branch migration, although it has
been suggested that it is tetragonal in enzyme-cata-
lyzed branch migration (Rafferty et al., 1996; Yu
et al., 1997). Spontaneous branch migration is mod-
eled most readily within a parallel context (Sigal &
Alberts, 1972; Robinson & Seeman, 2987). Distor-
tion of the junction from a tetragonal or parallel
conformation to an antiparallel conformation may
have led to systematic errors.

Immobile junctions are most stable in the pre-
sence of Mg?*, and we have performed our
measurements in a solution containing 10 mM
Mg?". Nevertheless, Panyutin et al. (1995) have
shown that the rate of branch migration is
increased by a factor of about 1000 when Mg>* is
replaced by Na*. The cellular rate is more closely
approximated by the rate seen in solutions contain-
ing sodium, rather than magnesium. Thus, we may
have made our measurements in a context that
overly stabilizes the junction.

Antiparallel symmetric immobile junctions are
constrained to have their helix axes coplanar.
Nevertheless, unconstrained junctions are known
to adopt a conformation in which the helix axes
are disposed at an angle of about 60° to each other
(Lilley & Clegg, 1993). This constraint may well
lead to misestimation of thermodynamic par-
ameters that describe the junction. For example,
we measured the thermodynamics of sequence-
dependent crossover isomerization, and decided
that we had underestimated the values of cross-
over preference by a factor of at least 3 (Zhang &
Seeman, 1994); this suggestion has been borne out
in recent measurements by Chazin, Millar and col-
leagues (Miick et al., 1997).

Features of the observations

Figure 9 shows a plot of AH versus —TAS at 4°C.
It is clear that this system, like many other nucleic
systems (e.g. see Petruska et al., 1988), demon-
strates enthalpy-entropy compensation (Lumry &
Rajender, 1970). The enthalpies are almost all
favorable, with the exception of CA and GT but,
excepting GT, the entropies are all unfavorable.
The free energies that we have measured are,
therefore, relatively small numbers that represent
the differences of two large numbers. Conse-
quently, it is not surprising that they are often very
sensitive to the local environment of the base-pair.

We have reported previously measurements of
crossover isomer preferences for the symmetric
dimers that flank the branch-point (Zhang &
Seeman, 1994). Some of the branch-points studied
here correspond to the pairs compared in that
study, so it is useful to see whether the two studies
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Figure 9. Enthalpy-entropy compensation in this sys-
tem. This is a plot of the values of ATHY, plotted on the
abscissa, versus —TAI'SY, at 277 K, plotted along the
ordinate. Only the points corresponding to the dinucleo-
tides are plotted here. The correlation is over 90%. It is
clear that this is yet another system in which enthalpy-
entropy compensation is operative.

have produced similar results. The AAG values
measured previously compare with those
measured here as follows, where the sequence
given is the one preferred over its complement to
be found on the helical strand, previous work, and
this work: TT/AA, —634, —139; GG/CC, —442,
=311, GT/AC, —4, —624; TG/CA, —144, —666;
AG/CT, —128, —577, TC/GA, —588, —524. The
sign of the preference agrees in each case, although
the GT/AC sign comparison is clearly meaning-
less, and the estimates show the worst divergence.
The consistency we note suggests that the qualitat-
ive picture we derive here is similar to that noted
before: we suggested that complementary
sequences that compete for positions on helical and
crossover strands do not have large free energy
barriers between then. We see this observation
borne out here, because the largest differences in
this work are not between dimers with comp-
lementary sequences. The extrema of our obser-
vations here are CN (positive), and GT, TA and TC
(negative). None of the dimer pairs in the opposite
extrema is complementary.

Materials and Methods
Synthesis, purification and labeling of DNA

All DNA molecules have been synthesized on an
Applied Biosystems 380B automatic DNA synthesizer,
removed from the support, and deprotected using rou-
tine phosphoramidite procedures (Caruthers, 1985). All
strands were purified by polyacrylamide gel electrophor-
esis. Radioactive **P-containing phosphate groups were
added as described (Li et al., 1997).

Formation of hydrogen-bonded complexes

Complexes were produced by mixing a stoichiometric
quantity of each strand, as estimated by A,s. The com-
plexes were formed by heating the samples to 90°C and
cooling slowly to 4°C in TAEMg buffer (40 mM Tris
(pH 7.5 at 25°C), 20 mM acetic acid, 2 mM EDTA, and
12.5 mM magnesium acetate). Exact stoichiometry was
determined, if necessary, by titrating pairs of strands
designed to hydrogen bond together, and visualizing
them by non-denaturing gel electrophoresis; absence of
monomer was taken to indicate the endpoint.

Non-denaturing polyacrylamide gel electrophoresis

These gels contain 15% (w/v) acrylamide (19:1 acryl-
amide to bisacrylamide). DNA was suspended in 30 ul
of TAEMg, and 10 pl was loaded onto the gel. The sol-
ution was boiled and allowed to cool slowly to 4°C.
From 1 pl to 4 pl of non-denaturing tracking dye con-
taining buffer, 50% (v/v) glycerol and 0.02% (w/v) each
of bromophenol blue and xylene cyanol FF tracking dyes
were added to the samples prior to loading onto gels.
Gels were run on a Hoefer SE-600 gel electrophoresis
unit at 11 V/am at 4°C, dried onto Whatman 3MM
paper and exposed to X-ray film for up to 15 hours.
Autoradiograms were analyzed on a BioRad GS-525
Molecular Imager.

Thermal denaturation profiles by perpendicular
denaturing gradient gel electrophoresis

With 100% denaturing conditions corresponding to
6.7 M urea and 40% formamide, 10% polyacrylamide
gels in TAEMg buffer were prepared with five different
denaturant concentrations, 0, 21, 42, 63 and 84%; 84% is
the highest possible concentration, because higher con-
centrations precipitate at 4°C, where the gels were to be
run. A volume (3.6 ml) of each solution was added to
five different tubes, to which polymerization catalysts
(ammonium persulfate and TEMED) were then added.
The solutions were withdrawn from the tubes into the
same 25 ml serological pipette (from low concentration
to high concentration, because of the different densities).
Mixing was accomplished by introducing several air
bubbles slowly at the bottom of the pipette. Mixing was
monitored by the addition of a small amount of tracking
dye to tubes 2 and 4. The gel was then cast by adding
the contents of the pipette to the space between glass
plates. After polymerization, the gel was turned 90°, and
wells were prepared with the gel mixture lacking dena-
turant. After polymerization of the wells, the DNA
sample (the experimental strand and a dT,, or dT,, mar-
ker) was loaded, and the gel run in TAEMg buffer, at
15 V/cm. The gel was exposed to X-ray film for up to
15 hours.

Hydroxyl radical analysis

Individual strands of the complexes were radio-
actively labeled, and additionally gel-purified from a
10% to 20% (w/v) denaturing polyacrylamide sequen-
cing gel. Each of the labeled strands (approximately
1 pmol in 10 pl of TAEMg) was complexed with its line-
ar duplex complement or double crossover-forming
complement, left untreated as a control, or treated with
sequencing reagents (Maxam & Gilbert, 1977) for sizing
ladder. Hydroxyl radical cleavage of the double-strand,
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and double-crossover-complex samples for all strands
took place at 4°C for one minute and 40 seconds (Tullius
& Dombroski, 1985), with modifications noted by
Churchill et al. (1988); the final concentrations were
1 mM, L-ascorbic acid, 0.1 mM Fe(I)EDTA?~, 4.4 mM
H,0,. The reaction was stopped by addition of thiourea
to 10 mM. The sample was precipitated with ethanol,
dried, dissolved in a formamide-dye mixture, and loaded
directly onto a 10% to 20% polyacrylamide/8.3 M urea
sequencing gel. Autoradiograms were analyzed on a
BioRad GS-525 Molecular Imager.
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