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’ INTRODUCTION

Polyvalent interactions are essential to the function of many
biological systems. They are characterized by the simultaneous,
specific association of multiple ligands on one molecule to
complementary receptors on another molecule and may have
unique collective properties as compared to the corresponding
monovalent interactions.1 In medicinal chemistry there is a need
to design more effective (efficient) polyvalent inhibitor or pro-
moter drugs, which requires a clear and comprehensive under-
standing of the thermodynamics of the reaction between inhi-
bitor and target molecules. The collection of ligands in a syn-
thetic, polyvalent molecule can be covalently or non-covalently
linked to a backbone molecule, commonly referred to as a scaffold,
whose conformational flexibility has a considerable effect on the
affinity for a target. Notably, scaffold flexibility can affect both the
entropic and enthalpic aspects of binding. To better understand
these effects, a polyvalent scaffold with tunable conformational
flexibility is required.

DNA nanotechnology offers a unique opportunity to probe
the thermodynamics of polyvalent interactions; synthetic DNA
nanostructures can be used to gain insight about how subtle
changes to ligand/receptor scaffolds may affect their association.
DNA nanostructures have previously been used as models to
demonstrate that both the number of linkers between scaffolds
and their spatial arrangement have significant effects on the
stability and thermodynamics of intermolecular binding.2 The
basic building blocks of DNA nanostructures are referred to as
“tiles”, which are collections of double-helical DNA domains
connected by periodic crossovers. Complementary, single-stranded
overhangs, or “sticky ends”, are extended from the termini of the
double helices to facilitate the intermolecular association of the
tiles.3 For polyvalent binding studies, the double-helical core

region of the DNA tile serves as the nanoscale scaffold, with the
attached sticky ends modeling the corresponding ligands/receptors
of intermolecular binding. Conveniently, small variations in the
design of a tile can be introduced to modify its conformational
flexibility. In particular, immobile Holliday junction and double
crossover tiles have demonstrated unique conformational flexibility,
permitting their use as scaffolds for subsequent study.4-15

Holliday junction (J) tiles are composed of four DNA
oligonucleotides (strands) that self-assemble into four double-
helical arms, which are stacked into two helical domains con-
nected at a single branch point, or junction.4 The junction is
formed by a reciprocal crossover, where the two linking strands
traverse both helical domains at the same position (Figure 1A).
There is evidence that transitions between the two possible
stacking conformers occur with strong bias toward one confor-
mer, determined by the junction sequence.16,17 The J tiles used in
the present study have been shown to adopt the stacking prefer-
ence illustrated in the Supporting Information (Figure S1).18 In
addition, J tiles have been shown to have a high degree of
conformational flexibility, with a wide range of angles between
the arms of the junction.19 As a result, J tiles are well suited to
serve as “flexible” scaffolds.

DAE double crossover (DX) tiles consist of five single strands
of DNA that self-assemble into two, side-by-side, anti-parallel
helical domains with two reciprocal crossovers between the
helices.14 The distance between the intra-tile crossovers is an
even number of helical half-turns, resulting in a nearly planar tile
(Figure 1B). The presence of a second crossover, as compared to
J tiles, restricts conformational flexibility, and DX tiles were
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ABSTRACT: DNA nanotechnology allows the design and construc-
tion of nanoscale objects that have finely tuned dimensions, orientation,
and structure with remarkable ease and convenience. Synthetic DNA
nanostructures can be precisely engineered to model a variety of
molecules and systems, providing the opportunity to probe very subtle
biophysical phenomena. In this study, several such synthetic DNA
nanostructures were designed to serve as models to study the binding
behavior of polyvalent molecules and gain insight into how small
changes to the ligand/receptor scaffolds, intended to vary their con-
formational flexibility, will affect their association equilibrium. This
approach has yielded a quantitative identification of the roles of
enthalpy and entropy in the affinity of polyvalent DNA nanostructure interactions, which exhibit an intriguing compensating effect.
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found to be approximately twice as stiff as double-stranded DNA
molecules of the same length.20,21 Thus, DX tiles represent
relatively “rigid” scaffolds.

Here, we report the construction of a range of dimer super-
structures composed of J andDX tile monomers, which represent
flexible and rigid scaffolds, respectively. For both DNA tiles, two
double-helical domains in the scaffold allow construction of
“bivalent molecules”, with the attached sticky ends serving as the

sites of intermolecular binding. The distance between the inter-tile
crossover points is exactly two full turns, ensuring that both sticky
ends can be paired side-by-side in the dimer. A well-established
fluorescence resonance energy-transfer (FRET)-basedmethodwas
employed to study the dimer assembly and disassembly reactions in
real-time, permitting the determination of dimer melting tempera-
ture and calculation of thermodynamic parameters from the
corresponding thermal profiles.24,25 In this method, a FRET donor
is attached to a selected strand within one DNA tile monomer,
while the complementary DNA tile is labeled with the correspond-
ing FRET acceptor. Formation of the dimer (upon cooling)
brings the FRET pair into close proximity, and following the
temperature-dependent change in FRET efficiency facilitates
monitoring of the assembly/disassembly process.

Figure 2A-D illustrates the J and DX monomer tiles used
for the assembly of dimers that can be described as flexible (J/J
homo-dimer), semi-rigid (DX/J hetero-dimer), and rigid (DX/
DX homo-dimer). A-type tiles (J-A and DX-A) contain two
unique sticky ends that are five nucleotides each, labeled as 1 and
2, while B-type tiles (J-B andDX-B) contain sticky ends 10 and 20,
complementary to sticky ends 1 and 2, respectively. These two
pairs of complementary sticky ends link A- and B-type tiles
together, creating a bivalent association between the tile scaf-
folds. This design, where analogous tiles share the same sticky
end sequences, ensures that any observed difference in the for-
mation of dimers from these monomeric units is a result of
variations in the scaffold core (flexible vs rigid), not the nature of
the ligand/receptor interaction. A yellow star and a red triangle
identify the position of the FRET donor (fluorescein) and accep-
tor (TAMRA) fluorophores, respectively.

’RESULTS AND DISCUSSION

Real-Time Monitoring of Dimer Formation. For the FRET
experiments, determination of the melting temperature of dimer

Figure 1. Helical structures of J and DX core tiles. (A) Two strands of J
(yellow and green) preserve their helical structure, while the remaining
two strands (red and orange) form the reciprocal crossover between the
helical domains. The equilibrium distribution between the two possible
crossover isomers is primarily determined by strand sequence.16-18 J
tiles are flexible at the crossover point with a variety of possible angles
between arms.11,13,22,23 Top view is shown on the right. (B) DX tiles are
essentially two J tiles connected by two double-helical arms, with a cyclic
central strand. The two crossover points are separated by an even
number of half-turns (shown here with four half-turn separation). Side
view is shown on the right.

Figure 2. Schematic representation and helical structure of the J (flexible scaffold in green) and DX (rigid scaffold in yellow) tiles used in the study.
FRET donor and acceptor fluorophores are shown as yellow stars (fluorescein) and red triangles (TAMRA), respectively. Two pairs of complementary
sticky ends, 1/10 and 2/20 (shown as complementary shapes in the schematics), were added to the ends of the tiles to create a bivalent association
between the scaffolds. (A) J-A (32 bp); (B) J-B (36 bp); (C) DX-A (74 bp); (D)DX-B (82 bp). The numbers mark the size of the hybridized domains in
the tiles. For all dimers, the inter-tile junctions are separated by two full turns to ensure an in-plane dimer conformation. (E-G) The flexible, semi-rigid,
and rigid dimers that contain J-A/J-B, J-A/DX-B, and DX-A/DX-B, respectively.
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complexes and extraction of thermodynamic parameters from
thermal profiles has been previously detailed.2,24,25 For each dimer
assembly, two samples were prepared with identical experimental
conditions: one sample contained a donor fluorophore (50-
fluorescein-labeled oligomer) in tile A and an acceptor fluor-
ophore (50-TAMRA-labeled oligomer) in tile B, while the second
sample contained only the donor fluorophore in tile A and the
corresponding unlabeled oligomer in tile B. Comparing the
donor emission of these two samples yields the efficiency of energy
transfer between the donor and acceptor. The inter-fluorophore
distance (and therefore the FRET efficiency) changes as a result
of temperature-dependent conformational changes, which directly
reflects the assembly/disassembly process of the DNA tile dimers
(the donor and acceptor pair has a F€orster distance 4.8-5.0 nm).
The fluorescence thermal curves were measured with a real-time
PCR thermocycler: for cooling profiles, the samples were held at a
high temperature (80 �C), and the fluorescent emission of the donor
at 522 nm (excited at 492 nm) wasmonitoredwhile the temperature
was decreased to 25 �C, with a gradient of -0.1 �C/min. Heating
profileswere similarly collected, and all experiments were repeated
at least twice in triplicate to ensure reproducibility (see the
Supporting Information (SI) for experimental details).
A comprehensive description of FRET data processing can be

found in the Supporting Information. Briefly, for each dimer
assembly: (1) The efficiency of energy transfer (E) is determined
at each temperature on the basis of the intensity of donor/
acceptor (IDA) and donor-only (ID) samples (typical results
shown in Figure 3A, SI eq 1). (2) E is subsequently related to the

fraction of assembled dimer structures (θ) by normalizing the
FRET efficiencies as a function of temperature (SI eq 2). θ is
plotted against temperature with heating and cooling profiles
superimposed (Figure 3B). It is important to note that negligible
hysteresis was observed for all dimer assemblies, especially for the
normalized data, indicating the reversibility of the dimer forma-
tion and dissociation processes and thermal equilibrium at each
temperature. (3) The melting temperature (Tm) is obtained by
fitting the first derivative of θ versus temperature with a Gaussian
function and identifying the midpoint of the transition (Figure 3C,
SI eq 3). (4) As each of the dimer assemblies demonstrated a
reversible thermal transition, it can be assumed that the system
reached equilibrium at each temperature, allowing application of
the van’t Hoff law where the variation of the equilibrium constant
(Keq) with temperature is used to obtain the enthalpy (ΔH) and
entropy changes (ΔS) of the complex formation. Keq of dimer
formation is expressed as a function of θ at equilibrium, based on
a bi-molecular reaction scheme (SI eq 4). Plots of lnKeq vs 1/T in
the temperature range of the transitions were linear, indicat-
ing that ΔH and ΔS are temperature independent (Figure 3D,
SI eq 5). (5) Finally, the van’t Hoff enthalpy and entropy changes
for the reversible thermal transitions allow the calculation of the
free energy change (ΔG) for the assembly process using the
Gibbs equation (SI eq 6).
The results of the FRET data analysis for each of the dimer

designs illustrated in Figure 2E-G are listed in Table 1.
Examination of the experimental results reveals that subtle

changes in the conformational flexibility of the bivalent

Figure 3. Illustration of FRET data analysis for a typical sample (DX-A/DX-B homo-dimer). (A) The raw data (fluorescence intensity versus
temperature) were collected by a RT-PCR thermocycler. The heating and cooling curves for the donor/acceptor sample are shown in red and blue,
respectively, and the heating and cooling curves for the donor-only sample are shown in magenta and cyan, respectively. (B) Plot of normalized FRET
efficiency or fraction of dimer formation, θ, as a function of temperature. Multiple thermal profiles (heating cycles shown in red and cooling cycles shown
in blue) are plotted together (six replicate profiles), exhibiting the negligible hysteresis and high reproducibility of the data. A single thermal transition at
∼41.5 �C is observed. (C) First derivatives of the profiles in panel B, dθ/dT, are plotted versus temperature (dots), and a Gaussian fit (solid line) yields
the melting temperature (41.5 �C) and the width of the transition (8.8 �C). (D) The linear fit of a corresponding van’t Hoff plot generates the changes of
enthalpy (ΔH) and entropy (TΔS), and thereby the free energy change (ΔG).
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monomer scaffolds lead to significant differences in the thermal
stability of the dimer superstructures. The melting temperature
was the highest, ∼41 �C, for dimers composed of two rigid
scaffolds (DX/DX homo-dimer) and the lowest, ∼31 �C, when
both scaffolds were flexible (J/J homo-dimer). The 10 �C
difference in the melting temperatures of these two DNA tile
dimers is rather remarkable considering that both dimer struc-
tures have identical sticky end sequences. The semi-rigid (J/DX
hetero-dimer) construct had a melting temperature of ∼36 �C,
the mid-point between the flexible and rigid dimers.
The change in free energy reflected the same trend: the rigid

dimer requires the smallest conformational change of each
monomer unit, and thus it shows the most favorable binding,
with the most negative ΔG. Interestingly, introducing flexibility
into the scaffold significantly affects the changes in both the
enthalpy and entropy of the corresponding dimerization reac-
tion. For example, comparing the semi-rigid and rigid dimers,ΔG
for the semi-rigid dimer formation is∼1.2 kcal/mol less negative
than that of the rigid dimer, which can be translated to an ∼10-
fold reduction of the equilibrium constant at room temperature.
This difference in ΔG is mostly the result of a more negative
TΔS, originating from the larger entropic cost to form a J/DX tile
compared to a rigid DX/DX dimer. On the other hand, for a
flexible J/J dimer, its formation significantly restricts the range of
branch angles that are available to the J monomers and carries a
corresponding entropic penalty. It should be noted that both the
ΔH and TΔS values for the flexible dimer are significantly more
negative than those for the rigid dimer (with TΔS exhibiting a
larger difference). This result indicates that the association of two
flexible tiles involves amore favorable enthalpic gain. Thismay be
because the junction flexibility permits enhanced hydrogen-
bonding interactions and more favorable base stacking between
the sticky ends and their flanking base pairs, thus resulting in
reduced energetic strain within the helical arms in the final dimer
assembly. However, this enthalpic gain is completely offset by an
even greater entropic loss because the conformations available to
both monomeric units are largely restricted upon dimer forma-
tion. Overall, the thermodynamic effects result in a flexible dimer
that is less thermally stable than the corresponding rigid dimer.
Competitive Displacement Reactions. The relative stability

of the dimers was further demonstrated through competition
assays, and the results were visualized using polyacrylamide gel
electrophoresis (PAGE) (see the SI for experimental details).
Figure 4 illustrates the three competitive displacement reactions
that were performed, each involving the addition of an increasing
amount of secondary tile to a pre-assembled dimer.
Three possible outcomes of the displacement reactions are

predicted on the basis of the relative thermal stability of the
corresponding dimers: complete, partial, or no exchange of one

tile in the initial dimer by the secondary tile. For the case in which
the initial dimer is relatively less stable than the replacement
dimer, as applies to the schemes shown in Figure 4A and B,
quantitative displacement should be observed. For the case in
which the initial dimer is relatively more stable, as shown in
Figure 4C, minimal formation of the replacement dimers would
be detected, even with a large excess of the secondary tile present.
To make identification of the gel bands corresponding to each

individual tile and the assembled dimers possible, the tiles in the
initial dimers were labeled with two fluorescent dyes, fluores-
cein and TAMRA. The dyes were placed at positions away from
the intermolecular, sticky-end binding sites (different from those
used in the FRET experiment with inter-dye distances a mini-
mum 10 nm in the dimer) to minimize energy transfer between the
fluorophores, so that the intensities of the fluorescent bands
measured from the gel images provide a semi-quantitative measure
of the concentration of the species they represent (see SI for details).
In addition, the tiles (secondary) that were added to the pre-
assembled dimers contained no dye label, so that both a color
change and a gel shift are expected if any exchange reaction occurs.
Multicolor gel images were generated by superimposing the fluor-
escent intensity of the green (fluorescein) and red (TAMRA)
channels (collected with a Typhoon Trio gel imaging system).
The results of the competitive displacement experiments are in

agreement with the predictions based on the FRET study.
Figure 5 shows typical PAGE results for the reactions repre-
sented in Figure 4 (additional gel images are shown in the SI
Figures 3-18).

Table 1. Melting Temperature and Thermodynamic Characterization of Dimers Composed of BivalentMonomer Scaffolds (J and
DX) with Variable Conformational Flexibilitya

Tm (�C) W/2 (�C) ΔH (kcal/mol) ΔS (kcal/mol 3K) TΔS (kcal/mol) ΔG (kcal/mol)

flexible dimer 31.0( 0.6 4.3 -123.2( 9.1 -0.373þ 0.030 -113.3( 9.1 -11.9( 0.1

semi-rigid dimer 36.2( 0.6 4.8 -106.8( 3.9 -0.314( 0.012 -93.5( 3.7 -13.3( 0.2

rigid dimer 41.4( 0.2 4.3 -102.0( 1.4 -0.293 ( 0.004 -87.5( 1.3 -14.5 ( 0.1
aThe structures of the monomer units are shown in Figure 2. The values listed are the mean and standard deviation of measurements from multiple
thermal profiles (six independent samples, with analysis of the heating and cooling cycle for each). W/2 indicates the half-width of the Gaussian fit,
representing the width of the thermal transition (Figure 3C). The temperature used to calculate TΔS and ΔG is 25 �C. The concentration of the
individual tiles in each sample is 0.3 μM. The details of data analysis are described in the Supporting Information.

Figure 4. Schematic representation of the competitive displacement
reactions. Each tile of the initial dimer is present at equimolar concentra-
tion and labeled with a fluorescent dye. The unlabeled secondary tiles are
added in a range of relative concentrations, from submolar to excess
compared to the initial tiles. (A) Rigid DX tile is added to pre-assembled
flexible J/J dimer. (B) RigidDX tile is added to pre-assembled semi-rigid J/
DX tile. (C) Flexible J tile is added to pre-assembled rigid DX/DX dimer.
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For each gel, lanes 1-3 contain the individual monomer units
and their pre-formed 1:1 dimers, respectively. In addition to
confirming the formation of each individual tile and the initial
dimer, these bands (which have a unique size and fluorescent
label) also serve as markers that help to determine the identity of
each band in the remaining lanes. Lanes 4-14 correspond to the
displacement reactions that contain the initial dimer with
increasing amounts of secondary tile (see the SI for experi-
mental details). The presence and relative concentrations of all
species in the gels before and after the replacement reaction
can be determined by measuring the fluorescent intensity of
the corresponding bands.

The gel image in Figure 5A shows the equilibrium shift when
the pre-formed J-A/J-B homo-dimer was mixed with increasing
amounts of DX-B secondary tile. The displacement of J-B in the
initial dimer by DX-B to form a J-A/DX-B hetero-dimer is readily
observed, as evidenced by the disappearance of the middle yellow
J-A/J-B dimer band, the simultaneous appearance of a lower red
band (displaced J-B), and the appearance of an upper green band
(the newly formed J-A/DX-B dimer). Note that the secondary
DX-B tile is unlabeled, and the newly formed dimer contains only
the green fluorescent label on J-A. The pattern of intensity
changes that occur for each of the various bands supports the
prediction of a quantitative displacement reaction, confirming
that the semi-rigid J/DX dimer is thermodynamically more
favored than the flexible J/J dimer.
Similarly, the PAGE result shown in Figure 5B that corre-

sponds to the reaction of pre-assembled J-B/DX-A dimer with
DX-B as the secondary tile revealed that the favored reaction
product is the rigid DX/DX dimer, with quantitative displace-
ment of J-B in the dimer by DX-B. However, the PAGE result in
Figure 5C, corresponding to the reaction of initial DX/DX dimer
with J-B as the secondary tile, showed that the dominant species
in each reaction mixture was the initial, rigid DX/DX dimer, with
little or no replacement of DX-B by J-B detected, even with a 5�
molar excess of the secondary J tile. Collectively, the PAGE
experiments support the conclusions drawn from the FRET
experiments: dimers composed of two rigid tiles are more stable
than those composed of one rigid and one flexible tile, and dimers
composed of two flexible tiles are the least favored.
For each dimer, the entropy change of formation has a fairly

large negative value (see Table 1), so it is expected that the
relative equilibrium of the dimers will change with temperature.
For example, compared to the J/DX dimer, formation of the J/J
dimer involves amore negative entropy change, implying that the
J/J dimer should exhibit a greater increase in equilibrium binding
constant at lower temperatures. The ratio of the J/DX dimer
equilibrium constant to that of the J/J dimer (as calculated from
the ΔG values) is∼1 at 5 �C, compared to∼5 at 20 �C. Indeed,
gel results (SI Figures 3-14) reflect the temperature depen-
dence of the equilibrium constants: for displacement reactions
carried out at temperatures ranging from 5 to 20 �C, only partial
exchange was observed at lower temperatures. At 5 �C,∼30% of
the initial J/J dimer (yellow band) remained, even with an excess
of DX secondary tile compared to the J/J dimer, in contrast to the
20 �C reaction, in which this band completely disappeared. The
same trend was observed for the J/DX displacement reaction
(DX secondary tile), in which the ratio of the DX/DX dimer
equilibrium constant to that of J/DX dimer is expected to change
from∼10 at 20 �C to∼6 at 5 �C. Collectively, the results of the gel
assays for all three displacement reactions are in agreement with the
thermodynamic data obtained by the FRET experiments.
Tiles with Variable Flexibility. To further study how the

flexibility of a bivalent scaffold affects its association, two addi-
tional series of modified J tiles (in which the flexibility of the tiles
were finely tuned) were constructed. The modified tiles were
designed to form homo-dimers, and FRET analyses revealed an
intriguing detail: the enthalpy and entropy changes associated
with dimerization have partly compensating effects on strength
of binding. In addition, the thermodynamics of polyvalent dimer
formation clearly reflects the flexibility of the monomeric
components.
The first series of modified J tiles, referred to as mesojunction

tiles (Figure 6A), are similar to J tiles but have two individual

Figure 5. Polyacrylamide gel analysis of the reaction schemes shown in
Figure 4, at 20 �C. The gel images represent overlay of both green and
red fluorescent channels. (A) Rigid DX tile added to pre-assembled
flexible J/J dimer. (B) RigidDX tile added to pre-assembled semi-rigid J/
DX tile. (C) Flexible J tile added to pre-assembled rigid DX/DX dimer.
Lanes 4-14 represent an increasing amount of secondary tile, with the
molar ratio to the initial dimer ranging from 0.1:1 to 5:1. The amount of
secondary tile (compared to 1� initial dimer) is indicated above the top
band in each gel. The displacement reactions for all three cases were
allowed to proceed for 2 h before loading onto the gel for analysis.
Additional gels for each reaction at various temperatures and different
reaction times are included in the Supporting Information.
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crossovers at separate positions between the two helical domains
rather than a single reciprocal crossover, and this structural
feature is expected to result in an overall increase in the confor-
mational flexibility of the scaffold.26,27 Only A-type tiles (with
sticky ends 1 and 2) are shown in Figure 6. The complementary
B-type tiles (with sticky ends 10 and 20) have the same design
(SI Figure 1). One of the strands that connect the two helical
domains contains a variable number of thymine nucleotides (2T,
4T, or 6T), forming a single-stranded loop (shown in blue in
Figure 6A) on the opposite side as the sticky ends (shown in red/
orange). Among this series, the structure of the 2Tmesojunction
tile is expected to be the most constrained, while the 6T
mesojunction tile should be the most flexible.
As shown in Table 2, all three mesojunction tile dimers have

nearly the same melting temperature (Tm) and free energy
change (ΔG), with values of∼30 �C and-12 kcal/mol, respec-
tively, which are very similar to those of the flexible J/J dimer.

These results suggest that the mesojunction dimers have a ther-
mal stability comparable to that of the J/J dimers, and the
addition of multiple T's within each mesojunction tiles does
not significantly affect their formation or participation in a dimer
superstructure. However, the decrease in tile flexibility as the
number of T's is reduced results in considerable differences in the
enthalpy (ΔH) and entropy (ΔS) changes associated with dimer
formation. The ΔH values for mesojunction dimer formation
exhibit a clear trend (2T > 4T > 6T), becoming more negative
as the loop size is increased; ΔS follows the same pattern.
Meanwhile, all the mesojunction dimers have comparableΔG of
formation. This indicates that, while increasing the conforma-
tional flexibility of the participating scaffolds (with longer T
loop) increases the entropic cost of dimer association, the same
flexibility results in a more favorable gain in enthalpy, and these
two effects are compensating, resulting in a similar thermal
stability for all of the mesojunction dimers at room temperature.
Compared to the unmodified, flexible J/J dimer, the ΔH values
for mesojunction dimers are significantly more negative (more
favorable), and the ΔS values are also more negative (less favor-
able). The mesojunction tiles are the only series of tiles that do
not have a reciprocal crossover at the junction, resulting in a
significant increase in the freedom of motion around the junction
point. This freedom may interfere with the base stacking of
nucleotides flanking the junction in unbound tiles. Dimerization
of the mesojunction tiles will constrain the junction and improve
the base stacking for both tiles involved, thus resulting in a much
more favorable change in enthalpy upon binding as compared to
the other tile dimers. An approximate calculation indicates that
2-4 additional base-stacking interactions can account for the
more negative ΔH for mesojunction dimer formation than for
the J/J dimer.
The second series of the modified J tiles are referred to as

tethered J tiles (Figure 6B), and like J tiles, they consist of four
strands of DNA with a reciprocal crossover between the double-
helical domains. However, the two strands that do not participate
in the crossover are linked by a short loop of thymines (shown in
blue in Figure 6B), ranging from 4T to 12T. Compared to
unmodified J tiles, the entire series of tethered J tiles should be
more constrained, with the tethered loop preventing free move-
ment about the junction point.
The results of the FRET experiments reveal that the thermal

stabilities of homo-dimers formed from the tethered tile series

Figure 6. Helical structure of modified J tiles of varying flexibility and
DX tiles of various size. (A) Series of mesojunction tiles. To further tune
the flexibility, the arms of the tile were constrained by varying the
number of thymines (T) within one of the crossover strands (shown in
blue), forming a single-stranded loop of 2, 4, or 6T's. Note that the
helical domains are not connected by a reciprocal crossover, as in a J tile,
but are connected by two separate single-stranded crossovers. The blue
strand has a nick at the junction position. (B) Series of tethered J tiles.
For this series, the helical domains of each tile are connected by a
reciprocal crossover, the same as in the unmodified J tiles. To reduce the
flexibility of the scaffold, the two strands of the tile that do not participate
in the crossover are connected by a short loop of 4, 8, or 12 T's,
respectively, shown in blue. (C) Series of DX-A tiles of various sizes: 70,
78, and 86 bp, respectively. Binding of the DX-A tiles to their corres-
ponding DX-B tiles results in 150, 166, and 182 bp homodimers.

Table 2. Melting Temperature and Thermodynamic Characterization of Dimers Composed of Bivalent Monomer Scaffolds
(Modified J and DX) with Variable Conformational Flexibility and Sizea

Tm (�C) W/2 (�C) ΔH (kcal/mol) ΔS (kcal/mol 3K) TΔS (kcal/mol) ΔG (kcal/mol)

2T mesojunction dimer 29.1 ( 0.3 2.8 -140.5( 6.6 -0.433( 0.022 -129.2( 6.5 -11.3( 0.1

4T mesojunction dimer 30.6 ( 0.5 2.6 -169.2( 5.6 -0.526( 0.019 -156.8( 5.6 -12.4( 0.3

6T mesojunction dimer 30.7( 0.2 2.6 -180.4( 9.7 -0.563 ( 0.032 -167.8( 9.6 -12.6( 0.2

4T tethered J dimer 35.4( 0.2 4.5 -108.2 ( 1.8 -0.320þ 0.006 -95.3 ( 1.7 -12.9( 0.1

8T tethered J dimer 36.0( 0.8 4.4 -105.1( 3.0 -0.309 ( 0.010 -92.1( 2.9 -13.0 ( 0.2

12T tethered J dimer 34.3( 0.4 4.4 -103.0( 2.9 -0.303( 0.010 -90.4 ( 2.8 -12.6( 0.2

rigid dimer (182 bp) 41.4( 0.3 4.5 -99.7( 1.2 -0.286 ( 0.004 -85.3( 1.2 -14.4 ( 0.1

rigid dimer (166 bp) 41.4( 0.2 4.3 -102.0( 1.4 -0.293( 0.004 -87.5 ( 1.3 -14.5( 0.1

rigid dimer (150 bp) 41.5( 0.1 4.1 -104.2( 0.4 -0.300 ( 0.001 -89.6( 0.3 -14.6 ( 0.1
aThe structures of the monomer units are shown in Figure 6. The values listed are the mean and standard deviation of measurements from multiple
thermal profiles (three independent samples, with analysis of the heating and cooling cycle for each).W/2 indicates the half-width of the Gaussian fit,
representing the width of the thermal transition (Figure 3C). The temperature used to calculate TΔS and ΔG is 25 �C. The concentration of the
individual tiles in each sample is 0.3 μM. The details of data analysis are described in the Supporting Information.
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are similar to that of the semi-rigid J/DX hetero-dimer, with
melting temperatures of∼35, 36, and 34 �C for 4T, 8T, and 12T
tiles, respectively. TheΔG values for this series of tiles alsomirror
that of the J/DX hetero-dimer, ∼-13 kcal/mol. Interestingly,
varying the number of T's that connect the two helical arms of the
tiles does not result in significant differences inΔH andΔS. The
range ofΔH, from∼-108 kcal/mol for the 4T tile dimer to∼-
103 kcal/mol for the 12T tile dimer, is about the same as for the
semi-rigid hetero-dimer (∼-107 kcal/mol). Similarly, TΔS varies
from ∼-95 kcal/mol for the 4T tile dimer to ∼-90 kcal/mol
for the 12T tile dimer, also about the same range as fpr the J/DX
hetero-dimer (∼-94 kcal/mol). Overall, the entire series of
tethered J tiles behave as relatively rigid scaffolds, and it seems
that increasing the number of T's in the tether loop from 4 to 12
does not effectively relieve the constraint.
Finally, to determine if variations in size (not only flexibility)

would impact the binding affinities of the DNA tile scaffolds,
several sizes of DX/DX dimers (150, 166, and 182 bp) were
evaluated (Figure 6C). The experimental data (Table 2) suggest
that the size of the scaffold has very little effect on the thermal
stability of the resulting dimers, as the melting temperature and
ΔG values for all threeDX/DX dimers were approximately equal.
TheΔH andTΔS values of the smallest and largest dimers varied
by less than 5 kcal/mol (demonstrating a small but notable
dependence on size), again compensating for each other and
yielding similarΔG values. The sole difference in the three tiles is
on the side opposite the sticky ends (the DNA strand sequence
and length of all common regions are identical). One possible
explanation for the observed difference in ΔH and ΔS is that
stabilization in the central, sticky-end region of the dimer may
propagate throughout the complex, further improving base
stacking in the periphery. It seems that the more extended
(larger) the tile is, the less susceptible it is to long-range
stabilization. However, size-dependent effects cannot account
for the ΔH and ΔS differences observed in the other experi-
ments. The results suggest that the variation in the thermal
stabilities of the other dimer assemblies is the product of
differences in the conformational flexibility of the DNA scaffolds,
and not merely a consequence of component tile size.

’CONCLUSIONS

It is generally accepted that the flexibility of a DNA nanoscaf-
fold is related to the number of connections between helical

domains, with the least rigid structures formed from the fewest
number of crossovers. Besides the number of crossovers, the
structure of the connection points influences the overall flex-
ibility of the tile; e.g., compared to single crossovers, reciprocal
crossovers are more rigid. It is also evident that appropriate use of
thymine tethers can restrict the motion of the junction points,
thereby reducing the conformational flexibility of the tiles. With
these design parameters in mind, a collection of DNA tiles were
constructed to characterize the influence of conformational
flexibility on multivalent scaffold binding.

The most significant insights gained by this multivalent
binding study are illustrated in Figure 7. First, increasing the
conformational flexibility of a bivalent scaffold increases the en-
tropic cost of association; however, the same flexibility results in a
more favorable enthalpy of binding. This can be understood in
the following way: imposing order on a flexible object through a
binding event will carry an entropic penalty; on the other hand,
adequate flexibility increases the likelihood that all ligand-
receptor interactions can occur without energetic strain. Second,
the overall thermal stability of bivalently linked scaffolds is highest
when both scaffold components are rigid and lowest when both
scaffolds are flexible. This observation indicates that reducing the
entropic cost of association plays an important role in increasing
the overall thermal stability.

This study demonstrates how precisely engineered DNA
nanostructures can be used to probe very subtle biophysical
phenomena, including the effect of scaffold flexibility on the
binding of a multivalent molecule. The use of DNA nanostruc-
tures as models of polyvalent binding has made it possible to
quantify the compensating effects of enthalpy and entropy, which
is a notoriously difficult relationship to characterize. This tech-
nique may be used to generate valuable structural and functional
characterizations and may have applications in various research
fields, such as polyvalent inhibitor drug discovery and the study
of spatially controlled chemical reactions.
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Figure 7. Result summary: the conformational flexibility of two scaf-
folds linked by bivalent associations affects the enthalpy, entropy, and
thermal stability of their binding.
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