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Thermodynamics of Forming a Parallel DNA Crossover
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ABSTRACT The process of genetic recombination involves the formation of branched four-stranded DNA structures known as
Holliday junctions. The Holliday junction is known to have an antiparallel orientation of its helices, i.e., the crossover occurs
between strands of opposite polarity. Some intermediates in this process are known to involve two crossover sites, and these
may involve crossovers between strands of identical polarity. Surprisingly, if a crossover occurs at every possible juxtaposition
of backbones between parallel DNA double helices, the molecules form a paranemic structure with two helical domains, known
as PX-DNA. Model PX-DNA molecules can be constructed from a variety of DNA molecules with five nucleotide pairs in the mi-
nor groove and six, seven or eight nucleotide pairs in the major groove. A topoisomer of the PX motif is the juxtaposed JX1 mole-
cule, wherein one crossover is missing between the two helical domains. The JX1 molecule offers an outstanding baseline
molecule with which to compare the PX molecule, so as to measure the thermodynamic cost of forming a crossover in a parallel
molecule. We have made these measurements using calorimetric and ultraviolet hypochromicity methods, as well as denaturing
gradient gel electrophoretic methods. The results suggest that in relaxed conditions, a system that meets the pairing require-
ments for PX-DNA would prefer to form the PX motif relative to juxtaposed molecules, particularly for the 6:5 structure.
INTRODUCTION

Homologous recombination is the mechanism by which

genetic information can be exchanged in vivo (1–4). Funda-

mental to understanding the mechanism of recombination is

the suggestion by Holliday (5) that heteroduplexes can form

via basepairing in homologous regions, and lead to a junction

in which strands cross over from one duplex to the other. The

structure of the Holliday junction has been established by

a variety of techniques, including hydroxyl radical autofoot-

printing (6), gel mobility (7,8), Förster resonance energy

transfer (9), atomic force microscopy (10,11) and x-ray crys-

tallography (12). A unified picture emerged from all of these

studies: in the presence of divalent cations, the four double

helical arms that flank the junction assort themselves into

two stacking domains; the strands that do not participate in

the crossover are oriented 40–60 from antiparallel. Despite

earlier suggestions that the helical domains are parallel to

each other (13), a single molecule Förster resonance energy

transfer study by Ha et al. (14) has found that the parallel

conformation is not a significant contributor to the single-

crossover Holliday structure.

Nevertheless, homologous interactions and duplex paral-

lelism present a very satisfying picture. For example, Kleck-

ner and Weiner have suggested that chromosome pairing

entails duplex-duplex recognition (15,16). Recently, we

have found that head-to-head homology can lead to the

relaxation of supercoiling in plasmids (X. Wang, X. Zhang,

C. Mao, and N. C. Seeman, unpublished observations).

The data suggest that the structure resembles PX-DNA,

which is a four-stranded complex consisting of two parallel
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double helices (18). In contrast to the Holliday junction,

which has only a single crossover between double helices,

the PX structure can be derived from parallel double helices

by forming a crossover at every possible juxtaposition

between them (19). Thus, it becomes key to understand the

structural and thermodynamic features of the parallel cross-

over, in addition to the twisted antiparallel single crossover.

In this study, we present thermodynamic data on the parallel

crossover to complement the thermodynamic data that have

been gathered for the twisted antiparallel single crossover

(20,21).

We use the PX structure and one of its topoisomers to

facilitate our measurements. In the same way that previous

experiments measuring the thermodynamics of chain

branching in the Holliday junction use analogs of the Holli-

day junction lacking sequence symmetry, we use PX struc-

tures that lack sequence symmetry and therefore are stable

in relaxed molecules. Several features are important to

emphasize about the PX motif, a representation of which is

shown in Fig. 1 a. The molecule is capable of containing

a dyad symmetry axis along the backbone of the structure,

and the midline through the vertical of the dyad axis alter-

nates between the minor groove and major groove, indicated

by N and W in Fig. 1. In this projection, a crossing of strands

within a double helix is called a unit tangle (22), and two

successive unit tangles make an approximate full helical

turn with one minor groove spacing and one major groove

spacing per helical turn. The repeat of the PX structure

contains ~2 helical turns of DNA in each of its domains. It

is important to recognize that were a PX molecule to be

produced by two double helices, such as the red and blue

molecules of Fig. 1 a, there is an alternation along each

domain of ‘‘intramolecular’’ pairs (red-red or blue-blue)
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and ‘‘intermolecular’’ pairs (red-blue or blue-red). It has

been found in four-stranded molecules that stable structures

can be formed at micromolar concentrations if the minor

groove spacing is five nucleotide pairs, whereas the major

groove spacing can be six, seven, or eight basepairs (18).

These molecules are termed PX 6:5, PX 7:5, and PX 8:5

structures. Other values yield stable molecules if the concen-

tration is lower (18) or fewer strands are involved, for

example in the PX hairpins (23) used in paranemic cohesion

(24). Other important features of these PX structures are that

the circular dichroism spectra suggest B-form DNA and they

are designed to contain only Watson-Crick basepairing.

To study the energetics of a crossover, it is necessary to

have a reference structure with which to compare properties.

This requires a molecular species with an equivalent number

of basepairs of the same sequence and a structure similar to

the PX motif but with a single missing crossover compared

with the PX form. Such structures are possible by choosing

the four strands such as to provide the same five- or six-

member building blocks (for the PX 6:5 motif), but placing

them in a different order such that one crossover will be elim-

inated. In this case the appropriate strands will be juxtaposed

across from each other without crossing over and are called

JXi motifs, where the subscript refers to the number of

missing crossovers. JX2 molecules are a key state in robust

sequence-dependent nanomechanical devices (25–27).

Thus, a 38-mer of alternating five and six nucleotides in

FIGURE 1 (a) Representation of B-DNA and PX-DNA, showing helical

repeat units and crossovers in the PX forms. N and W refer to narrow and

wide grooves in the crossover structure. (b) Depiction of PX and JX struc-

tures, identifying the strands required to form crossovers and juxtapositions

in PX and JX forms. (See text for explanation.)
the narrow and wide grooves will produce six crossovers

in the PX 6:5 structure, whereas the corresponding JX1 6:5

structure will contain only five crossovers. The structures

of PX molecules and JXn molecules have been simulated

in molecular dynamics calculations by Maiti et al. (28,29).

Their calculations indicate that motifs with large numbers

of nucleotide pairs in the major groove appear to distort

the structure by inducing a writhe in the double helix at those

sites. It is worth noting that a JX-type molecule with only

two remaining crossovers is a DX molecule (30), the parallel

versions of which have been shown to be a meiotic interme-

diate (31).

To make both these PX and JX structures, a total of six

strands is required, For example, in Fig. 1 b, the PX structure

(left) requires that red strand 1 be complementary succes-

sively to a half-turn of green (strand 4), a half-turn of yellow

(strand 3), a half-turn of green, a half-turn of yellow, another

half-turn of green and another half-turn of yellow; likewise,

blue strand 2 is complementary to successive half-turns of

yellow and green in the opposite order. The JX1 molecule

(right) is formed in a similar fashion, substituting ochre

(strand 5) for green and aqua (strand 6) for yellow; however,

there is a key difference: red strand 1 is paired to ochre strand

5 for two successive half-turns, and similarly blue strand 2 is

paired with aqua strand 6 for two successive half-turns. This

arrangement leads to juxtapositions in the middle of the

structure, because one crossover in this region is eliminated.

This method enables us to prepare PX 6:5 and JX1 6:5

motifs, PX 7:5 and JX1 7:5 motifs, and PX 8:5 and JX1

8:5 motifs. (See sequences in the Supporting Material.)

The purpose of this study is to determine the thermody-

namic properties of melting of the six stable PX and JX1

structures so as to compare the energetics of formation of

the PX structures that contain all possible crossovers with

the energetics of forming the corresponding JX1 structures

that lack one crossover in each case. The differences in prop-

erties of the two forms provide a measure of the thermody-

namic stability of a crossover relative to juxtaposed strands.

The effect of having six, seven, or eight basepair spacings in

the major groove can also be evaluated. Melting is studied by

differential scanning calorimetry (DSC), so that model-free

thermodynamic properties can be determined. The results

are compared with thermal melting measurements studied

by ultraviolet (UV) absorption hyperchromicity changes.

The effect of magnesium ion concentration on the stability

of the two motifs is also studied for each case. The thermal

transitions seem to have underlying sequential melting

domains, so attempts are made to analyze the melting profile

into a set of sequential steps. The calorimetric data are also

compared with data obtained from denaturing gradient gel

electrophoresis (32) (DGGE) experiments on cyclic mole-

cules; these data provide an independent estimate of the rela-

tive melting properties of the various PX and JX1 molecules.

The results show clearly that the formation of both PX and

JX1 molecules from relaxed DNA duplex molecules are
Biophysical Journal 97(2) 528–538
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clearly not favored. Nevertheless, they also show that the

formation of PX DNA from JX1 DNA is approximately iso-

energetic. Thus, once the price has been paid to bring two

double helices together in a parallel arrangement, the forma-

tion of a further internal crossover does not entail an unac-

ceptable thermodynamic cost.

MATERIALS AND METHODS

These are described in the Supporting Material.

RESULTS

Scanning calorimetry data

Fig. S1 in the Supporting Material shows an example of the

raw data for a DSC scan, with the derived baseline shown in

the figure. The baseline was calculated from a 4th order poly-

nomial fit to the scans between 35 and 80� in the pre- and post-

transitional regions. Scans were run on at least two different

samples of each motif, to insure repeatability of the measured

peak temperatures and areas. Fig. 2 presents the resulting

thermal scans for both the PX and JX structures in high

magnesium ion buffer (125 mM Mg2þ) after subtracting the

appropriate baselines, and after scaling the ordinate to

cal/deg-mol by dividing by the scan rate in deg/s, and by

the number of moles in the cell. Similar results were obtained

in low magnesium ion buffer (12.5 mM Mg2þ), and are pre-

sented in Fig. S2. Several features are evident from the data

in Fig. 2 and Fig. S2. The first obvious characteristic of the

scans is that none of the transitions is a simple two-state

melt, but rather shows evidence of underlying complexity in

the melting transitions. Virtually all curves show multiple

melting domains with one or two intermediates in the melting

profile. The symbols in the figures are the experimental data,

and the solid lines are calculated assuming sequential transi-

tions through intermediates (discussed below).

To examine the DSC data more quantitatively, Fig. 3 (high

magnesium) and Fig. S3 (low magnesium concentration)

display the values of the enthalpies, entropies and free ener-

gies of melting of the 12 different species. (A table of the

data is presented in the Supporting Material.) Enthalpies

are determined directly from the total areas of the thermal

transitions, and DSm is calculated from the integral of

a plot of Cp(ex)/T versus temperature, DSm ¼ !Cp(ex)/T dT.

Also shown in Fig. 3 and Fig. S3 (top panels) are the corre-

sponding energetics per basepair, which factors out that there

are differences in the number of basepairs for the 6:5 (76 bp),

7:5 (86 bp), and 8:5 (92 bp) motifs. Note that the free energy

and entropy (T DS) contributions are calculated at 37�C.

Values of TDS are calculated from the experimental melting

entropies, DSm, and the free energy determined from,

DG37 ¼ DHm � T37DSm, assuming that the enthalpy and

entropy of melting are temperature independent. The issue

of the constancy of DHm and DSm as temperature is changed
Biophysical Journal 97(2) 528–538
is discussed in the supplementary material. Errors in the total

enthalpies and entropies range from 25 to 40 kcal/mol based

on averages obtained for measurements on three freshly

prepared samples of the PX 6:5 motif and three samples of

JX1 6:5, both in low magnesium ion buffer. The greatest

contribution to error is related to the evaluation of the base-

line, which in itself can cause variations of 5–10% in the

areas.

For purposes of comparison also shown in Fig. 3 and

Fig. S3 are estimates of the thermodynamics of melting as

calculated from the nearest neighbor treatment of Santa

Lucia (33), in which a set of parameters for enthalpy, entropy,

and free energy of unfolding for nearest neighbor basepairs is

summed over the sequence, assuming a normal B-form

duplex DNA structure. A correction for the ion concentrations

in solution is made to the total free energy and the total calcu-

lated enthalpy change is assumed to be independent of salt

concentration. This salt correction has the effect of changing

the entropy contribution slightly. The sequences for the 6:5,

7:5, and 8:5 structures were determined for the appropriate

chains in the PX crossovers, and the nearest neighbor contri-

butions added up. The corresponding JX1 sequences lead to

FIGURE 2 DSC scans of 1.5 micromolar solutions in cacodylate buffer

containing 125 mM Mg2þ ion for various PX and JX1 structures with

differing numbers of nucleotide bases in the major groove. Circles are exper-

imental data, and the solid curves are theoretical curves assuming a sequen-

tial transition model, as described in the text. Polynomial baselines were

subtracted from the raw data and the resulting values normalized to per

mole of solute for 1�/min scan rate.
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essentially the same total values of the thermodynamic param-

eters because the basepairs are equivalent for each individual

motif. (There are slight variations in the order of the

sequences, which have little effect on the energetic totals.)

These nearest neighbor totals are presented in Fig. 3 and

Fig. S3 as the bars labeled ‘‘Duplex-hi’’ or ‘‘Duplex-lo’’ for

the two salt concentration, and give a basis for comparison

of the thermodynamics of melting (or forming) of normal

duplex DNA of the same sequence as the PX or JX1 structures.

We will discuss the trends in these data below, considering the

formation of PX and JX1 derivatives from both single strands

and from duplex DNA.

UV-melting transitions

In addition to the calorimetric data, melting transitions were

monitored by UV-absorption hyperchromicity effects at

260 nm for purposes of comparison with the DSC melting.

These studies also provide a means of determining the

repeatability of the melting profiles in both heating and cool-

FIGURE 3 Thermodynamic values of melting for the various PX and JX

motifs studied, along with corresponding melting data for B-DNA duplexes

containing the same base-pairs, which were calculated from the nearest

neighbor model of SantaLucia (33). Bottom panel is the energetics of

melting for each structure. The top panel is the melting per basepair in

each case. Enthalpies are the hatched bars, entropies (as T37DS) are the

open bars, and free energies at 37�C are the solid bars. For comparison

with the duplex melting data dashed lines are extrapolated across the figure

from the DH (top), TDS, and DG for the melting of the corresponding

two duplex chains in each case. These data are with the buffer containing

125 mM Mg2þ ion.
ing modes. Fig. 4 shows derivative UV-heating and cooling

scans for the PX and JX1 structures in 125 mM magnesium

ion buffer. The data show heating scans of samples that had

been prepared as described in Materials and Methods, fol-

lowed by a cooling scan, and then a repeat heating scan,

all done at a scan rate of 0.15�/min. Several notable features

emerge from these studies. First, the repeat heating scans are

virtually superimposible with the originals for all of the

scans. Although the derivatives are a bit noisy, the positions

of peak maxima and the general shapes of the curves are

essentially the same in the heating scans. This suggests

that on cooling back to room temperature the original struc-

ture of each motif is regenerated. The cooling scans, pre-

sented as black dots in Fig. 4, show some evidence of kinetic

control of the reformation of the structures on lowering the

temperature. For example, the PX 6:5 sample in Fig. 4 a
on cooling shows complex shifts in the peak maxima of

over 10� with the reformation transitions occurring at

~54�C and 51�C, clearly quite different from the melting at

~65�C. The corresponding JX1 6:5 structure, on the other

hand, shows virtually no shift in the temperature of melting

relative to reformation, suggesting no kinetic limitation to

reforming the original structure from the single strands.

The PX 7:5 and PX 8:5 structures show downward shifts

in the temperature of reformation, but not quite so dramati-

cally as for the PX 6:5 structure (Fig. 4, b and c) The JX1

7:5 and 8:5 motifs again show shifts of several degrees on

reformation, but significantly less change than for the corre-

sponding PX structures. The data broadly suggest that the

JX1 melting or formation is basically reversible with little

shift in the Tm whether melting or formation of the JX1 motif.

On the other hand, the formation of PX with the additional

crossover causes some kinetic limitation, but does indeed

form the original structure on cooling 5–10� below the

melting temperature.

One further point regarding UV-melting and DSC transi-

tions is whether the shapes and values of Tm are the same

by the two techniques. We find that the Tm values for the

DSC scans are a degree or so higher than those of the UV

peaks, a perhaps not surprising result, because the scan rates

for the DSC runs were at 1�/min, whereas the UV-melts

were at 0.15�/min. The general shapes of the melting curves

in both cases are basically equivalent (data not shown), pro-

viding evidence of overlapping sequential melting through

intermediate states.

Evidence of intermediate states in melting of PX
and JX1 DNA

The UV-melting and DSC behavior of all of the PX and JX1

structures suggest that one cannot treat the melting transi-

tions as simple reversible, two-state processes, but as the

DSC data suggest, it is more likely that the transitions are

complex, being made up of smaller domains that melt

sequentially. In addition, evaluation of van ’t Hoff enthalpies
Biophysical Journal 97(2) 528–538



532 Spink et al.
FIGURE 4 (a) Thermal melting of

PX 6:5 (left) and JX1 6:5 (right) moni-

tored by absorbance at 260 nm. Curves

are temperature derivatives of absor-

bance, and the data are for the original

upscan (open circles), followed by

a downscan (black dots), and then

a subsequent upscan (solid curve). All

scans are at 0.15�/min, and are in buffer

containing 125 mM magnesium ion. (b)

Thermal melting of PX 7:5 (left) and

JX1 7:5 (right) monitored by absor-

bance at 260 nm. Conditions and identi-

fication of scans are the same as in a. (c)

Thermal melting of PX 8:5 (left) and

JX1 8:5 (right) monitored by absor-

bance at 260 nm. Conditions and identi-

fication of scans are the same as in a.
from the DSC transitions leads to values that are much less

than the observed calorimetric enthalpies, the value of

DHvH/DHcal being close to 0.5 for most scans. This behavior

generally means that the transitions are not two-state, and are

a result of sequential melting of intermediates. The UV-

melting curves thus cannot be used to determine enthalpies

or entropies in an unambiguous way. For this reason we

attempt to analyze the thermal transitions in the DSC scans

as melting of a set of components that transform in a sequen-

tial manner. The software provided by MicroCal (Amherst,

MA) provides a method for deconvolution of sequential

melting domains that was developed by Freire and Biltonen

(34,35). The deconvolution generates Ti and DHi values for

the conversion from the PX or JX1 motif through intermedi-

ates to the final state of melted strands. The solid curves in

Fig. 3 and Fig. S3 show calculated curves that come from

this sequential analysis of the DSC scans. The deconvolution

procedure assumes a model for the sequential melting

consisting of either one or two intermediate states:

PX ðor JXÞ0I10I20SS: (1)

All of the melting profiles, except that for the PX 6:5, yielded

two intermediate states, whereas the PX 6:5 required only one

intermediate to obtain the deconvolution of the curve. As can

be seen from the calculated curves in Fig. 2 and Fig. S2, there

is quite good agreement of the experimental data with the

sequential melting model (36). The deconvoluted transitions

show relatively small differences between the PX and JX1

forms for formation of I1 and I2, with Ti and enthalpies of
Biophysical Journal 97(2) 528–538
the resolved transitions numerically quite close. The largest

differences occur for the transformation from I2 to the single

strands, for which the JX1 enthalpy values are significantly

smaller than the corresponding PX transitions. Because the

data provide no way of knowing the exact structural character

of the intermediate states, we just conclude that to explain the

calorimetric transition data, melting must occur through inter-

mediate states; that is, these transitions are definitely not

simple two-state conversions.

The measurements above are subject to the potential criti-

cism that we do not know exactly which nucleotide pairs

are melting at any time. As noted above, PX molecules

derived from a pair of double helices (perhaps under superhe-

lical stress) containing homology or ‘‘PX homology’’ (18)

contain nucleotide pairs derived both from the original double

helices, ‘‘intraduplex pairs’’, and from interactions between

the two double helices, ‘‘interduplex pairs’’. A remarkable

and important consequence of the PX structure is that the

strands of the two interwrapped helices are completely

unlinked, so that PX molecules can be built from DNA dumb-

bells (18). When this notion is combined with DGGE, it is

possible to monitor the melting only of the interduplex pairs.

DGGE is a method for separating DNA fragments according

to their mobility under increasingly denaturing conditions, in

particular increasing concentrations of a urea-formamide

mixture (32). If a 7 M urea/40% (vol/vol) formamide gel is

regarded as a 100% denaturing condition, each 1% of dena-

turant corresponds to ~0.3�C (37). A denaturing gradient

perpendicular to the electrophoresis direction enables the
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visualization of the melting profile. We visualize the melting

of PX molecules built from two dumbbells into their constit-

uent units. This approach allows us to know that it is the disso-

ciation of the PX structure that we are monitoring, rather than

the dissociation of helices within the strands that do not

provide information about the stability of the intermolecular

PX unit.

Fig. 5 illustrates the melting of PX 6:5, 7:5, and 8:5 mole-

cules in this context. The chamber was held at 50�C, and the

gradient extends from 0% to 50% across the gels. It is

evident that the PX molecules are stable at low denaturant

concentrations, because only a single band is seen. However,

proceeding across the gel from left to right, two other bands

of higher mobility emerge, and eventually the original band

disappears. The range where both the original band and the

FIGURE 5 DGGE analysis of PX melting. (a) The PX melting transition

is shown, as the complex melts into red and blue dumbbell components. (b)

The melting of the three different species of PX is shown. The melting tran-

sition is occurring when the initial species (left) and the final species (right)

are both present. Differing quantities of the product species are the result of

differential labeling.
higher mobility bands are seen is the melting region. These

same species have been melted in traditional UV melting

experiments, and the results are qualitatively similar. As

with the other experiments, the PX 6:5 molecule contains

fewer cohesive nucleotide pairs than the PX 7:5 molecules,

which contain fewer than the 8:5 molecules. Table 1 summa-

rizes the melting data, and again it is evident that PX 7:5

molecules are the least stable species, particularly when

normalized for the number of interactions. The agreement

between these data and the calorimetric and UV melting

data confirm that the all experiments are examining features

of PX molecules that are involved in their interhelix stability.

DISCUSSION

Comparisons of data for formation of PX, JX,
and duplex DNA structures from single strands

The data in the Fig. 3 and Fig. S3 for the thermodynamics of

melting show several expected trends. First, because the

number of basepairs in the 6:5, 7:5m and 8:5 motifs increases,

the nonnormalized energetics of melting shown in the bottom

panels of Fig. 3 and Fig. S3 increase with number of basepairs

in the structure. Keep in mind that the data in the figures are for

the melting of the various PX and JX1 structures. The

enthalpies are endothermic on melting, and the entropy

increases on unfolding of DNA, so because the enthalpy is

larger than TDS, the free energy of melting at 37� is also posi-

tive. (DG37 ¼ DHm � T37DSm) For the reverse process of

forming the folded structures from single strands the thermo-

dynamic properties would be the negative of values shown in

Fig. 3 and Fig. S3, indicating a favorable enthalpy of folding

that dominates the entropy decrease to yield small negative

free energies of folding from the single strands. The data

show clearly the enthalpy-entropy compensation effects that

most proteins and nucleic acids reveal on folding (38–40),

and show that despite significant nonbonding interactions

that produce large enthalpic stabilization, the entropic penal-

ties required to fold into highly ordered structures offsets the

favorable energies, leading to relatively small stabilizing free

energies.

It is informative to examine the data in Fig. 3 and Fig. S3

in the top panels, which show the thermodynamic parameters

for melting per basepair. These numbers expose small but

significant differences in the PX and JX motifs. For example,

TABLE 1 Comparison of DGGE and thermal melting for PX

DNA

PX65 PX75 PX85

DGGE

Melting range (%) 22–33 21–34 28–40

Midpoint (%) 27.5 27.5 34

Conversion to thermal Tm (�C) 58.3 58.3 60.2

Thermal denaturing

Tm (�C) 57.6 55.1 60.8
Biophysical Journal 97(2) 528–538
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in the PX structures there is over a kilocalorie difference in

both enthalpy and entropy between the 6:5 and 8:5 configu-

rations per basepair, suggesting greater enthalpic stability for

the 8:5, but again compensated by larger entropy effects. The

free energies per basepair are rather small (~500 cal/mol-bp)

for all three PX structures. The JX molecules show similar

increases per basepair proceeding from 6:5 to 8:5 configura-

tions, although in the low magnesium solutions the 8:5 struc-

ture values of enthalpy and entropy actually decrease slightly

from the 7:5 motif. Increased salt content (Mg2þ ion) in the

buffer causes a trend toward increased enthalpy and entropy

of melting when the Mg2þ ion concentration is increased

from 12.5 to 125 mM. The free energies per basepair are

also somewhat larger in the higher salt concentration

(~500 cal/mole-bp vs. 400 cal/mol base-bp). These results

can be interpreted as a result of lowering the electrostatic

repulsion between phosphates on individual DNA chains

from magnesium ion condensation along the duplex (41),

and from the observation from 25Mg NMR experiments

that Mg2þ can bind specifically at phosphate sites in DNA

(42). Both of these effects would favor formation of

hydrogen bonding and stacking interactions in higher

magnesium ion concentration. Again the free energy for

formation of the PX and JX1 structures from single strands,

does not change much with ion concentration because of the

compensation between a stabilizing enthalpy and the destabi-

lizing entropy penalty for forming complex organized struc-

tures, including the condensation of ions associated with

phosphate charges.

Per basepair there is another comparison that is noticeable.

The thermodynamic values of the PX 6:5 and JX1 6:5 are

clearly both significantly lower than the 7:5 or 8:5 deriva-

tives, and further, the JX1 6:5 has enthalpy, entropy, and

free energy values below those of the PX 6:5. In the high

Mg ion solutions the PX 8:5 and JX1 8:5 have the same

values within the experimental error, and for the PX 7:5

the enthalpies and entropies are a bit lower than the JX1

7:5. Similar results are obtained in the lower salt solutions;

that is, the PX 6:5 derivative is more stable than the JX1

6:5 per basepair. This result suggests that the PX 6:5 cross-

over structure would be the preferred form relative to the

JX1, juxtaposed strand structure. However, there is little ther-

modynamic advantage for formation of the crossover PX

derivative relative to JX1 for the 7:5 or 8:5 structures.

More details of the effects of number of basepairs per twist

are shown in the comparison of PX and JX1 derivatives with

the calculated properties per basepair for normal duplex

DNA, which are also shown in the top panels of Fig. 3 and

Fig. S3. The enthalpy values for duplex melting are quite

typical (~8 kcal/mol-bp) for sequences of 50–60% GC base-

pairs (33), which is what these structures contain. The typical

stabilities (free energies) of ~1.5 kcal/mol-bp are a result of

significantly lower entropies of formation of duplex base-

pairs, relative to the entropies for the PX and JX1 derivatives.

It is interesting to compare the PX 8:5 and JX1 8:5 values
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with duplex parameters. All three structures have comparable

enthalpies of ~8 kcal/mol-bp (see top dotted line in Figs. 3

and S3), but notice that the entropies for the PX and JX1 forms

are significantly larger than for duplex, so that the greater

stability of duplex DNA is a result of paying less of an entropy

penalty to form the duplex relative to the crossover or juxta-

posed structures. The JX1 7:5 shows similar trends, but the

PX 7:5 enthalpy and entropies are a bit smaller than the corre-

sponding duplex parameters. Again the outliers in these data

are the PX 6:5 and JX1 6:5, both of which show significantly

lower values for all three thermodynamic properties. The

conclusion one is led to is that for the 8:5 and perhaps

the 7:5 structures, the enthalpies are comparable to those of the

normal duplex DNA, but the entropies of forming crossovers

and juxtaposed strands, which are more compact and compli-

cated than normal duplex, causes the entropy decrease to be

larger, and thus the structures are less stable than the simple

duplex. This penalty results in about a kcal/mol-bp greater

stability for the duplex relative to either JX1 or PX forms.

The data also suggest that the PX 6:5 and JX1 6:5 structures,

most likely through differences in hydration effects, have

significantly lower enthalpies of formation relative to duplex

DNA of comparable sequence, and again the entropy decrease

on forming such structures is a greater fraction of the enthalpy,

leading to lower free energy to form the crossover structure

from single strands. Further, the juxtaposition of a section

of the strand in the JX1 form is even less similar to normal

duplex paired bases and is more destabilized by the

entropy-enthalpy compensation.

Formation of crossover structures from duplex
DNA

There have been several studies regarding the thermody-

namics of forming junctions between two duplex DNA

chains (20,21). The formation of a single immobile Holli-

day-type four-arm junction from separate duplexes is slightly

unfavorable (free energy difference of þ1.1 kcal/mol), with

a rather large unfavorable enthalpy of formation (þ27.1 kcal/

mol) (21). This branched junction is not exactly equivalent to

a parallel crossover in our study, but both structures require

bringing two duplex chains in close proximity to form base-

pairs on opposite chains. We can compare these effects by

looking at the thermodynamic parameters for the process

of converting two duplex chains to a PX or JX1 structure:

2 Duplex 0PX ðor JX1Þ: (2)

This process is not the same as forming the crossover struc-

tures from single strands, as discussed above. Fig. S4 shows

pictorially the results of subtracting the data in Fig. 3 and

Fig. S3 for the duplex formation from single strands, ob-

tained from the data of Santa Lucia (33), from the corre-

sponding values for PX (or JX1) formation from single

strands, which should correspond to the conversion illus-

trated in Eq. 2. The data in Fig. S4 show that it definitely
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is unfavorable to form polycrossover structures from intact

relaxed duplexes, the positive, unfavorable free energy being

between 60–75 kcal/mol in high Mg2þ concentration, and

35–50 kcal/mol in low Mg2þ. These numbers, compared

with the negative free energies of formation of the crossover

structures from single strands, suggest that it is the favorable

contributions from basepairing and stacking when the single

strands of the right sequences react with their complementary

bases along the chains, that provide the necessary stabiliza-

tion for PX or JX1 structures. If the equivalent basepairing

sequences are rearranged such as to favor duplex formation,

there is no doubt that the duplex forms would be preferred

over the crossover structures by a rather significant amount.

The numerical differences presented in Fig. S4 factor out the

basepair hydrogen bonding and stacking formation ener-

getics, so that the remaining numbers should show the ther-

modynamic effects of bringing two isolated duplexes together

to form the paranemic crossover structures. Any excess solva-

tion or ion condensation or conformational effects that have

energetic and entropic consequences should be included in

these effects.

It is interesting in comparing the 6:5, 7:5, and 8:5 deriva-

tives that whereas the free energies are numerically similar,

there are rather major differences in the enthalpies and

entropies among the isomers. For the PX 6:5 and JX1 6:5

homologs the enthalpies are very endothermic with a counter-

balancing entropy increase, which leads to relatively large

positive free energy. It is intriguing to attribute these effects

to changes in solvation (hydration) as the two helices are

brought together to form crossovers. The large positive

enthalpy could be a result of removal of water from the

surfaces of duplex DNA as formation of the tightly bound

crossovers occurs. The relatively large entropy increases

would correlate with release of the hydration water to bulk

solvent. The enthalpy dominates so that there is insufficient

energy to yield a net conversion. That de-hydration effects

may be important in determining the magnitudes of the ther-

modynamic values for forming PX and JX1 DNA is sup-

ported by the work of Rau et al. (43) and Leikin et al. (44)

on the condensation of DNA duplexes under osmotic stress.

The interhelical spacing for the condensed hexagonal phase

for DNA duplex strands is dependent on water activity, and

these authors find that in the presence of a variety of ions

release of structured water in the vicinity of the duplex to

bulk solvent is responsible for the large entropic increases

associated with the formation of the condensed state of the

DNA. As the duplex chains approach each other there is an

exponential increase in repulsive energy that is associated

with the ‘‘hydration force’’. For example, to bring duplex

chains to an interhelical distance of ~7 Å in a hexagonal

configuration requires ~12 kcal for 40 basepairs (44). Obvi-

ously, to form PX and JX1 crossovers, the helices would

have to be in near contact, so that dehydration free energies

would be significantly higher. These results add support to

the idea that the formation of crossover structures, particularly
for the PX 6:5 and JX1 6:5, have such positive enthalpies and

entropies because bringing the duplexes into the closely

packed structure of these motifs requires significant dehydra-

tion of the duplexes to form compact PX and JX1 contacts.

Proceeding to the 7:5 and 8:5 structures the positive

enthalpies decrease and the entropy terms actually become

negative, but again the numbers lead to large destabilizing

positive free energies. In these cases if we again assume

solvation changes are responsible for the magnitudes and

signs of the thermodynamic values, the results suggest that

there is less water displaced for the 7:5 and 8:5 motifs and

the resulting enthalpy and entropy changes reflect more basic

losses in degrees of freedom in forming the crossovers rela-

tive to duplex strands. In addition, ion condensation on or

near the phosphate sites would contribute negative entropy,

which may be more important in the 7:5 and 8:5 homologs.

The data in Fig. S4 suggest that the 7:5 and 8:5 derivatives

are more open and solvent accessible, perhaps a consequence

of forcing 7 and 8 basepairs in the major groove per helical

twist in these structures. A pair of theoretical studies by Maiti

et al. (28,29) on PX and JX1 crossover structures supports

these ideas. Based on molecular dynamics simulations on

PX-5:5, 6:5, 7:5, 8:5, and 9:5 crossover structures, several

features become apparent (28). First, the simulations show

that all of the PX motifs are more rigid than normal

B-DNA, but there are variations in the overall flexibility in

the series of compounds. Looking at dynamic deviations

from the average structures obtained through the simula-

tions, the PX 6:5 and 8:5 seem to show less flexibility

whereas the PX 7:5 exhibits large fluctuations from the

average structure. Calculation of structural strain energies

shows that the PX 6:5 is the least structurally strained,

whereas all of the others have significantly higher instability

from structural strain. In examining the helical properties of

the various forms, PX 6:5, as expected, has properties such

as twist, roll, tilt, and rise that are quite similar to normal

B-DNA. The other forms deviate more from the canonical

B-DNA properties somewhat. All of these simulations are

consistent with the idea that the PX 6:5 structurally is the

most stable configuration in the PX series. In another theoret-

ical study similar calculations were carried out on JX motifs

containing varying numbers of missing crossovers (29). For

example, JX1 is the same structure as the PX 6:5 derivative

except that one of the crossovers is missing. JX2, JX3, and

JX4 have 2, 3, and 4 missing crossovers, respectively. As

expected, as the number of missing crossovers increases,

the flexibility of the molecule increases, and the structural

stability decreases. The JX1 is of interest to us because it

would correspond to the JX1 6:5 derivative in our study.

The simulations show that both PX 6:5 and JX1 (JX1 6:5)

are more structurally stable than the others, and that there

is a small increase in strain energy for JX1 relative to

PX 6:5. The simulation results are basically consistent with

the thermodynamic arguments we presented above. First,

the 6:5 compounds are the easiest to form, but also sacrifice
Biophysical Journal 97(2) 528–538
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the most solvation on formation of the structure. The net

thermodynamic stability is thus lowered because the gains

in inherent stability are offset by changes in hydration. It

seems consistent that the 7:5 and 8:5 are more flexible and

open, more degrees of freedom, and thus perhaps more likely

to have a larger surface area exposed to solvent, leading to

lower enthalpy changes and more negative entropy changes

for conversion from duplex to crossover structures, as shown

in Fig. S4. Thus, although the six crossover structures all

have very positive values of the free energy for formation

from duplex chains, the reasons for the instability are actu-

ally quite different in each case. The conclusions from these

thermodynamic analyses of the PX and JX1 data are that

formation of crossover structures from single strands is

favorable, whereas formation from relaxed duplex chains is

not. The reason that formation of crossovers from the single

strands has a negative free energy is that the enthalpy and

entropy of basepairing and stacking is great enough to over-

come the unfavorable energetics of de-hydration as the total

surface area decreases in bringing the strands together. It thus

seems that for parallel duplexes to form crossovers, other

sources of energy, such as from supercoiling or from protein

complexes that open the duplexes to single strands, are

required to compensate for the unfavorable free energy of

formation from duplex chains.

Another point from these data is illustrated in Table 2,

showing the data for the conversion of JX 0 PX for the

three derivatives. Although all show very small free energies,

essentially identical within the experimental error, the 6:5

and 8:5 compounds seem to have a slight free energy advan-

tage for forming PX from JX1 crossover structures. It is

notable that for the 6:5 conversion, the enthalpies and entro-

pies are negative, so the small negative free energy is a result

of excess negative energy of formation. The 7:5 motif shows

positive values for both enthalpy and entropy and for the 8:5

there is virtually no difference between the PX and JX1 ther-

modynamic values. The DGGE experiments are in agree-

ment with this finding. These results point out that the subtle

differences in structural features can influence the thermody-

namics rather drastically.

Recognition of homology by formation of PX DNA

Wilson (45) and McGavin (46) proposed early models for

four-stranded recognition of homology. Other data are

consistent with the formation of four-stranded structures

between homologous duplex molecules (47,48). The recent

work of Wang et al. (17) provides evidence that double

helices can indeed recognize double helices in a superhelical

context. An inherent feature suggested by the experiments of

Wang et al. (17), is the formation of a structure resembling

PX-DNA, which requires a series of parallel crossovers to

be formed, but in a paranemic context. In the comparison

of PX and JX1 we have examined the formation of a parallel

crossover in the context of a structure (JX1) that has already
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paid the price of forming previous parallel crossovers.

According to the results of this study, the conclusion seems

that certainly in the 6:5 and 8:5 motifs there is sufficient free

energy available so that a small preference would be given to

the parallel crossover structure relative to juxtaposed chains

in high magnesium ion concentration. Even in the 7:5 struc-

ture the free energy difference between PX and JX is only

a few kcal/mol. Thus, for the transformation,

JX0PX;

in high magnesium ion buffer there is sufficient free energy

to yield a parallel crossover and although there is no dramatic

energetic advantage of one form over the other, it seems that

both could be present in a simple equilibrium mixture.

Finally, even though the PX 6:5 motif, overall is less thermo-

dynamically stable than the other structures with more nucle-

otides in the major groove, it does show the greatest

difference between the PX and JX forms. The PX 6:5 struc-

ture of the three possibilities is closest to the nucleotide count

per helical turn of normal B-form DNA. (11 vs. 10.5) The

other two motifs with totals of 12 or 13 would have to

accommodate the extra nucleotide pairs by either twisting

or writhing in such a way that could be responsible for the

destabilization observed. The insight into these twisting or

writhing adjustments provided by molecular dynamics simu-

lations of the PX structures actually shows that the 7:5 motif

is the most flexible of the three (28,29).

CONCLUSIONS

We believe that the thermodynamic data presented in this

study suggest that the PX DNA motif could be used as a model

for homology recognition. The results suggest that in relaxed

conditions, a system that meets the homology requirements

for the PX form would prefer the PX motif relative to juxta-

posed duplexes, particularly for the 6:5 structure. It is also

important to recognize that we have not yet established the

type of PX structure that is formed in superhelical DNA;

indeed, the most dramatic results are seen with a 10:5 mole-

cule that is only marginally stable in a four-stranded context

(X. Wang, X. Zhang, C. Mao, and N. C. Seeman, unpublished

observations). The PX motif is more stable in higher magne-

sium ion content and the 7:5 and 8:5 structures have a slightly

lower tendency to form PX from JX1. However, PX 6:5 seems

TABLE 2 Thermodynamic values for the conversion JX1 0 PX

DH T37DS DG37

6:5hi �35 �28 �7

7:5hi þ43 þ40 þ3

8:5hi 0 þ5 �5

6:5lo �55 �53 �2

7:5lo þ6 þ10 �4

8:5lo �31 �25 �6

All values are in kcal/mol.
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to represent a good model for the formation of fused heterodu-

plexes that could be a general intermediate in recombination

events. Whether there would be kinetic limitations to forming

these motifs is an open question. The presence of an apparent

thermodynamic driving force for the formation of the parane-

mic crossover from juxtaposed duplexes indicates there is

a potential for this conversion to occur.

SUPPORTING MATERIAL
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