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nderstanding how the local mole-

cular environment affects the

kinetics of a chemical reaction is of
great interest both to basic science and for
technological applications. For example, the
ultraefficient electron transfer present in
photosynthetic systems is due to the pre-
cise arrangement of various protein and
chromophore components, and the hetero-
geneous catalytic reactions widely used in
the chemical industry are reliant on large
surface areas with very specific microenvir-
onments. However, among the tools and
approaches we use to modulate molecular
surroundings for the study of chemical re-
actions, few offer the spatial accuracy
and versatility of structural DNA nano-
technology. In recent years, DNA nano-
structures have become an attractive plat-
form to organize matter at the molecular
level, due to the reliability of base-pair
interactions, improved DNA manipulation
techniques, and affordable custom oligonu-
cleotide synthesis. A variety of discrete,
nanometer-sized structures with arbitrary
shapes and designs are readily assembled
with high yield.'™* The relative positions of
molecules and the number and spacing of
the surrounding molecular interactions are
easily controlled using this method.

As new DNA nanostructure design stra-
tegies have evolved to support enhanced
structural complexity and function, interest
in dynamic structures has grown.>® The
latest dynamic DNA assemblies interact
with the surrounding environment, respond
to external stimuli with concomitant state
changes, and even actuate according to
programmed responses. Some examples
include reconfigurable topological struc-
tures,” a wire-frame tetrahedron with con-
trollable dimensions,2 nanotubes for the con-
trolled release of gold nanoparticles,” and
DNA walkers.'®~'2 Also, the development
of DNA computing'®~'® enables researchers
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ABSTRACT

cleation Accessibility

The ability to generate precisely designed molecular networks and modulate the surrounding

environment is vital for fundamental studies of chemical reactions. DNA nanotechnology
simultaneously affords versatility and modularity for the construction of tailored molecular
environments. We systematically studied the effects of steric crowding on the hybridization of
a 20 nucleotide (nt) single-stranded DNA (ssDNA) target to a complementary probe strand
extended from a rectangular six-helix tile, where the number and character of the surrounding
strands influence the molecular environment of the hybridization site. The hybridization
events were monitored through an increase in the quantum yield of a single reporter
fluorophore (5-carboxyfluorescein) upon hybridization of the 20-nt ssDNA, an effect previously
undocumented in similar systems. We observed that as the hybridization site moved from
outer to inner positions along the DNA tile, the hybridization rate constant decreased. A similar
rate decrease was observed when noncomplementary single- and double-stranded DNA
flanked the hybridization site. However, base-pairing interactions between the hybridization
site of the probe and the surrounding DNA resulted in a reduction in the reaction kinetics. The
decreases in the hybridization rate constants can be explained by the reduced probability of
successful nucleation of the invading ssDNA target to the complementary probe.

KEYWORDS: DNA nanotechnology - hybridization kinetics - self-assembly -
dynamic DNA nanostructures - single-stranded DNA probe

to embed the path to a desired end state
within the DNA nanostructures themselves,
with an external input triggering an auto-
matic system response. Understanding how
individual molecular components interact
with one another is vital and may lead
to improved design rules and active mo-
tifs for the construction of dynamic DNA
structures.
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122 nm
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Figure 1. Detailed helical structure of one of the 6HX tiles used in this study. The core region of the tile is shown in gray and
black. The schematic shown here corresponds to the design in which the target probe (yellow, 20-nt), extending from the right
side of the core on the third helix from the top (position C), is surrounded by single-stranded off-target probes (blue, 20-nt) at every
other position. Poly T sequences (T5o) for the off-target probes were used to minimize base-pairing interactions between the probes.
The 5-carboxyfluorescein (FAM) reporter is covalently attached to the 5" end of one of the DNA of the helices through a flexible linker
(green), at the interface between the core and the target probe (position C). Poly T extensions (T,), at every helical position on the left
side of the core (dark green), prevent nonspecific dimerization of the tiles. The target (red) hybridizes to the target probe on helix
three, forming a 20-bp duplex. If the target probe is extended from the end of helix 1 or helix 2, it is referred to as position A or
position B, respectively. In those cases, the FAM reporter dye is attached to the end of the corresponding helix (not shown here).

The fate of a dynamic DNA structure is often gov-
erned by the kinetics of hybridization between inter-
acting DNA strands'” ' rather than the initial trigger.
Therefore, many different strategies can be used to
modulate the changes of state, including strand dis-
placement, oligomerization of monomeric units, bind-
ing and release of protein—aptamer complexes,
interaction with DNA binding proteins or small mol-
ecules (hormones, ATP, lipids, etc.), light-switchable
cross-linking, secondary structure changes with vary-
ing pH, or interaction with other heteroelements (such
as single-wall carbon nanotubes or metal nanoparticles).
Understanding the factors that govern the hybridiza-
tion kinetics and the ability to adjust them are extre-
mely important for the design and functionality of
these dynamic structures.

The thermodynamics and kinetics of nucleic acid
hybridization have been thoroughly studied,?° 28 but
few reports describe the behavior of complex struc-
tures that involve more than two or three DNA strands.
The thermodynamics of DNA tile dimerization has
been investigated by our group®**° and others;**
however, no systematic study of the hybridization
kinetics of DNA nanostructures has been reported.
Here, we examined several steric factors that affect
the kinetics of DNA hybridization within a DNA nano-
structure. Our model system consists of a 20-nucleo-
tide (nt) single-stranded DNA (ssDNA) target that is
designed to hybridize to a complementary single-
stranded probe extended from one of the helical ends
of a rectangular six-helix DNA tile. The steric factors that
were evaluated include (1) the position of the target
probe relative to the tile; (2) the presence/absence of
DNA surrounding the hybridization site; and (3) the
formation of a double-helical secondary structure be-
tween the target probe and other components of the tile.

RESULTS AND DISCUSSION

System Model and Measurements. In our model, a 20-
nucleotide DNA target strand hybridizes to a target
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probe (TP) displayed at specific positions along one
side of a six-helix (6HX) DNA tile (Figure 1). The six-helix
tile was adapted from previous reports**3' and con-
sists of six parallel double helices joined by oligonu-
cleotides that cross over from one helix to adjacent
helices. This arrangement of helices results in a planar,
rectangular-shaped tile (~16 nm long and 14 nm
wide); the 14 constituent oligomers self-assemble into
the desired tile when mixed together and annealed.
The 3’ termini of selected helices were extended by
20 nucleotides, generating single-stranded overhangs
that are designated as target probe or off-target probe
(OTP) sequences. Target and off-target strands, each
20-nt long, are fully complementary to the target- and
off-target probes, respectively. For all experiments,
only one of the selected helices displayed the TP, while
the remaining five helices were either blunt ends or
displayed the OTP probes. This design permits accurate
control of the number of strands surrounding the
hybridization site, as well as the distance between
the hybridization site and the neighboring strands.
To determine how binding site accessibility af-
fected the rate of hybridization, several degrees of
“crowding” of the TP were simulated. First, the effect
of TP position was evaluated. The TP was displayed
from each of the three different positions relative to
the edge of the tile (Figure 1, outermost, position A;
inner, position B; and innermost, position C, helices).
The local environment of the TP at each position is
unique, with accessibility decreasing as the TP moves
inward (A > B > Q). Second, the effect of single- and
double-stranded DNA surrounding the hybridization
site was evaluated (Figure 2). Three sets of experiments
were performed: [1] The TP was surrounded by blunt-
ended helices; that is, each of the five non-TP positions
did not contain an OTP (Figure 2, left). This represents
the least crowded scenario (Figure S1). [2] The TP was
crowded by single-stranded DNA at the surrounding
positions (Figure 2, center). Each of the five non-TP
helices displayed a 20-nt poly(T) sequence to minimize
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Tile Entrenchment

Neighbor Entrenchment

Figure 2. Schematic representation of the series of 6HX tiles
used to determine the effect of steric accessibility of the
binding site on the rate of hybridization. From top to
bottom, the site of target hybridization is located at position
A, B, and C, respectively. From left to right, the site of target
hybridization is surrounded by blunt-end helices and
crowded by single- and double-stranded DNA, respectively.
Accessibility of the target to the target probe is expected to
decrease from top to bottom and from left to right.

the interaction between the OTPs and the TP and
target (Figure S2). [3] The TP was crowded by double-
stranded DNA at the surrounding positions (Figure 2,
right). Each of the five non-TP helices displayed a
random, 20-nt sequence (Figure S3). A fully comple-
mentary 20-nt off-target was hybridized to the OTPs,
forming double-stranded extensions.

The effect of base-pairing interactions between the
TP and adjacent OTPs on the rate of target hybridiza-
tion was also evaluated. For these experiments, the TP
was displayed from position C (the innermost), while a
single OTP (with a sequence designed to be partially
complementary to the TP) was displayed from the
adjacent helix. The remaining four OTP positions were
extended with 20-nt poly(T) sequences (Figures S4—S57).

For each TP position, a reporter fluorophore
(5-carboxyfluorescein, FAM) was introduced at the
interface between the core and the single-stranded
TP (Figure 1). Initially the hybridization kinetics were
monitored by measuring Forster resonance energy
transfer (FRET) between the FAM (donor)-labeled tile
and a TAMRA (acceptor)-labeled target. However, even
in the absence of the other dye, considerable changes
in the fluorescence quantum yields of both dyes were
observed upon hybridization. For FAM-labeled tiles, a
15—40% increase in fluorescence quantum yield was
detected upon hybridization of an unlabeled target
(Figure 3 and Figures S11 and 12), and for TAMRA-
labeled target, ~30% quenching was observed upon
its hybridization to an unlabeled tile (Figure S8). These
changes in quantum yield are opposite the character-
istic decrease in donor emission and increase in ac-
ceptor emission that are expected to occur in FRET,
which would significantly complicate analysis of the
efficiency of energy transfer and render this method
unsuitable for monitoring the hybridization events.
However, the increase in quantum yield of FAM after
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Figure 3. Fluorescence enhancement of the FAM reporter
dye upon hybridization of the target to the 6HX tile. The
fluorescence emission spectrum of FAM was measured
before (black trace) and after (yellow trace) the addition of
target to the 6HX tiles. The data shown here correspond to
the design in which the target probe is located at position C
and single-stranded off-target probes surround the target
probe site. The spectra show a ~30% increase in the
fluorescence quantum yield of the dye after hybridization
of the target and a blue shift of the emission peak. The
steady-state fluorescence anisotropy was independently
measured for 6HX tiles with the target probe and the FAM
reporter dye located at helical positions A—C. The inset
summarizes the results of anisotropy measurements before
(black bars) and after (yellow bars) the addition of target.
Before target hybridization (black bars), high anisotropy
values for all three designs (0.127—0.147) were observed,
indicating the dye has significantly impaired rotation. After
target hybridization (yellow bars), the anisotropy values drop
considerably (0.065—0.076) for all designs, demonstrating
that the dye is experiencing a less obstructed rotation.

hybridization was evaluated further, as shown in
Figure 3. We determined that FAM alone could be
used to monitor hybridization.

First, the increase in quantum yield and slight blue
shift (2—4 nm) clearly indicate that hybridization in-
duces a change in the molecular environment of
the fluorophore (Figure 3). Time-correlated fluores-
cence single photon counting (TC-SPC) was used to
measure the fluorophore decay times. In the absence
of the target, the fluorescence decay was well fit by a
biexponential law with two time constants: 4.4 ns
(92%) and 1.7 ns (8%) (Figure S9). The 4.4 ns decay
corresponds to the lifetime of free FAM dye in aqueous
solution.3? After equilibrating with an excess of target,
the fluorescence decay was dominated by the slower
component (4.1 ns, 98%), with the amplitude of the
faster component (1.7 ns) only ~2% (Figure S9). The
results show that hybridization of the target to the 6HX
tile promotes the conversion of a short-lived FAM
excited state to a longer-lived excited state. No change
in the extinction coefficients of absorption “before”
and “after” target addition was observed. Therefore,
the increase in fluorescence quantum yield and de-
crease of the short lifetime component after hybridiza-
tion can be explained by a decrease in the nonradiative
decay rate constant of the dye. This indicates that after
hybridization the dye is subject to a local environment
with fewer quenching factors.
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Next, steady-state fluorescence anisotropy mea-
surements were performed (each of the three FAM-
labeled probe positions were independently evaluated),
before and after target hybridization (inset Figure 3).
Before hybridization, high anisotropy values (0.127—
0.147) were observed, which are slightly higher than
the anisotropy values for linear DNA strands terminally
functionalized with fluorescein.>*3* This demonstrates
that the FAM dye attached to the end of the DNA tile
(Figure 1, left) experiences restricted rotation during
excited-state deactivation. After the addition of target,
the anisotropy decreased considerably to 0.065—0.076,
signifying that the hybridization event leads to in-
creased free rotation of the dye. Taken together, the
TC-SPC and anisotropy results suggest that before
hybridization a fraction of the FAM population may
be intercalated within the single-stranded TP or stacked
with the adjacent base at the end of the corresponding
DNA helix (Figure 1, left), where the rotational dy-
namics of the dye is expected to be highly restricted.
Stacking with adjacent bases leads to a lower quantum
yield and faster decay, probably the result of photo-
induced electron transfer from FAM to the adenine
bases flanking the dye, as was observed in simpler
systems.>>** The conformational rigidity of the DNA
nanostructure is likely to enhance the effect of photo-
induced electron transfer, more commonly observed
when guanine bases are in the vicinity of the FAM
dye.%37 Upon target hybridization, the formation of a
double helix displaces the dye from its intercalated or
stacked state, reducing the interaction of the dye with
the TP or the core tile structure (Figure 1, right). This
would explain the drastically decreased anisotropy,
increased emission, and increased amplitude of the
longer lifetime component of the fluorescence decay.

Finally, we verified that the increase in quantum
yield is site specific, occurring only when the target
hybridizes to the FAM-labeled position of the tile. We
designed a series of 6HX tiles in which the TP was
systematically displayed from each helical position,
while the FAM reporter was held constant at position C.
The steady-state fluorescence emission of each tile
was independently measured before and after the
addition of target (Figure S10). The enhancement in
fluorescence was observed only when the TP was
displayed from position C (Figure 4). Similar results
were obtained for tiles with FAM labels at positions
A and B (Figures S11 and S12). The results suggest that
the displacement of the dye from an intercalated or
stacked state involves a change in the specific local
environment. The single-dye approach presented here
offers an advantage over the FRET approach, because it
allows the addition of a large excess of unlabeled target
strand, simplifying the reaction rate determination.

To determine the extent of the forward and reverse
hybridization reaction, gel electrophoretic analysis and
steady-state fluorescence analysis of the equilibrium
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Figure 4. Site specificity of the FAM single-dye reporter
system. The steady-state fluorescence emission of six de-
signs was independently evaluated, where the helical posi-
tion of the target probe was systematically displayed from
each helix, while the position of the FAM dye remained
constant on helix 3. Each design corresponds to a situation
in which the site of the target probe is surrounded by single-
stranded off-target probes. The bar graph shows the ratio of
emission intensity after and before the addition of the
target. The emission of the FAM dye exhibited ~40%
enhancement (yellow bar) only when the target probe
was located on helix 3.

products were performed. The gel shift assays show
that with a 5-fold excess of the target all the 6HX tile is
consumed (within detection limits) to produce a tile/
target hybridized product (Figures S13—517). In addi-
tion, the steady-state fluorescent intensity of several
FAM-labeled 6HX tile solutions was measured at 1:1,
2:1, and 10:1 target:tile ratios. The maximum intensity
of emission did not increase when the ratio of target:tile
exceeded 1:1 (Figure S18), verifying the stoichiometric
completion of the forward hybridization reaction.
Dependence of the Hybridization Rate on Accessibility of the
Binding Site. For the simplest system, in which the
target hybridizes to a single TP in the absence of OTPs,
hybridization is expected to follow a two-step mechan-
ism: nucleation of a short segment of the incoming
target to the TP, followed by realignment of both
strands and “zipping” of the remaining nucleotides
for fully complementary base-pairing.>' Nucleation is
the rate-limiting step of hybridization at low DNA
concentrations (nano- to micromolar range), relying
on efficient collisions between the interacting strands.
The subsequent strand realignment and fully comple-
mentary base-pairing are expected to proceed at a
much faster rate. In our system, the fluorescence
enhancement of the reporter dye occurs only after
the 3’ terminal nucleotides of the target form base
pairs with the 5" termini of the TP (adjacent to the core
where the dye is located). Consequently, hybridization
of the target to the TP can be simplified to a bimole-
cular process with an overall rate constant of k.. A large
excess of target strand further simplifies the kinetics
and facilitates application of a pseudo-first-order
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kinetic model. To verify pseudo-first-order behavior,
the reaction was carried out at several different 6HX tile
concentrations, with a constant target concentration
(minimum 10-fold excess) The linear dependence of
the rate constant as a function of the tile concentration,
as shown in Figure S19, confirms that a pseudo-first-
order kinetic model is valid. This method simplifies the
data analysis, allowing a single-exponential kinetic
model to be used to fit the kinetic data, increasing
the accuracy of the calculated rate constant.

Figure 5 shows the change in fluorescence intensity
of the FAM reporter as a function of time after the
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Figure 5. Monitoring the hybridization of a 20-nt DNA
target to a complementary target probe displayed from a
6HX Tile. The data shown here correspond to a design in
which the target probe is located at position C, without
neighboring off-target probes. The hybridization event is
monitored in real time by measuring the emission intensity
of FAM as the local environment of the dye changes. Before
the addition of target (schematic, left), the fluorescence
emission of a 1 nM 6HX tile solution was measured for 150,
providing a baseline signal (gray series). Inmediately after
the addition of 20 equivalents of target, the fluorescence
intensity of the same solution was monitored in real time
(yellow series). The resulting curve was fit by a monoexpo-
nential growth equation, from which the bimolecular rate
constant of the overall hybridization reaction was
calculated.
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addition of a 20-fold excess of target to a 6HX tile
solution (1 nM). The 6HX tiles had a TP displayed at
position C and no DNA surrounding the site of hybri-
dization. The resulting curve was well fit by a mono-
exponential growth equation, yielding a bimolecular
rate constant of (1.04 £ 0.05) x 10°s~' M~". This value
is consistent with the bimolecular rate constants ob-
tained from other studies of simple nucleic acid asso-
ciation kinetics.3® 6HX tiles with TPs displayed at
positions A and B (with the corresponding FAM repor-
ters at positions A and B, respectively) were also
examined. An ~10% decrease in the hybridization rate
constants were observed for the interior positions
(Figure 6, left series). The decrease in the rate of
hybridization can be attributed to the reduced acces-
sibility of the TP at the inner positions (B and C).

When single-stranded OTPs were displayed from
the other five helices flanking the TP, a further decrease
in the hybridization rate constant was observed (for all
three positions; Figure 6, middle panel). The single-
stranded DNA surrounding the hybridization site is
likely to impair the approach of the target strand and,
consequently, reduce the rate of efficient collisions
necessary for nucleation. It is interesting that single-
stranded DNA surrounding the hybridization site re-
sults in a noticeable difference between the hybridiza-
tion rates at positions B and C (Figure 6, middle panel),
an effect that is not as significant for 6HX tiles with no
OTPs (Figure 6, left panel). This result confirms that the
DNA strands flanking the hybridization site further
reduce the accessibility of the TP.

6HX tiles with double-stranded DNA surrounding
the TP were also evaluated (Figure 6, right panel). We
expected that double-stranded DNA would further
reduce the steric accessibility of the TP, leading to a
decrease in the overall rate of hybridization. However,
the results revealed no significant changes in the rate
constants, compared to all cases with single-stranded
DNA flanking the TP. It is possible that the rigidity of

wPos A
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dsDNA neighbors

Figure 6. Summary of the observed hybridization rate constants for various levels of target binding site accessibility. The left
three bars correspond to designs in which the target probe is not surrounded by single- or double-stranded DNA. The middle
three bars correspond to designs in which the target probe is crowded by single-stranded off-target probes. The three bars on
the right correspond to designs in which the target probe is crowded by double-stranded DNA. For all three sets of data, the
green, blue, and red bars represent the measured rate constants for the designs in which the target probe is located at
positions A, B, and C, respectively. The error bars are the standard deviation of 5—8 replicate measurements.
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TABLE 1. Activation Energies for the Hybridization of a
Single-Stranded DNA Target to a 6HX Tile for Each of the
Designs Shown in Figure 6

target probe position activation energy (kcal mol ")
no neighbors position A 199 £ 0.1
position B 18.6 0.5
position C 193 4+03
ssDNA Neighbors position A 204 £ 0.6
position B 19.9 4+ 04
position C 20.0 + 0.5
dsDNA Neighbors position A 184+ 0.1
position B 19.4 4+ 0.8
position C 201+ 04

“Regardless of the target probe position, or the presence/absence of DNA
surrounding the target probe, the activation energy required to initiate target
hybridization is approximately 18—20 kcal/mol. The errors correspond to the
uncertainty in the slope of the linear fit of the Arrhenius plot (Figures $20—522).

double-stranded DNA restricts the range of available
spatial orientations of the OTPs, and this will counter-
act the effects of increased mass (crowding) and result
in kinetics that are similar to the single-stranded case.
The decrease in the rate of hybridization is similar to
what was observed when the position of the TP was
moved from position A to C.

Researchers have speculated that there are posi-
tional and steric factors that influence the equilibrium
and kinetics of hybridization of a DNA nanostructure
probe to an external target strand.>**° The group of
experiments reported here represents the first attempt
to obtain quantitative information about these effects.
The observed rate constants are 4 orders of magnitude
slower than diffusion-limited bimolecular reaction ki-
netics, indicating a high activation energy barrier for
the rate-limiting step. We propose that variations in the
rate constants are a direct consequence of the spatial
crowding of the TP in the DNA tile by the presence of
other DNA structures.

To clarify whether the nucleation step, realignment
of the nucleated target, or both were affected by
steric crowding, temperature-dependent hybridization
kinetics were measured for all the previously men-
tioned designs. Arrhenius plots were used to obtain the
activation energies of the reactions (Figures S20—22).
Typical Arrhenius behavior was observed in all cases
(Figures S20—522), and linear fits of the plots yielded
positive activation energies (Table 1). The magnitudes
of the activation energies were in a narrow range
(~18—20 kcal/mol) for all designs. The activation
energies of the hybridization reactions described here
include the free energies required to rotate and
realign the target/TP pairs and to overcome the
charge repulsion and solvent reorganization to
induce a conformational change from a random
coil (ssDNA) to a helical structure (dsDNA). The influ-
ence of electrostatic repulsion between negatively
charged DNA tiles and the DNA target is assumed to
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be negligible due to the high concentration of mag-
nesium in solution (12.5 mM), compared to the con-
centration of DNA tiles (1 nM).

The fairly large activation energies that were ob-
tained support our conclusion that the rates of the
hybridization reactions are not simply diffusion limited.
However, due to the relatively large errors in the
activation energy measurements (even a small differ-
ence in the activation energy, e.g., ~0.1 kcal/mol, can
cause a measurable change in the reaction rate), it is
not a straightforward task to conclude exactly how
steric crowding affects each step of hybridization. It is
reasonable to suggest that the observed differences in
kinetics are mainly due to differences in the frequency
of effective collisions that lead to complete hybridiza-
tion between the two strands. Thus, in a more spatially
confined environment, less effective nucleation is re-
sponsible for slower hybridization kinetics.

Effects of Target Probe—Off Target Probe Interactions. In
addition to evaluating the steric crowding effect on the
rate of hybridization, we also characterized how the
interaction of the TP with other components of the tile
influenced the rate of hybridization. From a practical
standpoint, there are many situations in which a given
“probe” sequence is flanked by neighboring single-
stranded DNA of a different sequence. As the length
of the strands increases, there is greater probability
of partial sequence complementarily between the
strands. When there are base-pairing interactions be-
tween the TP and adjacent single-stranded DNA, com-
plete hybridization of the target can be achieved only
through an additional strand displacement reaction.*'
In this case, hybridization of the target to the 6HX tile
can no longer be regarded as a straightforward bimo-
lecular event, but rather a more complex process
involving at least three-steps: (1) nucleation of the
incoming target with a single-stranded segment of
the TP, (2) realignment and partial hybridization of the
strands, and (3) displacement of the neighboring,
partially hybridized single-stranded DNA from the TP,
until full hybridization of the target strand is achieved.
It should be noted that the interaction of the TP with
adjacent, single-stranded DNA in a DNA tile is an
intramolecular interaction. As a consequence, the
“local molecular concentration” increases dramatically
and the frequency of collisions that may lead to a
TP—ssNeighbor complex is greater than for free strands
in solution.

In our design, the TP and OTPs are arranged parallel
to one another, with the same polarity. In order to
create partial complementarity between the probes,
one of the strands must reverse direction so that
antiparallel base-pairing can occur. Two different con-
figurations of TP-OTP interactions were considered: (1)
the OTP reverses direction and binds to the TP, and (2)
the TP reverses direction and binds to an adjacent OTP
(Figure 7). For all corresponding designs, the TP and
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Figure 7. Summary of observed hybridization rate con-
stants for designs with various probe interactions. The
target probe is located at position C for all cases. The
sequences of the off-target probes were modified to intro-
duce specific base-paring interactions between the target
and off-target probes. (A) When the 3’ end of the off-target
probe has a sequence designed to be complementary to the
middle section of the target probe, it bends toward the
target probe, forming a 5- or 8-bp double helix (two middle
bars). Both modifications result in a similar reduction
(~17%) in the hybridization rate constant compared to
the original design without any complementarity between
the target and off-target probes (left bar). Experiments with
a prebound, 8-nt truncated target that must be displaced by
the full length target (right bar) result in similar kinetics. (B)
When the 3’ end of the target probe is designed to be
complementary to the middle section of the off-target
probe, the 3’ end of the target probe bends toward the
off-target probe, forming a 5- or 8-bp double helix (two
middle bars). Both modifications result in significant reduc-
tion of the hybridization rate constant, 70% and 79%,
respectively, compared to experiments with no interactions
between the probes (left bar). The bar on the right reveals
that the rate constant is restored by prebinding an 8-nt
truncated target to the target probe binding domain of the
off-target probe.

the FAM reporter dye were located at helical position C.
The kinetics of hybridization was measured as de-
scribed previously, and the resulting fluorescence sig-
nals were fit by a monoexponential growth law. The
observed rate constants represent a combination of all
three hybridization steps: nucleation, realignment, and
strand displacement.

First we evaluated the situation in which an OTP
reverses direction to partially hybridize with the TP
(Figure S4). An 8-nt domain complementary to the TP
was inserted into the OTP so that the OTP would
hybridize with the middle section of the TP, leaving
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an 8-nt toehold at the 3’ end of the TP to serve as a
docking station for the incoming target. Compared to
the case of a 6HX tile with no base-pair interactions
between the probes, a 17% decrease in the hybridiza-
tion rate constant was observed (Figure 7A). When the
sequence of the OTP was modified to allow the
formation of only 5 base-pairs (rather than 8) with
the TP (Figure S5), no change in the rate was observed.
We performed a control experiment with an 8-nt
truncated target (TT) that was prehybridized to the
same 8-nt domain of the TP, and a similar rate constant
was observed. It should be noted that the 8-nt docking
domain at the 3’ end of the TP was the same for all
three cases. This group of experiments shows that the
presence of secondary structure (bending) in the OTP
does not affect the rate of hybridization, and the 17%
decrease in the hybridization rate reflects only the
displacement of the 8-nt domain of the OTP or the
TT. The frequency of effective collisions at the nuclea-
tion site is expected to be lower due to the reduced
number of nucleotides accessible for nucleation.

Zhang and Winfree*> demonstrated a model in
which the kinetics of strand displacement reactions is
dependent on the toehold length (and toehold AT/GC
content). The authors relate an increase in the rate
constant with higher toehold binding energy. Their
model predicts that an 8-nt long toehold will have a
rate constant between 10° and 10° M~' s, depend-
ing on the AT/GC content. This result is on the same
order of magnitude as the hybridization rate constants
measured in our system. It should be noted that in their
study Zhang and Winfree*? used simple DNA oligonu-
cleotides, where the sequences were designed to
eliminate any undesirable secondary structure. In our
study, secondary structure was intentionally intro-
duced and one of the participants was a 6HX tile with
much slower diffusion than simple single-stranded
DNA, so it is difficult to quantitatively compare the
two results. However, some qualitative information can
still be inferred. Zhang and Winfree*? proposed a
reasonable simplification of their three-step kinetic
model (for toehold lengths greater than 5-nt), where
the overall rate constant of a strand displacement
reaction is approximately equal to the rate constant
of the nucleation/zipping phase of hybridization. This
corresponds to the set of experiments described here,
in which an 8-nt toehold was used. Therefore, it is
reasonable to assume that the observed decrease in
the rate constant of target hybridization is due to a
decrease in the number of nucleotides available for
nucleation, rather than the presence of an additional
strand displacement step.

Next, situation 2 was evaluated, where the 3’ end of
the TP changes direction to interact with the OTP. A
rate constant of 3.1 x 10° M~' s~' was observed for a
5-bp interaction between the probes (Figure 7B), re-
presenting a ~70% decrease in the hybridization rate.
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In this design, the 3’ end of the TP is blocked and not
available for nucleation of the invading target. In order
for the target to hybridize with the TP, it must first
nucleate at the 5’ end of the TP, which is adjacent to the
tile core and not as accessible as the 3’ end, and
subsequently zip up and displace the OTP. When a
longer, 8-bp interaction between the TP and OTP
(Figure S7) was introduced, an additional decrease in
the rate of target hybridization was observed (a 79%
decrease compared to experiments with no interaction
between probes, Figure 7B). Reduced accessibility and
afurther decrease in the number of nucleation sites are
expected to contribute to the greatly reduced hybridi-
zation rate. Finally, as expected, when a free 8-nt strand
was prehybridized to the interaction domain of the
OTP to prevent the interprobe interaction, the hybri-
dization rate increased to the expected level (Figure 7B).

We propose that all the changes in the hybridiza-
tion rate constants reported here are governed by a
single factor, the probability of effective nucleation.
The rate of hybridization is determined by the fre-
quency of successful collisions between the target and
TP, which depends on the translational and rotational
motion of the target. The studies reveal the importance
of the following factors on the rate of hybridization: (1)
the position of the TP within the tile and the presence
of other DNA surrounding the site of hybridization,
both of which restrict the range of effective encounter
angles, (2) the length of the toehold that determines
the initial nucleation binding energy, and (3) the
distance of the nucleation site from the core of the tile
and thus the accessibility of the site.

CONCLUSIONS

The results presented here strongly suggest that the
rate constant of hybridization of a DNA strand to its
complementary probe within a DNA tile is strongly
dominated by a rate-limiting nucleation step. When
DNA surrounds the hybridization site, the frequency of
successful collisions and subsequently the hybridization

MATERIAL AND METHODS

Self-Assembly of DNA Nanostructures. All DNA strands (Figures
S1—S7) used for assembly of nanostructures were purchased
from Integrated DNA Technologies, Inc. (www.idtdna.com) and
purified by denaturing polyacrylamide gel electrophoresis (PAGE;
6—10% acrylamide in 1x TBE buffer: 89 mM Tris base, 89 mM boric
acid, 2 mM EDTA, pH 8.0) for the unmodified DNA oligomers, or by
HPLC for the dye-labeled DNA oligomers. The design of each 6HX
tile included one oligomer modified with a FAM dye. The 6HX tiles
were assembled by mixing equimolar amounts of all the oligomers
present in the structures at a final concentration of 500 nM, in 1x
TAE Mg2+ buffer (40 mM Tris base, 20 mM acetic acid, 2 mM
EDTA-Na,- 12H,0, 12.5 mM ((CH3CO0),Mg- 4H,0)), then by heat-
ing the mixtures at 90 °C and cooling to 4 °C over 12 h using an
automated PCR thermocycler (Mastercycler Pro, Eppendorf).

Fluorescence Measurements. All the fluorescence decay measure-
ments were collected using a time-correlated single-photon-counting
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rate of the target to the TP are reduced due to steric
impairment of the target binding site. The hybridiza-
tion rate is more severely affected when the only avail-
able site for target nucleation is adjacent to the tile core.
The sequences of the target and the TP were held
constant for all the experiments presented here, but it
is reasonable to assume that changes in the sequences of
the hybridization pairs may produce different behavior.
Future experiments will address the effect of sequence
and target length. These studies are necessary to develop
a more comprehensive understanding of the hybridiza-
tion kinetics in DNA nanostructures.

In DNA nanotechnology, it is crucial to understand
how the thermodynamics and kinetics of the final
structure formation are affected by the number,
length, sequence, and structure of the strands con-
necting the supramolecular arrangements. We believe
that the results presented here will contribute to a
better understanding of the physical behavior of DNA
nanostructures. It will be interesting to determine if
the effects observed for a 1D arrangement of DNA
probes will translate to more complex architectures
and whether the effects will be amplified when multi-
ple hybridization sites are present. The design of DNA
walkers and other DNA-based motors will also benefit
from such knowledge, where the arrangement of
single-stranded extensions (or tracks) in 1D or 2D
arrangements may be optimized by considering the
effects of the surrounding local environment. The
result suggests that the presence of double-stranded
DNA will not affect the hybridization of the walker to a
DNA tile any more than their single-stranded DNA
counterparts. In addition, hybridization of DNA targets
to a network of probes will likely occur at a faster rate
for peripheral probes than for interior ones, and in the
context of DNA-walkers, this may result in walker path
bias. Finally, the application of microarray-based plat-
forms for disease detection can benefit from improved
sequence design and spatial control of the probes to
enhance the kinetics of DNA hybridization.

method using a titanium sapphire laser (Millennia/Tsunami,
Spectra Physics) with a 130 fs pulse duration operated at
80 MHz, in a 1 cm path length quartz cell (Hellma). The laser
output was tuned to 740 nm and sent through a frequency
doubler and pulse selector (Spectra Physics, model 3980) to obtain
370 nm excitations at 4 MHz. Fluorescence emission was collected
at a right angle to the excitation beam and detected using a
double-grating monochromator (Jobin-Yvon, Gemini-180) and a
microchannel plate photomultiplier tube (Hamamatsu R3809U-50).
Data acquisition was performed using a single photon counting
card (Becker-Hickl, SPC-830), and the emission was collected at
520 nm. The instrument response function had a full width at half-
maximum of 35—45 ps, as verified by scattering from samples.
Global analysis was performed using the in-house software pack-
age ASUFIT. The lifetime of the fluorescence decay of FAM in the
6HX tiles, before and after target hybridization, was obtained using
the system described above; unless otherwise indicated, 120 uL of
250 nM 6HX tile solution was used for these measurements.
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All steady-state and real-time fluorescence spectra were
measured by a Nanolog fluorometer (Horiba Jobin Yvon, L-for-
mat, equipped with a CW 450 W xenon light source, thermo-
electrically cooled R928 PMT, and fully automated excitation
and emission polarizers for anisotropy measurements), with a
1 cm path length quartz cell (Hellma); all spectra were corrected
for the wavelength dependence of the detection system re-
sponse. For real-time analysis, the temperature of the quartz cell
was controlled/held constant by a refrigerated water circulator
(Thermoscientific). Unless otherwise indicated, 120 uL of 50 nM
6HX tile solution was used for measurements. Fluorescence
emission spectra were collected using 475 nm excitation wave-
length, 5 nm excitation slits, 485—650 nm emission wavelength
range, 5 nm emission slits, and 1 s integration time. Fluores-
cence anisotropy was also measured in the same manner
with 495 nm excitation wavelength, 5 nm excitation slits,
540 nm emission wavelength, 5 nm emission slits, and 10 s
integration time. Anisotropy values were calculated from the
instrument software FluorEssence for Windows by Horiba
Scientific.

Real-Time Fluorescence Measurements. The kinetics of hybridiza-
tion of a DNA target to a 6HX tile was monitored in real time via
changes in a fluorescence dye reporter molecule, FAM, upon
hybridization of the target. Unless otherwise indicated, 120 uL
of T nM 6HX tile solution was used for measurements. The
parameters used to collect real-time spectra were as follows:
485 nm excitation wavelength, 3 nm excitation slits, 520 nm
emission wavelength, 15 nm emission slits, and 0.5 or 1 s
integration time depending on the total measurement time.
The temperature of the sample was held constant for all real-
time data collection. The following temperatures were used to
generate Arrhenius plots: 11, 14, 16, 18, and 20 °C.

First, the temperature of the fluorometer cell holder and the
6HX tile sample under investigation was allowed to equilibrate
for 5 to 7 min. Then, the fluorescent signal of the 6HX tile
solution was collected for 150—350 s (depending on the
experiment) to confirm the photostability of the fluorophore
with continuous exposure to the excitation source. A 2—5%
reduction in the overall emission of the equilibrated solutions
was observed for a typical measurement period. Next, data
collection was initiated and 20 equivalents of unlabeled target
was directly added to the cuvette secured in the instrument (in
the dark). The solution was mixed by pipetting for 1—2 s, and
the kinetics of hybridization of the target was followed by
monitoring the intensity of FAM emission for the length of
the reaction.

The kinetic measurements were repeated at least five times
for every design under investigation. Several control experi-
ments were performed to confirm that the target addition
process resulted in homogeneous mixing and that the delay
caused by the mixing was negligible compared to the hybridi-
zation kinetics. The kinetic curves were subsequently fit by a
monoexponential growth model, and the bimolecular rate
constants were extracted by dividing the time constant by the
target concentration using OriginPro 8 (Origin Lab) software.

Native Gel Electrophoretic Characterization of Nanostructures. The
correct assembly of all 6HX tile designs and subsequent hybri-
dization of all target and off-target DNA were confirmed by
nondenaturing polyacrylamide gel electrophoresis (Figures
S$8—-S512). Structures (7 pmol of each 6HX tile, before and after
addition of 5 equivalents of target) were analyzed by 5%
nondenaturing PAGE gels in 1x TAE Mg buffer. Electrophoresis
was performed at 200 V, 10—20 °C, for ~4 h. The resulting
gels were analyzed by a Typhoon Trio variable mode imager
(GE Healthcare, excitation at 488 nm, emission at 520 nm) for
visualization. The gels were subsequently stained with ethidium
bromide and scanned in a Biorad Gel Doc XR+ system.
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