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ABSTRACT: Two complementary small-molecule—DNA
hybrid (SMDH) building blocks have been combined to
form well-defined supramolecular cage dimers at DNA
concentrations as high as 102 yM. This was made possible
by combining a flexible small-molecule core and three DNA
arms of moderate lengths (<20 base pairs). These results were
successfully modeled by coarse-grained molecular dynamics
simulations, which also revealed that the formation of ill-
defined networks in the case of longer DNA arms can be
significantly biased by the presence of deep kinetic traps.
Notably, melting point studies revealed that cooperative
melting behavior can be used as a means to distinguish the
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relative propensities for dimer versus network formation from complementary flexible three-DNA-arm SMDH (fSMDH,)
components: sharp, enhanced melting transitions were observed for assemblies that result mostly in cage dimers, while no
cooperative melting behavior was observed for assemblies that form ill-defined networks.

B INTRODUCTION

The exquisite recognition capability and synthetic programm-
ability of oligonucleotides has allowed DNA to be utilized as a
key synthon for molecular assemblies and nanostructures.'*
The high specificity and predictability of nucleic acid base-
pairing interactions at the molecular level can be readily
translated into versatile control of assembly interactions at the
nanoscale,” enabling the formation of a variety of topologically
distinct DNA-based constructs such as rings,6 boxes,” tubes,®
and crystals.” Coupling of DNA to nanoparticles, small-
molecule organics, dendrimers, and polymers has also led to
the synthesis of spherical nucleic acids (SNAs),” nucleic acid-
based polymeric nanoparticles,'’ heterovesicles,''> and
DNA—polymer hybrids,13 which are of growing importance
as building blocks in materials science,"""> labels for in vitro
and intracellular diagnostics,13'l6 and delivery agents in
therapeutic applications.'”"”

From a molecular perspective, small-molecule—DNA hybrids
(SMDHs), comprising multiple DNA strands covalently
attached to small-molecule cores, have recently emerged as
well-defined DNA-containing building blocks for supramolec-
ular materials with “valences” that can be precisely tuned by
varying the number and orientation of the strands.'”'*™*
SMDHs greatly increase the scope and versatility of the design
and construction of DNA-based nanostructures because
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branched building blocks can be synthesized efficiently from
relatively short oligonucleotides and a broad range of organic
cores. Notably, the precisely defined, compact nature of
SMDHs has greatly facilitated their use as key models for
deciphering macroscopic DNA-mediated assembly behaviors
from both experimental and theoretical perspectives.”' >
Despite the many advantages of SMDHs as building blocks
in DNA-mediated assembly, the factors that control the
assembly outcome are still not well-understood. For example,
when two complementary rSMDH; comonomers (i.e,, SMDH
comonomers containing three DNA arms surrounding a rigid
organic core such as 1,3,5-triphenylbenzene or 1,3,5-tris(p-
ethynylphenyl)benzene) are hybridized, large amounts of ill-
defined macroscopic networks can often be formed as side
products along with the desired discrete dimer, even at DNA
concentrations as low as 0.07 #M.”>** The dimer yield can be
enhanced when noncomplementary (dT), spacers are inserted
between the core and the complementary DNA arms to
provide more flexibility for the assembly to “anneal” into
thermodynamically more stable discrete structures.”” This
methodology allows the assembly of rfSMDH; comonomers
to preferentially form supramolecular cage dimers at DNA
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concentrations of up to ~2 uM, beyond which larger ohgomers
and ill-defined structures begin to dominate.”” These
observations prompted us to question whether incorporating
more flexibility into the organic core would allow the assembly
of the resulting flexible SMDHs (fSMDHs) to be carried out at
much higher concentrations while still favoring the formation of
the supramolecular cage dimers.

Herein we present a strategy that can dramatically improve
the yield of DNA-linked supramolecular cage dimers from the
assembly of complementary SMDH; comonomers comprising
the trivalent core 1*° surrounded by three DNA arms with
variable lengths (9, 15, or 24 bases) (Figure 1). In contrast to

/ \
NS T\ AXX

L Hybridization

L\ /NSNS + VSN f /’x)\/« /i

\ A ~ J YOOX
fSMDH; Partner fSSMDH,
HO -
2 0 0\ / \/ __ Complementary
=0 d o ‘ ssDNA strands

V. \V

Flexible organic core

Figure 1. Schematic representation of the assembly of an fSMDHj,
monomer and its complementary partner into a supramolecular cage
dimer. While the tetrahedral nature of the core can lead to two
different cage isomers (see SI, Figure S17c), for simplicity only the
less-strained isomer is shown.

the aforementioned assembly of 'SMDHy’s,”” the highly flexible
tris(oxypropyloxymethyl)methyl core of 1 greatly biases the
assembly process to favor cage dimers, even at very high
fSMDH,; concentrations (32 gM or ~100 uM DNA).
Oligomers or ill-defined networks do not form in the assembly
of 9-fSMDH; comonomers (henceforth, we will use the general
notation n-fSMDH; to refer to both of the fSMDH;
comonomers with DNA arms containing n bases), and the
assembly of 15-fSMDH; comonomers yields mostly dimers.
Higher-order materials (tetramers and larger oligomers) form
in appreciable amounts only when the DNA arms of the
fSMDH; are lengthened to 24 bases, as shown by both
experimental studies and molecular dynamics (MD) simu-
lations. Together, these results demonstrate that the flexibility
of the organic core and the length of the DNA arms attached to
the core can serve as key design parameters to obtain DNA-
linked supramolecular cage dimers in high yields.

B RESULTS AND DISCUSSION
Effects of a Flexible Core on SMDH Assembly. Over the

past decade, rigid aromatic organic cores, such as those shown
in Figure 2, have been used to constrain the geometry and
orientation of SMDH building blocks in the assembly of DNA-
linked cages, ladders, and tubes. 1822 However, these cores often
have undesirable hydrophobic interactions,” either with
themselves or with the bases of the DNA arms, leading to
the formation of ill-defined, insoluble networks.> 24267 T
minimize these interactions in our study, we selected the highly

Figure 2. Rigid aromatic organic cores used in previous SMDH
i e 10,19-22,24,27
assemblies.

flexible, amphiphilic organic core 1 to construct our fSMDH;
comonomers (Figure 1 and Table 1), which were synthesized

Table 1. List of fSMDH; Comonomers Used in This Work

DNA sequence”
core-AGC CGC CT-§’

entry  short name”

1 [8]-fSMDH,

2 [8]'-fSMDH, core-AGG CGG CT-§'

3 [9]fSMDH,  core-CTA TTC CTA-S'

4 [9]-fSMDH, core-TAG GAA TAG-5'

S [15]-fSMDH;, core-TTA TAA CTA TTC CTA-5'

6  [15]-fSMDH, core-TAG GAA TAG TTA TAA-S’

7 [24:|-1"SMDH3 core-ATT TCA ATC TTA TAA CTA TTC
CTA-S'

8 [24])'-fSMDH;  core-TAG GAA TAG TTA TAA GAT TGA
AAT-S'

“The exact notations [n]- and [n]’-fSMDH; indicate the two
complementary partners in an n-fSMDH; comonomer pair. “The
DNA arms of 8-fSMDHj have 75% GC content, while the DNA arms
of 9-, 15-, and 24-fSMDH; have only 20—33% GC content. The low
GC contents in the latter systems were selected to allow for more
facile thermodynamic equilibration in our systematic assembly and
melting studies. The higher GC content in the 8-fSMDHj system led
to a higher-temperature melting transition of the hybridized duplex
arms, enabling an assembly study at high temperature as a positive
verification of our results.

in moderate yields from the phosphoramidite derivative of 1
(aka trebler phosphoramidite) using a conventional solid-phase
DNA synthetic method (see section S2 in the Supporting
Information (SI) for synthesis and characterization data).
Equimolar amounts of complementary 8-fSMDH; como-
nomers were combined at various concentrations ([fSMDH,] =
4, 8, 16, or 34 uM, corresponding to [DNA] = 12, 24, 48, or
102 M) and annealed following an established DNA
hybridization protocol (section SS in the SI) that is known
to favor the formation of cage dimer structures from rSMDHs
(Figure 2).*"** Remarkably, these 8-fSMDH; comonomers
assembled solely into supramolecular cage dimers, even at the
highest SMDH concentration (34 yM). Native polyacrylamide
gel electrophoresis (PAGE) analysis confirmed the formation of
the expected cage dimer structure (Figure 3a) without any ill-
defined networks: all four concentrations afforded single bands
with slightly lower mobilities compared with the corresponding
free fSMDH; monomer. A cryogenic scanning transmission
electron microscopy (cryo-STEM) image of the assembly
mixture (Figure 3c) shows the supramolecular cage dimers as
“particles” with sizes of approximately 3—4 nm, consistent with
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Figure 3. (a) Native PAGE gel image (6%) of the product assembled
from complementary 8-fSMDH; comonomers: lane 1 = dsDNA
ladder; lane 2 = free [8]-fSMDH; monomer; lanes 3—6 = assembly
mixtures of two complementary 8-fSMDH; comonomers at total
fSMDH; concentrations of (left to right) 4, 8, 16, and 34 uM,
respectively. (b) Plot of hydrodynamic diameter (Dy) of the sole cage-
dimer product from the assembly of two complementary 8-fSMDH;
comonomers at a total fSMDH; concentration of 34 uM. (c,d) Cryo-
STEM images showing the discrete supramolecular cage dimers
formed by assembling two complementary 8-fSMDH; comonomers at
a total fSMDHj; concentration of 34 uM. The bright dots shown
represent cage dimers and small clusters of cage dimers appearing over
a lacey carbon grid.

the expected geometrical estimate.”® In agreement with the
cryo-STEM results are the dynamic light scattering (DLS) data
(Figure 3b), which show a hydrodynamic size of 5.2 + 0.7 nm
for the cage-dimer structures.”” This exclusive selectivity for the
supramolecular cage dimers is in stark contrast to the ill-defined
networks obtained from the assembly of 15-rfSMDH como-
nomers”" and of the 24-fSMDH, analogues (Figure 4c—e; see
further discussion in the next section).

Effects of DNA-Arm Length on SMDH Assembly. As
described in the previous section, the use of the flexible core 1
greatly biased the assembly of 8-fSMDH; comonomers to form
discrete supramolecular cage dimers at total DNA concen-
trations as high as 102 uM ([8-fSMDHS,] = 34 uM). However,
this tendency is significantly affected by the length of the DNA
arms attached to the core. To evaluate the effect of the DNA-
arm length, three complementary pairs of flexible SMDHs with
9-base ([9]-fSMDH; and [9]'-fSMDH;), 15-base ([15]-
fSMDH; and [15]-fSMDHj;), and 24-base DNA arms ([24]-
fSMDH; and [24]'-fSMDH,) were synthesized (Table 1; see
section S2 in the SI) and subjected to assembly studies using a
similar range of concentrations ([fSMDH,;] = 4, 8, 16, or 32
uM) and annealing protocol as described above for the
complementary 8-fSMDH, comonomers.

Analysis of the aforementioned assemblies using native
PAGE (Figure 4) revealed a distinct contrast between the 24-
fSMDH; and 9-fSMDHj; systems: the former yielded mostly
high-molecular-weight products over all tested concentrations,
while the latter exclusively formed discrete supramolecular cage
dimers. Direct analysis of the product from the assembly of 24-
fSMDH; comonomers by cryo-STEM revealed the presence of
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Figure 4. (a—c) Native PAGE gel images (6%) of the products
obtained from assembly of (a) 9-fSMDH;, (b) 15-fSMDH,, and (c)
24-fSMDHs. For each PAGE gel image: lane 1 = dsDNA ladder; lane 2
= [n]-fSMDH,; monomer; lane 3 = the complementary [n]’-fSMDH,
monomer; lanes 4—7 = products from the assemblies of the two
fSMDH, comonomers at fSMDH; concentrations of (left to right) 4,
8, 16, and 32 uM, respectively. (d, e) Cryo-STEM images of the
product formed by assembly of 24-fSMDH; comonomers at an
fSMDHj; concentration of 8 sM, suggesting the presence of large, ill-
defined networks. For comparison, the image in (e) is scaled to the
same magnification as that in Figure 3d.

large ill-defined networks (Figure 4d,e), even at the lowest
concentration ([fSMDH;] = 8 uM), that are completely
different from the supramolecular cage dimers assembled from
8-fSMDH; comonomers at a much higher concentration
([fSMDH,] = 34 uM) (Figure 3¢,d).

Most notable is the 15-fSMDH; system, which primarily
formed supramolecular cage dimers (Figure 4b) even at the
highest concentration ([fSMDH;] = 32 yM). This is in stark
contrast to the ill-defined aggregates previously obtained by us
at 100 times lower concentration ([rSMDH,] = 0.33 uM]) for
a 15-rfSMDH; assembly in which the rigid 1,3,5-tris(p-
ethynylphenyl)benzene organic core is connected to the same
15-base DNA arms used in this study through short —CH,—
O-CH,—CH,—O— units.”* Even when the flexibility for this
system was increased by the inclusion of a (dT)s spacer
between the rigid core and the ssDNA arms, the resulting
rSMDHs still formed ill-defined networks when the rfSMDH
concentration rose above 1 uM.”* Together with our current
results, these data clearly indicate that increasing the flexibility
of the core can indeed improve the yield and purity of the
discrete supramolecular cages by suppressing the formation of
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the ill-defined networks. However, the large difference between
the observed outcomes for our 15-fSMDH; and 24-fSMDH;
systems suggests that the latter, where the longer DNA arms
have high hybridization enthalpy, may be kinetically trapped
from equilibrating into cage dimers.

Molecular Dynamics Simulations. To elucidate the roles
that the length of the DNA arms plays in the supramolecular
assembly of fSMDH;, we carried out a systematic series of
molecular dynamics (MD) simulations for the assembly of the
three fSMDH; pairs with 9-, 15-, and 24-base DNA arms
reported in the previous section under similar experimental
concentrations ([fSMDH,] = 4, 8, 16, or 32 uM). Because such
high concentrations and the long time scale for assembly made
fully atomistic simulations infeasible, we adopted a coarse-
grained (CG) approach, which reduces the complexity of the
system by grouping atoms into beads. In this approach, sets of
three DNA nucleotides were grouped into large beads (“central
CG beads”), which account for hydrogen bonding between
complementary DNA bases. To each central CG bead, two or
three smaller beads (“flank CG beads”) were attached in order
to fix the orientation of the hydrogen bond as desired (Figure
S). To run the simulations, the Highly Optimized Object-
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Figure 5. Schematic description of the coarse-grained (CG) model
used in the simulations of fSMDH;s with 9-base DNA arms. Sets of
three DNA nucleotides are grouped into large beads (central CG
beads), which account for hydrogen bonding between complementary
DNaAs. To each central CG bead, two or three smaller beads (flank CG
beads) are attached to fix the orientation of the hydrogen bond.

Oriented Molecular Dynamics (HOOMD) code®”*' was
employed together with parameters from the model proposed
by Knorowski et al,*> which were successfully applied to the
DNA—Au prism system by Kohlstedt et al.>> The salt and water
molecules were implicitly parametrized in the force field and
were not included in the actual simulations.

For each simulation, CG molecules corresponding to the two
complementary fSMDH; comonomers were put into a cubic
simulation box (20 nm X 20 nm X 20 nm, with the number of
molecules appropriately adjusted to the experimental concen-
tration) with randomized initial positions. These were then
simulated within the canonical NVT ensemble (i.e., where the
amount of substance (N), volume (V), and temperature (T) are
conserved) for about 35 us. Figure 6d—f shows the average
populations of the different species (dimer, trimer, etc.)
observed for each of the three assemblies at [fSMDH,] = 8
#M, and final snapshots of the MD simulations are presented in
Figure 6a—c. Consistent with the experimental results, our
simulation showed that the assembly of 9-fSMDH; como-
nomers predominantly forms supramolecular cage dimers, with

larger networks rarely being observed. Also consistent is the
dominant presence of trimers, tetramers, and even larger
networks for the 24-fSMDH; case, where dimers are a minority
component. As expected, the 15-fSMDHj case is intermediate
between these two extremes, affording mostly dimers, trimers,
and some tetramers. These data are in good agreement with the
experimental results, supporting our hypothesis that ill-defined
networks become the dominant assembly motif as the DNA-
arm length increases.

Figure 6g—i shows the time evolution of the populations of
the different species in each of the three assemblies. Two trends
are noteworthy from these data. First, the different species are
formed relatively quickly, and their populations are largely
stable after the first 20 us (although we note that it is too
computationally expensive for us to integrate long enough to
show truly stable populations). Second, during the first 20 us,
the larger species in the assemblies of 15- and 24-fSMDH; pairs
grow monotonically at the expense of the smaller species.

Our MD simulations also revealed that while the fSMDH;
concentration can affect the relative populations of the different
species in each assembly, with higher concentrations favoring
larger assemblies (SI, Table S3), its role is much less significant
than that of the length of the DNA arms. For the 9- and 24-
fSMDH; systems, the assembly size was primarily determined
by the DNA-arm length, with little variation in the results over
1 order of magnitude of the tested concentrations (4—32 uM):
the assembly of 9-fSMDH; comonomers yielded mostly
supramolecular cage dimers, whereas the 24-fSMDHj; assembly
formed larger networks beyond trimers and tetramers. The 15-
fSMDH; system was the one for which the population
distribution was most sensitive to the concentration: 50% of
the assemblies were supramolecular dimers at a fSMDH,
concentration of 4 uM, and this number fell to 20% at 32 uM.

The results described thus far appear to be governed by a
complex interplay between thermodynamically and kinetically
driven processes. To seek insights on these issues, we carried
out an additional set of simulations using a series of CG
molecules having different DNA-arm lengths but the same
number of terminal beads that can form DNA base pairs
(Figure 7a, right panel). This equal-enthalpy (ee) design fixed
the hybridization enthalpy at the value for the 9-fSMDH,
comonomers for all cases, allowing us to focus only on the
entropic differences that result from varying the DNA arm
length. In contrast to the original full-enthalpy (fe) systems
(Figure 7a, left panel), these ee models also allowed us to
disentangle kinetic issues from thermodynamic considerations:
as we designed the model of our 9-base free duplexes to be
barely stable at room temperature, many structures could be
sampled during the simulations, with the final population
determined primarily by the relative thermodynamic stabilities
of the various species.

Figure 7b,c shows the MD-derived populations of ee
assemblies (blue bars) arising from combination of nine-
complementary-base 15- and 24-fSMDH; comonomers,
respectively. For comparison, the populations of the equivalent
fe systems (green bars) are also included on the same plots.
Surprisingly, the populations of supramolecular dimers for both
ee systems are much higher than those for the corresponding fe
systems even though there were fewer hydrogen-bond-forming
beads. Indeed, dimers remain the dominant assemblies in both
ee systems, with over 60% of the total population. This is in
stark contrast to the preference for trimers and higher
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Figure 6. MD data for the assemblies of (a, d, g) 9-fSMDH;, (b, e, h) 15-fSMDH;, and (c, f, i) 24-fSMDH, comonomers at [fSMDH;] = 8 yM. (a—
c) Snapshots at the end of the MD simulations (35 ys). The 9-fSMDH; assembly mostly forms supramolecular cage dimers, whereas the other two
form larger networks. In particular, the 24-fSMDH; assemblies “clump” into only a few very large aggregates. (d—f) Average populations of the
species found for each of the three assemblies during the MD simulations. (g—i) Evolution of the populations of the species observed for each of the
three assemblies. Each data point represents 200—250 frames (5—6.25 us), so the results refer to a total of 35 ys. In general, the populations of the
individual species become stable within the first 20 ps of the simulation.

assemblies in the equivalent fe systems (22% dimers for fe 15-
fSMDH; and 10% dimers for fe 24-fSMDH,).

The aforementioned drastic difference between the supra-
molecular-dimer-formation preferences for the ee and fe
systems can be understood when one considers that kinetic
(and entropic) control may play increasingly important roles
for fe systems with longer arms (15- and 24-fSMDH,). In these
cases, the comonomers are kinetically (and entropically) driven
to irreversibly form larger aggregates, resulting in larger
populations than would be expected from enthalpic consid-
erations alone. As a result, they are very different from the 9-
tSMDH,; fe system, which is closer to the thermodynamic limit
and favors mostly dimers. (In other words, the 9-fSMDH,

13385

system is more likely to form a perfectly hybridized structure
because the arms are shorter and are more “locked in place”.)
In the ee model, supramolecular dimer formation is more
favored for all three systems, but the difference between the
dimer-formation preferences of the 9-fSMDHj system and the
longer-arm ones is not as pronounced: the small number of
hybridizable beads reduces the likelihood for irreversible
structures to form.

Trajectories of the MD simulations for the fe systems
revealed that when 15- and 24-fSMDH; comonomers form
networks larger than cage dimers, the mechanism occurs
through a stepwise process akin to condensation polymer-
ization. Initially, a pair of complementary monomers form a
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Figure 7. (a) Full-enthalpy (fe) model (left) and equal-enthalpy (ee)
model (right) for simulation of 9-, 15-, and 24-fSMDH; comonomers.
(b, c¢) Populations of different assemblies ([fSMDH] = 16 uM)
obtained from complementary (b) 1S-fSMDHj, and (c) 24-fSMDH,
comonomers calculated using either the fe (left green bars) or ee
(right blue bars) design. In the fe design, 15- and 24-fSMDHj,
comonomers have five and eight CG beads, respectively, that can be
hybridized; in the ee design, they each have only three hybridizable
CG beads.

supramolecular cage dimer in which all three of the DNA arms
are fully hybridized. As this cage dimer approaches another
fSMDH; monomer, one or two of the DNA arms dehybridizes,
becoming available for bonding to the new fSMDH;, eventually
forming a trimer (Figure 8). As the concentration of trimers
increases, the same process is repeated to form larger networks.
That this behavior was rarely seen for the 9-fSMDH,
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Figure 8. Schematic view of the proposed mechanism for the
formation of larger networks from cage dimers. First, supramolecular
cage dimers are formed by complementary fSMDH; comonomers. As
such a dimer approaches another fSMDH; monomer, partial
dehybridization occurs, allowing for bonding to the new monomer
and eventual formation of a larger network. This process can happen
only if the cage dimers remain relatively stable with incomplete
hybridization (i, if only one or two DNA arms are hybridized);
otherwise, larger networks will not be favored.

comonomers suggests that partial dehybridization of the
supramolecular cage dimers to make trimers is energetically
unfavorable (i.e., there is a substantial energy barrier for this
step; see SI, Figure S18 for further discussion). Consequently,
any 9-fSMDH; dimers with one or two free DNA arms will be
significantly less stable than the fully hybridized, supramolecular
cage dimers, prohibiting them from remaining in solution long
enough to form larger networks. In contrast, 15- and 24-
fSMDH5’s can form more hydrogen bonds per DNA arm in the
fe design, allowing for partial dehybridization without
significant energy cost, thereby providing intermediates and
pathways for irreversible network growth.

The Large Contrast in the Melting Properties of
Supramolecular Cage Dimers and lll-Defined Networks.
DNA nanostructures that possess multiple paralledl DNA
duplexes in close proximity (2.5—4 nm) often show increased
melting transition temperatures (T,,) and sharpened meltin§
profiles in comparison with their free DNA analogues.'”**~*
Such cooperative melting behaviors,”*" attributable to a
combination of reduced configurational entropy and ion-
cloud sharing that occurs as a consequence of the proximity
of their DNA duplex linkages, has been observed for many
DNA-mediated materials, including polymer—DNA hy-
brids,'**® spherical nucleic acids,"' and cage dimers having
only two parallel DNA duplexes.”' Surprisingly, this coopera-
tive melting behavior can be used as a diagnostic means to
distinguish the relative propensities for dimer versus network
formation in the fSMDH; systems reported herein. For
example, sharp, enhanced melting behavior was observed for
both the 15- and 9-fSMDH; systems (Figure 9a; also see SI,
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Figure 9. (left) Melting profiles of the assembly mixtures formed from
complementary (a) 15- and (b) 24-fSMDH, comonomers. The
assemblies were carried out following an established DNA hybrid-
ization protocol (section SS in the SI), and the melting profiles of the
assembled solutions were obtained using UV—vis spectroscopy
(section S6 in the SI). (right) First derivatives of the melting curves
shown at the left.

Figure S19), where the assembly mixtures comprise mostly
supramolecular cage dimers. In stark contrast, the 24-fSMDH,
system, where ill-defined networks predominate, showed no
cooperative melting behavior (Figure 9b) compared to free
DNA duplexes. This behavior can be readily explained when
one considers that the DNA duplexes in the kinetically (or
entropically) trapped ill-defined network structures are not
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oriented in the “close-packed” parallel fashion that is critical for
constraining the duplexes in a geometry that leads to effective
base pairing, ion-cloud sharing, and consequently cooperative
melting.*®

That the effectiveness of base pairing decreases (i.e., that the
likelihood of network formation increases) as the DNA arms
lengthen is supported by a comparison of the MD simulation
data for the fe and ee designs for each of the 15- and 24-
fSMDH; systems (SI, Table S4). The percentages of
“hybridized beads” in the fe design for 24-fSMDH; were
found to be quite similar to those in the ee design, which has
much fewer hybridizable beads, over the 4—32 yM fSMDH;
concentration range. In contrast, the percentages of “hybridized
beads” for the 15-fSMDHj in the fe design were consistently
higher than those in the ee design at all of the explored
concentrations, suggesting that the shorter DNA arms in this
system can hybridize more efficiently in the experimentally
more relevant fe design. Furthermore, as the fSMDH
concentration (and thus the likelihood of forming larger
oligomers) increases, the difference between the percentages of
hybridized beads in the fe and ee designs for the 15-fSMDH;
system becomes smaller. This is consistent with a scenario in
which the arms in the fe design do not hybridize as efficiently in
large structures as they would in a smaller supramolecular cage
dimer. Together, these simulation data support our contention
that because the arms of the 24-fSMDHj system are longer,
they are more flexible and do not hybridize as effectively as
those of the 15-fSMDH; system. This in turn results in less
effective base pairing, less effective ion-cloud sharing, and a
reduction in the likelihood for cooperative melting.

The probability to form ill-defined large structures in a
system can also be accentuated by increasing the salt
concentration. The 15-fSMDH; assembly, which maintains
similar 15/8S proportions of caged dimers and tetramers at 2.5
and 7.5 mM MgCl,, begins to form more tetramers (20/80
caged dimer/ tetramer) when the salt concentration is increased
to 15 mM (SI, Figure 520 and Table S6). Interestingly, even
this relatively small change leads to a noticeable broadening of
the melting transition (SI, Table SS), which reinforces our
contention that cooperative melting behavior can indeed be
used diagnostically to gauge the relative amounts of dimer and
network formation in fSMDH; systems. Consistent with the
well-known smaller effect of monovalent salts on DNA
hybridization,”” the range for tuning the salt concentration is
much larger for NaCl: the melting transition sharpens as the
salt concentration is increased from 50 to 150 nm and stays
sharp up to 300 mM (SI, Table S7). Together, these results
suggest that salt identity and concentration can serve as
additional tuning variables to maximize the formation of cage
dimers and induce maximum cooperative melting behavior.

Interestingly, the enhanced melting transitions and cooper-
ative melting behavior exhibited by our fSMDH;-derived
supramolecular cage dimers are in stark contrast to those
previously reported by Shchepinov et al.”* for DNA-linked cage
dimers derived from core 1 and by Scheffler et al.** for DNA-
linked cage dimers derived from the slightly less flexible
tris(oxypropyl)methyl core 2 (see SI, Table S8 for compar-
ison). Both of these systems were reported to exhibit no
cooperative melting behavior, although the Shchepinov
assemblies do have enhanced melting transitions compared to
free DNA duplexes. While we and Shchepinov et al. employed
the same small organic core 1, the sharper melting temper-
atures of our supramolecular cage dimers suggest a higher

13387

degree of cooperativity that does not exist in the Shchepinov
system. We attribute this difference to the very flexible
tetra(ethylene glycol) linkages between the core and the
DNA arms in the Shchepinov system, which presumably extend
the DNA duplexes farther than the distance (2.5—4 nm) that is
optimal for configurational constraints and effective ion-cloud
sharing.***

In the fSMDH, system explored by Scheffler et al,** the
broad melting profile reported for the assembly of the
complementary comonomers was in fact a composite melting
transition encompassing the melting transitions of cage dimers
as well as higher-order oligomers (tetramers, hexamers, etc.)
and ill-defined networks. As the latter two classes of “oligomeric
structures” are present in much larger amounts than the dimers,
as shown by PAGE analyses,” their noncooperative melting
transitions would overwhelm any cooperative melting behavior
by the cage dimer in the composite melting profile. This again
supports our earlier suggestion (see above) that cooperative
melting behavior can indeed be used as a diagnostic means to
distinguish purely cage dimer formation in SMDHj; systems
from those cases where oligomers are also present.

B CONCLUSION

We have shown that configurational flexibility can play a very
important role in improving the yield of discrete supra-
molecular cage dimers from the assembly of small-molecule—
DNA hybrids. Our combined experimental and computational
study has conclusively demonstrated that the assembly yield is
significantly affected by the flexibility of the small-molecule core
as well as the length of the DNA arms attached to this core:
supramolecular cage dimers form in higher yields when the core
is not rigid and the DNA arms are short enough to allow for
equilibration. Notably, MD simulations using an equal-enthalpy
design have shown that the assembly process can be
significantly affected by the kinetics of the assembly and
entropic factors to overwhelmingly favor ill-defined networks
even though the cage dimers are more stable.

From a broader perspective, our data show that both core
flexibility and DNA-arm length should be considered as major
parameters in the design of discrete assemblies from small-
molecule—DNA building blocks. While DNA-based assembly
can thermodynamically benefit from hybridization systems with
multivalent cores and long DNA arms, it is important to control
both the core flexibility and the DNA arm length to avoid
falling into deep kinetic (or entropic) traps that may favor the
formation of ill-defined networks. This knowledge can serve as
an enabling guideline for researchers to design and develop
DNA-hybrid materials for a wide range of applications.
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