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Atomic force microscopy of parallel DNA branched junction

arrays

Ruojie Sha', Furong Liu', David P Millar? and Nadrian C Seeman'

Background: The four arms of the Holliday junction are known to stack in pairs
forming two helical domains whose orientations are antiparallel, but twisted
positively by about 60°, based on electrophoretic, FRET and AFM measurements.
Recent gel retardation studies suggest that a bowtie junction (containing 5’,5’ and
3',3’ linkages in its crossover strands) may adopt a parallel conformation.

Results: An AFM study of two-dimensional arrays produced by parallelograms of
bowtie junctions shows that the angle between helical domains is in the range of
—68 +2°. We demonstrate by AFM that the domains are parallel by constructing
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V-shaped structures whose arms are separated by ~68° and ~112°.

Conclusions: The arms of the bowtie junction are parallel rather than antiparallel.
The parallel or antiparallel nature of the junction apparently is determined by the
local structure of the junction, but the sign of the angle appears to be a

consequence of interarm electrostatic interactions.

Introduction

The Holliday [1] junction is the most prominent DNA
intermediate in genetic recombination. It is known to be
involved in site-specific recombination [2-4], and it is
likely to be involved in homologous recombination. The
Holliday junction consists of four strands of DNA that are
paired into four double helical arms flanking a branch
point. This branch point typically is flanked by regions
of dyad (homologous) sequence symmetry; this symmetry
enables the branch point to relocate through an isomeriza-
tion known as branch migration (e.g., [5]). Much of our
information about the physical properties of branched junc-
tions [6,7] derives from the study of immobile DNA
branched junctions [8]; these are synthetic four-stranded
complexes in which the sequence symmetry has been
eliminated, thereby fixing the site of the branch point. In
the accepted structural model for the immobile junction in
solution, pairs of adjacent arms stack to form two helical
domains [9]. This structure leads to a molecule in which
two ‘helical’ strands have a structure similar to strands in
conventional DNA double helices, and the other two
‘crossover’ strands connect the domains. The helical do-
mains are oriented about +60° from antiparallel (a 60°
right-handed twist) to each other; this feature has been
established by fluorescence resonance energy transfer
(FRE'T) [10], time-resolved (tr) FRE'T" [11] and by exami-

nation of two-dimensional arrays using atomic force micros-
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copy (AFM) [12]. Recent crystal structures confirm the key
features of this model [13-15]. The definition of its parallel
and antiparallel orientations is shown as a function of the
orientation of the helical strand of the rear helix in Figure
la: those conformations where its 5’ end is in the upper
two quadrants are in the parallel range, and those where it
is in the lower quadrant are in the antiparallel range. The
antiparallel nature of the junction is somewhat puzzling,
because antiparallel helix axes are not in line with models
of recombinational intermediates derived from genetic ex-
periments: homologous nucleotides are in proximity to
each other only near the branch point, which is counter-
intuitive for systems where DNA-DNA recognition is ex-
pected to occur through interactions of homologous nucleo-
tides.

Recently, we have explored the origin of the antiparallel
structure of the Holliday analog by means of bowtie junc-
tions [16]. These are Holliday junction analogs in which
the helical strands are conventional molecules containing
5',3" linkages, but one crossover strand contains a 5',5’
linkage and the other contains a 3',3’ linkage (Figure
1b). The crossover structure of the parallel bowtie junction
structure is similar to the crossover structure of the anti-
parallel conventional junction and vice versa, as shown in
Figure 1c: from this diagram it is evident that for both
molecules neither strand passes in front of the other at
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Figure 1. Conventional and bowtie
branched junctions. (a) Conformational
sign conventions. On the left, a view of a
Holliday junction is shown down the axis
connecting the double helical domains; yet
perpendicular to both; the red vertical
domain lies above the plane of the page,
closer to the reader, and the green
horizontal domain lies below it, further from
the reader. In line with previous treatments
[10], the rear domain rotates; its 5’ end is
imagined to be coupled to the green arrow
pointing right on the horizontal axis. When
the 5’ end is above the horizontal, the
structure is qualitatively ‘parallel’, and
when it is below the horizontal, it is
qualitatively ‘antiparallel’. The signs of the
angles are illustrated in the four quadrants;
thus, if the arrow were pointing in the
upper right quadrant, the conformation
would be positive-parallel, in the upper left,
negative-parallel, the lower left, positive-
antiparallel, and the lower right, negative-
antiparallel. Two particular structures are
indicated on this drawing by purple arrows:
+63° antiparallel corresponds to the
conformation of the conventional Holliday
junction [12], and —68° parallel
corresponds to the conformation of the
bowtie junction, as determined here. At the
right of the larger diagram, two smaller
diagrams are shown, illustrating the nearly
ideal antiparallel and parallel structures.
They are placed directly above the parallel
and antiparallel schematics in (c); for
clarity, they have been rotated 15° into the
positive quadrants from purely antiparallel
or parallel. (b) Schematic drawings. The
upper drawing shows the well-
characterized immobile branched junction,
J1, composed of four conventional strands
of DNA. The strands are labeled with Arabic
numerals and the double helical arms with
Roman numerals. The 5’ ends of strands
are indicated by filled green circles, and the
3’ ends are indicated by red arrowheads.
Unlike a Holliday junction, there is no two-
fold sequence symmetry at the branch point,
so the position of the crossover cannot relo-
cate through branch migration. The potential
fourfold symmetry of the backbone is indi-
cated by the filled brown square at the cen-
ter of the branch point. The lower drawing
shows the same junction converted to a
bowtie junction. The sequences of strands 1
and 3 have been retained. Strand 2 now
has two 5’ ends and a 3',3' linkage at the
branch point; likewise, strand 4 has two

3’ ends, and a 5’,5' linkage at the branch
point. The unusual linkages restrict the bow-
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tie junction backbone to twofold symmetry,
about the axis indicated by two brown ar-
rows on the diagonal. (¢) Conformations of
conventional and bowtie junctions. The
same conventions apply as in (b). This view
corresponds to looking down the horizontal
direction of (a), where the rear helix has
been rotated to be ideally parallel or antipar-
allel. The top panel shows the strand struc-
tures of the antiparallel (left) and parallel
(right) conventional branched junction if its
arms stack to form two helical domains. The
helical strands [strands 1 and 3 of (b)] are
drawn with a thick line, and the crossover
strands [strands 2 and 4 of (b)] are drawn
with a thin line. Major (wide) and minor (nar-
row) grooves are indicated by ‘W’s and ‘N’s,
respectively, on both sides of each helical
domain; the abutting surface on the inside of

the molecule has smaller characters for
reasons of clarity. Note that the major
groove abuts a minor groove in the antipar-
allel junction, but that minor grooves abut
minor grooves and major grooves abut ma-
jor grooves in the parallel junction. There is
a dyad axis normal to the page in the anti-
parallel structure, indicated by the brown
lens-shaped figure at its center. The dyad
axis of the parallel conformation lies in the
plane of the page, and is indicated by the
two brown arrows at the center. The bottom
panel shows bowtie junctions drawn the
same way. There is a dyad axis normal to
the antiparallel bowtie junction at its center,
but it has been omitted for clarity. The par-
allel bowtie junction has a branch point
structure similar to the antiparallel conven-
tional junction in this projection.
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the crossover point in this projection; this structure con-
trasts dramatically with the parallel conventional junction
and the antiparallel bowtie junction, where nodes are visi-
ble at the crossovers. The bowtie system allowed us to
establish that interarm electrostatics appear to play a lesser
role in the preference for the qualitative orientation (paral-
lel range vs. antiparallel range) than branch point structural
preferences: as assayed by gel retardation [17], the bowtie
junction appears to adopt a parallel conformation, rather
than an antiparallel conformation [16]. t-FRE'T methods
confirm this unexpected result (E. Chapman, R.S., D.P.M.
and N.C.S., submitted for publication).

We have developed an AFM methodology to observe
branched junctions directly in periodic arrays [12]. This
method entails combining four (conventional) branched
junctions (Figure 2a) into a parallelogram-like structure,
as shown in Figure 2b. The structure is not really planar,
because the axes of the two red parallel helical edges are
designed to lie in one plane and those of the blue edges lie
in a plane about 2 nm behind it. Only the crossover points
of the junctions are expected to be roughly coplanar. Each
helix terminates in a set of sticky ends, so it is possible to
direct the parallelograms to self-assemble into one-dimen-
sional (Figure 2c¢) or two-dimensional (Figure 2d) periodic
arrays. The angle between the edges of the parallelograms
is the angle between the helical domains of the Holliday
junction, so AFM observation of the array and its autocor-
relation pattern permits direct observation of the inter-do-
main angle in an unstressed system [12].

Here, we have applied this new approach to the analysis of
bowtie junctions. We have designed and formed a pair of
two-dimensional arrays from bowtie junctions, and the use
of these arrays permits us to measure directly the angle
between the helical domains of the bowtie junction. We
can also establish the sign of the angle directly from these
AFM observations. However, it is not possible to identify
which arms contribute to the angle from analysis of two-
dimensional arrays alone. To accomplish this task, we have
attached one-dimensional reporter arrays to a single paral-
lelogram containing sticky ends on only one adjacent pair
of edges; V-shaped figures result from this self-assembly.
The angles observed between the arms of the V-shaped
figures establish unambiguously the parallel nature of the
bowtie junction.

Results

Two-dimensional arrays of bowtie junction parallelograms
Figure 2d illustrates that a parallelogram can form an array
with two different spacings, one corresponding to the area
enclosed within the parallelogram, and the other corre-
sponding to the inter-parallelogram spacing. We have
used the same rhombus for both of the two-dimensional
studies performed here, but the inter-rhombus spacing has
been varied. The intra-rhombus spacing is four turns of
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Figure 2. Constructs built from conventional junctions. (a) A
conventional junction. A two-domain junction is shown, with the
red domain closer to the reader than the blue domain. The angle
between the domains is about +60°, in agreement with previous
studies [10—-12]. (b) A parallelogram built from four junctions. Four
junctions of the type shown in (a) are shown combined into a
parallelogram. The red edges are about 2 nm closer to the reader
than the blue edges. This particular parallelogram is equilateral.
(c) A one-dimensional array built from DNA parallelograms. The
red edges have been connected by sticky-ended self-association
to produce a railroad-like arrangement. The separation of the blue
‘ties’ is shorter between parallelograms than within them. (d) A
two-dimensional array build from DNA parallelograms. In this
case, the parallelogram has self-associated in two dimensions to
form an array. All of these structures have been reported
previously [12].

DNA, and the inter-rhombus spacing of the first array is
two turns of DNA (called a 4+2 X 4+2 motif), for a six-turn
periodicity, as shown in Figure 3a. The upper left panel
shows the array in full, the upper middle shows a zoom,
the upper right shows a Fourier-smoothed image of the
zoom, and the lower left contains its autocorrelation func-
tion. As noted previously [12], the two-turn spacing is not
resolved readily; the knobs visible in the image correspond
to the small rhombus figures in Figure 2d. The autocorre-
lation function demonstrates clearly that the angle between
the helical domains is 67°, and that the spacings observed
are very close to those predicted. Likewise, it is clear from
this image that the sign of the angle is negative, because
one direction clearly is lying over the other one. This sign
is opposite from that seen for Holliday junctions composed
of conventional strands. The position is indicated by the
arrow in Figure 1la.

The array in Figure 3b is an array in which both the intra-
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Figure 3. Two-dimensional arrays of bowtie parallelograms.

(a) 4+2X4+2 arrays. The upper left panel shows a distant view of
an array, the upper center panel shows a zoom, the upper right
panel illustrates a Fourier smoothing of the upper center, and the
lower left panel shows the autocorrelation function of the upper
right. The knobs visible in the upper right panel correspond to the
small rhombi of the bowtie version of Figure 2d, which are not
resolved. The angle between domains is emphasized in the lower
left, and is re-drawn in the lower center. The sign of the angle is
evident in the autocorrelation function, because one set of
domains clearly is in front of the other. The predicted and
observed periodicities in the autocorrelation function are indicated.
(b) 4+4 X 4+4 arrays. The same conventions apply as in (a). The
knobs now correspond to single intersections. The sign of the
angle is less clear in the autocorrelation function, possibly
because the array is less robust to contact mode scanning. The
periodicity indicated is the half-periodicity of the individual repeat;
the actual chemical periodicity is twice that indicated.

rhombus spacing and inter-rhombus spacing are four turns
of DNA (a 4+4 X4+4 motif). Hence, the apparent perio-
dicity is smaller, four turns of DNA, although the true
periodicity is eight turns of DNA. The knobs in the
zoom are smaller, because they correspond only to the
crossings of two helices, not four. The angle between heli-
ces in this array is similar to that in the other array, 69°.

The agreement between predicted and observed spacing is
good. The sign of the angle is somewhat ambiguous in this
image. The cause of this ambiguity may be that each
streak consists of two helices in Figure 3a, but they consist
of only a single helix here, and therefore are more suscep-
tible to perturbations from AFM scanning in contact mode.

V-shaped arrays establish the parallel nature of the
bowtie junction

The AFM characterization of bowtie junctions would be
incomplete if we could not ascertain unambiguously that
the parallel structure produces the features noted above.
The low resolution of the AFM necessitates the use of an
amplification technique. It is important to realize that both
the parallel and the antiparallel structures are distorted
quite far from their ideals of 0° and 180°. The angle de-
termined for the conventional antiparallel junction is 63.5°
[12], and the angle determined here for the bowtie junc-
tion is about —68°. Figure la shows that we are asking
about a difference of roughly 50°. The exact question
being asked is shown graphically at the top of Figure 4a.
The left structure is parallel, and the right structure is
antiparallel, drawn within the twisted context described
above. The distinction between these two structures is
the angle that encloses the unusual linkages: on the left
it is ~68°, and on the right it is ~117°.

It is possible to determine which of these angles is correct,
because we can design molecules in which it is clear which
angle encloses the unusual linkages. We have built four
parallelograms of the 4+2X4+2 motif, drawn in dark
blue, and labeled I, II, IIT and IV in Figure 4a. The letters
A, B, C and D represent sticky ends, A’, B’, C’ and D’
represent their complements, respectively, and 0 repre-
sents hairpins that terminate double helical arms. Molecule
I is a V-fulcrum, with hairpins on the top two edges, and
sticky ends on the bottom two edges. Molecule II is also a
V-fulcrum, but its hairpins are on the right, and its sticky
ends are on the left. Molecules III and IV are extender
parallelograms, with hairpins on one pair of opposite sides,
and complementary sticky ends on the other pair of oppo-
site sites. The combination of a single copy of molecule I,
and multiple copies of molecules IIT and IV would lead to
the sharp V-structure shown in dark blue on the left of
Figure 4b. Similarly, the analogous combination of mole-
cules II, III, and IV would lead to the blunt V-structure
shown in dark blue on the right of Figure 4b.

The molecules drawn in dark blue represent the confor-
mation that the parallelograms would assume if the helices
linked by the unusual linkages were parallel, correspond-
ing to the left structure at the top of Figure 4a. However,
this is what we are trying to ascertain, not something
known ahead of time. It is possible that the conformation
corresponds to the molecule on the right, at the top of
Figure 4a. If so, the shapes of molecules I, 11, IIl and IV
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Figure 4. Schematic diagram
representations of the experiment to
demonstrate the parallelism of the bowtie
junction. (a) The question and the
components. The top portion shows a
drawing of the bowtie junction in the
parallel conformation (left) and the
antiparallel conformation (right). The 5’ and
3’ ends of the helical strands are labeled.
The 3',3’ linkage is indicated by the pair of
green opposed triangles, and the 5',5'
linkage is indicated by the pair of
juxtaposed blue circles. The central row
shows four 4+2 X 4+2 rhombus figures
drawn dark blue in the shape
corresponding to the parallel conformation
at the top left. The opposed triangle and
juxtaposed circle convention is repeated
here, but the symbols are removed from
the strands for clarity. The figures are
labeled with Roman numerals, |, Il, lll and
IV, and the ends of their helices are
labeled 0O, to represent hairpins, or the
letters A, B, C and D, to represent sticky
ends, or A’, B’, C' and D’ to represent
their complements, respectively. The
bottom row shows the same figures, but
now drawn red in the antiparallel
conformation of the upper right.

(b) V-shaped arrays formed by
combinations of the components in (a).
The left side shows the V-shaped arrays
that would be formed by the combination
of parallelograms |, lll and IV. The acute
dark-blue V-shaped figure corresponds to
the parallel structure and the obtuse red
V-shaped figure corresponds to the
antiparallel structure. The right side shows
the V-shaped arrays that would be formed
by the combination of parallelograms II, I
and IV. The obtuse dark-blue V-shaped
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figure corresponds to the parallel structure
and the acute red V-shaped figure
corresponds to the antiparallel structure.

would be those drawn in red, at the bottom of Figure 4a. If
that were the case, the combination of molecules I, III and
IV would lead to the blunt red V-structure shown in Figure
4b, and the combination of molecules II, III and IV would
produce the sharp red V-structure in Figure 4b. Thus, the
two possibilities are easy to differentiate.

The results of these experiments are shown in Figure 5.
Figure 5a contains six AFM images of the assembly built
from molecules I, III and IV. In each instance, the angle
seen is in the range of 65-69°, consistent with the parallel
conformation, shown in dark blue in Figure 4. This result
is confirmed by the other V-shaped array, shown in Figure
5b. Here, we see six AFM images of the assembly built
from molecules II, III and IV. The prediction in Figure 4b
is that a parallel conformation leads to a blunt array, rather

than a sharp one. It is evident that the angles of these
V-shaped assemblies are in the range of 110-115°, in agree-
ment with the dark blue structures on the right of Figure
4b. A key control for this system is the behavior of the
individual components of these arrays. Figure 5c¢ shows
that these molecules by themselves do not form the struc-
tures seen in Figure 5a,b. As expected, molecules III and
IV form short linear species, similar to those seen previ-
ously [12], but no V-shaped species are seen in any of the
panels of this figure.

Discussion

The use of AFM to characterize macromolecular
structures

We have shown that it is possible to analyze bowtie junc-
tions by AFM in two-dimensional arrays in the same way
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that we analyzed conventional junctions [12]. A critical
control in this system is to ask whether the mica substrate
influences the structure in some way. Consequently, we
performed the same experiment on graphite, and obtained

Figure 5. AFM images of the V-shaped arrays formed by bowtie
parallelograms. (a) V-shaped arrays formed by combining
parallelograms |, lll and IV. All arrays have angles in the range
65-69°, in agreement with a parallel structure. (b) V-shaped
arrays formed by combining parallelograms II, Il and IV. All
arrays have angles in the range 110-115° again in agreement
with a parallel structure. (¢) Control images of individual
components. The panels are labeled by the component visualized
there. Little structure is shown for components | and Il, and

components lll and IV form the linear arrays expected for them.
-

the same structures (data not shown). Mica is a much more
convenient substrate, because DNA adheres to it more
strongly, but it is possible to perform the observation on
graphite.

It is clear that an approach that is taxed in delivering 7 nm
resolution cannot be expected to produce high resolution
information about the molecular features of individual mol-
ecules. Nevertheless, the use of 2D arrays has permitted us
to establish clearly the angles between unperturbed Holli-
day analogs, including their signs. We tried unsuccessfully
to develop a labeling scheme for the helical strands that
entailed a topographic label [18-20] for marking features in
a 2D array. This failure is what led us to develop the
V-shaped array system used successfully here. The
V-shaped array is a special example where extensive synthe-
tic work can be used to overcome a failure of the naive use
of the AFM. Thus, amplification of features in two dimen-
sions to produce periodic systems provides recognizable
data through autocorrelation and Fourier smoothing; like-
wise, amplification in one dimension has enabled us to dis-
tinguish two clear alternatives regarding the angles that
flank the unusual linkages. These methods are likely to
facilitate the characterization of similar nucleic acid systems.

Domain orientation in Holliday junction analogs

The data presented above solidify the inferences derived
previously from gel retardation [16] and u-FRE'T experi-
ments: the bowtie junctions are parallel, rather than anti-
parallel. There is a precedent for parallel molecules in
RNA junctions [21], but no parallel DNA junction has
been reported unless it has been constrained within a teth-
ered [22] or double crossover [23] molecule. Double cross-
over molecules constrained to contain parallel double hel-
ical domains are often ill-behaved, forming multimers
visible on non-denaturing gels [23].

The structural data provided by the studies performed
here help to explain the nature of the parallel structure
and its origins. Although the conformation falls in the
upper half of Figure la, we observe a parallel structure
that is far from ideal. Indeed, it is nearly 70° from ideal
parallelism, just as the antiparallel structure is over 60°
from ideal antiparallelism. As seen in Figure 1c, the junc-
tion structure in the parallel bowtie junction qualitatively
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resembles the junction structure of the antiparallel conven-
tional junction, so it seems likely that rough domain ori-
entation is determined by the local preferences for the
crossover structure, rather than inter-domain electrostatics.

Nevertheless, electrostatics do play a role in the determi-
nation of the structure. The deviation of the helix axes
from planarity, and the sign of that angle are certainly
affected strongly by inter-domain electrostatics. Von Kitz-
ing et al. [24] have shown this for the conventional
branched junction, and it is evident from simple molecular
model building [25] that the sign of the parallel bowtie
junction is certainly determined by the inter-domain elec-
trostatic clashes: reversing the sign leads to a structure that
has numerous unfavorable interactions between backbone
atoms on the two domains.

Components of biological structure

The antiparallel structures determined for Holliday junc-
tion analogs have posed a major problem for combining
solution physical chemistry with genetic inferences. Ho-
mologous sequences in two chromosomes are in proximity
to each other in parallel molecules, but they are far apart in
antiparallel molecules. It seems likely that homologous se-
quences should be near each other during recombination.
Indeed, parallel double crossover molecules have been
shown to be meiotic intermediates [26]. We have noted
previously that bowtie junctions demonstrate that only
the junction need be modified to convert an antiparallel
junction to a parallel junction [16].

The work described here redefines the nature of the par-
allel junction in the same way that previous work [10-15]
redefined the antiparallel junction. Neither is ideally paral-
lel or antiparallel in solution, but is distorted from that
ideal position by 60-70°; the angle in the crystal structures
[13-15] is closer to 40°. Nevertheless, if undistorted by the
presence of proteins or other junctions nearby, homologous
residues in this type of parallel structure would diverge
from each other (in projection) by only 34° from the mid-
line, rather than 60°, as in the antiparallel structure.

The origin of the parallel-like structure for the bowtie
junction remains obscure. In both conventional and bowtie
junctions, crossover accompanied by chain direction rever-
sal seems to be favored over crossover without reversal. We
have shown previously that the origin of this effect in
bowtie junctions does not derive from the presence of
six internucleotide single bonds in a 5',5" linkage, versus
four such bonds in a 3',3" linkage [16]. In previous work,
we have demonstrated that parallel double crossover mol-
ecules with parallel helix axes are poorly behaved species,
possibly owing to interhelix electrostatic repulsion at strand
juxtapositions [23]. However, recent preliminary data (Z.
Shen, H. Yan and N.C.S., in preparation), suggest that
even strand juxtapositions appear to be favored over non-
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Figure 6. A combined conventional-bowtie parallelogram tile. The
conventional parallelogram is closer to the reader, drawn with
thicker lines, and the bowtie parallelogram is further from the
reader, as indicated by the thin lines. The two parallelograms are
connected by double crossover structures. The orientation of the
double crossover plane is somewhat arbitrary. The planes here
are meant recede from the reader in the order red, dark blue,
green, light blue. Note that the inverse relationship in sign
between the conventional and bowtie junction enables this
structure to be built with the favored structures for each type of
junction. In principle, this type of tile could be used to create a
space-filling array.

reversing crossovers. Thus, the non-reversing crossover
seems to contain unfavorable structural features that must
be overcome to produce parallel structures in conventional
junctions.

Nanotechnological structures

DNA nanotechnology [27] offers a means of controlling the
structure of matter on the nanometer scale. Efforts in this
direction have already produced DNA polyhedra [28,29],
knots [30], Borromean rings [31], nanomechanical devices
[32] and two-dimensional arrays with tunable surface fea-
tures [18,19] and cavities [12]. It would be desirable to be
able to link up the two-dimensional arrays produced by
parallelograms [12] in a three-dimensional context, if one
could couple them through double crossover structures.
Unfortunately, attaching the bottom member of a parallelo-
gram to the top member of another parallelogram reverses
the sign of the orientation. This problem could be over-
come to produce an authentic three-dimensional tecton by
alternating conventional parallelograms with bowtie paral-
lelograms, as shown in Figure 6. Thus, bowtie junctions
are likely to prove of value in DNA nanotechnology, as
well as serving to explain features of the key Holliday
intermediate in recombination.

Significance
The combination of DNA synthetic approaches and AFM
can be used to characterize branched DNA structures, such
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as Holliday junctions, even when the resolution of the
technique appears to be inadequate. This method has
been applied to bowtie junctions, which are Holliday junc-
tion analogs containing 5',5" and 3',3’ linkages in their
crossover strands. Two-dimensional arrays of bowtie junc-
tion parallelograms readily provide both the angle between
helical domains and its sign through analysis of their AFM
images. A series of V-shaped one-dimensional arrays
formed from bowtie parallelograms have established the
parallel nature of the junctions by AFM.

This work provides further insight into the origins of Holli-
day junction structure. The bowtie junction is the first
Holliday junction analog to demonstrate a preference for
the parallel conformation. Long-range electrostatic interac-
tions appear to affect the angle between helices, but the
preference for the parallel or antiparallel conformation
range seems to be a function of junction structure. In all
unrestrained cases examined to date, a structure that re-
verses chain direction appears favored over one where the
strands connecting the helices cross over without reversing
direction.

Materials and methods

DNA design, synthesis and purification

All DNA molecules used in this study were designed using the program
SEQUIN [33]. The sequences are available as supplementary material.
The strands were synthesized on an Applied Biosystems 380B auto-
matic DNA synthesizer, removed from the support, and deprotected
using routine phosphoramidite procedures [34]. Strands containing
5',5" and 3’,3’ linkages have been synthesized by substituting 5’ phos-
phoramidites (Glen Research) for conventional 3’ phosphoramidites in
half the synthesis. DNA strands have been purified by denaturing gel
electrophoresis; bands were cut out of 12-20% denaturing gels and
eluted in a solution containing 500 mM ammonium acetate, 10 mM
magnesium acetate and 1 mM EDTA.

Formation of hydrogen-bonded complexes and arrays
Complexes were formed by mixing a stoichiometric quantity of each
strand (50 nM), as estimated by ODygo, in 5 mM HEPES (pH 7.0),
2 mM MgCl,, and 0.5 mM EDTA. This mixture was cooled slowly from
90°C to room temperature in a 1 liter water bath to produce individual
parallelograms. The two-dimensional arrays contained only a single par-
allelogram, so this protocol was sufficient for their production. However,
the V-shaped arrays contained several different species. For these ar-
rays, the individual parallelograms were combined in mixtures of I, llI
and IV or Il, Il and IV, where the extender parallelograms (Il and V)
were in fivefold excess over the fulcrum parallelograms (I or Il). These
mixtures were then treated to the following thermo-cycling protocol:
26°C, 5 min, 12 cycles of {22°C for 15 min, 19°C, 20 min, 15°C, 30
min}, and 14°C, 1 h. At the completion of this treatment, the samples
were visualized on the AFM.

AFM imaging

A 3-5 ul sample drop was spotted on freshly cleaved mica (Ted Pella,
Inc.) and left to adsorb to the surface for 2 min. To remove buffer salts,
5-10 drops of double-distilled water were placed on the mica, the drop
was shaken off and the sample was dried with compressed air. Imaging
was performed in contact mode under isopropanol in a fluid cell on a
NanoScope IlI, using commercial 200 um cantilevers with SizN4 tips
(Digital Instruments). The feedback setpoint was adjusted frequently to

minimize the contact force to be approximately 1-5 nN. Similar proce-
dures were used for a control performed on a graphite surface.
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