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ABSTRACT: Detailed experimental and computational studies
revealed the important role that hydrophobic interactions play
in the aqueous assembly of rigid small molecule-DNA hybrid
(tSMDH) building blocks into nanoscale cage and face-to-face
(ff) dimeric structures. In aqueous environments, the hydro-
phobic surfaces of the organic cores in these nanostructures are
minimized by interactions with the core in another rfSMDHs,
with the bases in the attached DNA strands, and/or with the
base pairs in the final assembled structures. In the case that the
hydrophobic surfaces of the cores could not be properly isolated
in the assembly process, an ill-defined network results instead of
dimers, even at low concentration of DNA. In contrast, if ff
dimers can be formed with good minimization of the exposed
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hydrophobic surfaces of the cores, they are highly stable structures with enhanced melting temperatures and cooperative melting

behavior.

B INTRODUCTION

Among natural biopolymers, DNA and RNA possess the
unique ability to self-assemble into a unique double-stranded
helix form in ionic media, based on a combination of H-
bonding of bases, 7—n stacking of base pairs, and electrostatic
stabilization of the phosphate backbone." The stable DNA-
based helix, with a diameter of ~2 nm and persistence length of
~50 nm, has long been used as the sole building block for
engineering 2D>™ and 3D’ nanostructures that are used to
pattern nanoparticles'®"" and biomolecules'*™"* on solid
surfaces for electronic and biosensor applications. DNA has
also been linked to rigid">>* and flexible (dendritic*>~*")
organic molecules, polymers,”®~>° metal complexes,> >’ and
nanoparticles®®?” to be used for highly selective DNA
detection**™ and to direct the assembly of those par-
ticles™®™* and complexes™** in a predesigned fashion for
electronic applications.

The assembly of organic-DNA hybrids into nanostructures in
aqueous media has generally been explored using three basic
parameter groups: (1) the number of single strand (ss) DNA
chains that are attached to the organic “core” fragment; (2) the
orientation, geometry, and concentration of these strands; and
(3) the type (Na*, K*, Ca*, Mg*", etc.) and concentration of
salts. Surprisingly, the role of the organic core in the assembly
of nanoscale organic-DNA structures has rarely been
investigated even though the core fragment can often be
quite hydrophobic and should have significant interactions with
the bases/base pairs in ionic media. Indeed, the hydrophobic
interaction of rigid organic groups such as stilbenes and
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anthraquinones with DNA bases or base pairs has been utilized
to stabilize small duplex DNA-detection probes to improve
their target affinity and specificity.’>" In a related report, small
DNA hairpins have been shown to exhibit enhanced stability
when they are end-capped with rigid organic molecules.”
Given these precedents, it is surprising that only a few studies
to date have examined the roles that hydrophobic interactions
play in the assembly of organic-DNA building blocks into larger
structures. Notably, perylene diimide (PDI)-DNA hybrids have
been found to form both hairpin dimers> based on double-
helix DNA assembly as well as larger supramolecular oligomers
involving hydrophobic interactions of the PDI cores with each
other via hydrophobic stacking.w’18

Herein, we present a comprehensive experimental and
computational study to understand the roles that rigid,
hydrophobic organic cores play in the assembly of rigid small
molecule-DNA hybrids (rSMDHs), which are molecules
comprosed of several ss-DNAs attached to a rigid organic
core, into discrete nanostructures (Figure 1). We found the
final nanostructures to have been assembled in aqueous
environments in a way that minimizes the exposure of the
hydrophobic surface of the organic core in rfSMDH, through
interactions with the core in another rfSMDH, with the bases in
the attached DNA strands, and/or with the base pairs in the
final assembled structures. To evaluate the importance of these
hydrophobic interactions, we prepared two distinct dimer

Received: January 12, 2012
Published: March 19, 2012

dx.doi.org/10.1021/ja300322a | J. Am. Chem. Soc. 2012, 134, 7450—7458


pubs.acs.org/JACS

Journal of the American Chemical Society

\ containing three DNA arms (tSMDHj;), each comprising 15-bp

. complementary and 6-bp (Tg) non-complementary bases, at

A) low concentrations.”* Similar cage assemblies comprising DNA-
Iow ] ?< 2 hybrids have also been mentloned by the von Kiedrowski,*®

Southern,”’and Sawai groups.'® The theses of these previous

= papers were primarily focused on the assembly and character-

rSMDH,-XT.- 5’ rSMDH ~XT-5 Cage AR ization of these cage assemblies as well as their melting

\ properties; the effects of the cores and non-complementary

P spacers in the assembly process were very much ignored. In

B) ‘*\QM light of recent reports on the important roles that hydrophobic

any [c] interac?ions and steric constralién;cg may play in th.e assembly 9f

_ DNA-linked nanostructures,””° we became interested in

Face-to-face elucidating the effects of non-complementary T, (n = 0, 3,

rSMDHfXTD 3 rSMDHS X’ T° 5 () dimer and 6) spacers upon the assembly and stability of cage dimers

Figure 1. A schematic representation of the assembly of rSMDHj;- possessing large hydrophobic organic cores. As part of this

XT¢-5' and its complementary rSMDH,;-X'T-S' into a cage dimer (A) effort, we improved the stability of the linkage of our organic

and the assembly of 'SMDH;-XT,-3 and its complementary rSMDH - core (C) to DNA by adding an extra glycolic moiety

X'Ty-S' into a ff dimer (B). Gray triangle depicts an organic core; [c] (—CH,CH,0-) to all the termini (see core C in Figure 2)

denotes the total concentration of the ss-DNA arms. of our original 1,3,5-tris(p-ethynylphenyl)benzene organic

core.”® We also improved the earlier core synthesis to make

assemblies (cage and face-to-face (ff)) from complementary it more conducive to scale-up and purification (see Scheme S1
rSMDHj's where the solvent-accessible surface area (SASA) of in the Supporting Information for the synthesis of core C).

the hydrophobic cores can be tuned by polythymine spacers or The synthesis of symmetric fSMDH; was achieved in good

by controlling the orientation of the three attached ss-DNA yields in two steps: the phosphoramidite core C is first attached

strands (Figure 1). Compared to the cage dimer (Figure 1A), to either the 3’ or ' end of single-strand oligonucleotides (15-

which melts (i.e,, dehybridizes) at 3 °C higher than its DNA to-21-base pair (bp)) grown from the surface of controlled
duplex components, the ff assembly (Figure 1B) showed a porosity glass beads (CPG). The second and third arms are

dramatic enhancement in melting properties (by 15 °C) due to then simultaneously grown from the resulting core C-
interaction of the two rigid, hydrophobic cores with each other functionalized CPG via 3"-normal or S'-reverse phosphorami-
and their “intercalation” into the DNA assembly, as explained dite chemistry (Figure 2). The final DMT-protected products
by molecular dynamics (MD) simulations. These results were then cleaved from the solid support and purified by
strongly suggest that hydrophobic interactions can significantly reverse-phase HPLC, and then DMT is deprotected to yield the
affect the structures and properties of nanostructures desired rSMDH,;'s. This synthesis afforded a library of
constructed from organic-DNA hybrids. Thus, hydrophobic tSMDHj,'s, in which three of the same single-strand
interactions should be considered as a major parameter in the oligonucleotides (15 complementary and 0—6 (T, T, and
design of nanoscale assemblies from organic-DNA (or polymer- Ts) non-complementary bases) are connected to the rigid core
DNA) building blocks, together with the number of ss-DNA C from either the 3’ or §' end (Table 1, entry 1—9). The purity
surrounding the organic core; the orientation, geometry and of all rfSMDHj;'s was ascertained via analytical reverse-phase
concentration of the strands; and the type and concentration of HPLC and their length and base compositions were confirmed
the salts in the assembly media. via MALDI-ToF mass spectrometry (see Supporting Informa-
tion for more details).
B RESULTS AND DISCUSSIONS Self-Assembly of Cage Dimers. Combining equimolar

Synthesis of rSMDH; Building Blocks. We previously amounts of rSMDH;-XT,-S' (n = 0, 3, and 6) and its
reported the formation of cage dimers (Figure 1A) based on complement rfSMDH;-X'T,-S' (n = 0, 3, and 6) (or rfSMDHj;-
the hybridization of two rigid small molecule-DNA hybrids YT;-3' and its complement rfSMDH;-Y'T,-3") at low concen-

o
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TMD:! ODMT TMDO. ODMT g T o 3
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! f"" é 1. 5'-reverse phosphoramidite
S/ \ / cp DNA synthesis
HO-T3 2. Deprotection in NH,OH (aq) rSMDH.-XT,-5
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3. Purified by RP-HPLC
4. DMT deprotection in AcOH (80%)
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Figure 2. Schematic presentation of the synthesis of 'SMDH;-XT,-S' (Table 1, n = 0, 3, and 6) using 3" and 5-phosphoramidite chemistry. Other
sequences listed in Table 1 were synthesized using the same synthetic methodology.
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Table 1. Single-strand rfSMDH; Oligonucleotides Used in

This Work
entry short name orientation
1 rSMDH;-XT,-§' (3-Xx-5);C
2 rSMDH;-XT;-§' (3"X-T5-5);C
3 rSMDH;-XT¢-5' (3-X-TS)5C
4 rSMDH;-X'T-5' (3x-5);C
S rSMDH,;-X'T;5-5' (3-X"-T3-5"),C
6 rSMDH;-X'T¢-5' (3-X"-T45")5C
7 rSMDH;-XT,-3' (5X-3);C
8 rSMDH;-YT;-3' (5-Y-T;-3"),C
9 rSMDH,;-Y'T;-3' (5-Y-T4-3),C

sequence X: 3-ATC CTT ATC AAT ATT-§'
sequence X: 5“TAG GAA TAG TTA TAA-3'
sequence Y: 3“TTA TAA CTA TTC CTA-5'
sequence Y: S“AAT ATT GAT AAG GAT-3’

trations (2 uM total ss-DNA concentration, in which each arm’s
concentration in the rfSMDH; was calculated separately) were
expected to result in cage structures (Figure 1A, listed in Table
2) as previously reported.'”?"*%*” A low-concentration

Table 2. Double-strand rfSMDH; Assemblies, Including Cage
Dimers and Their Controls, Used in This Work

entry components“ short name
1 rSMDH,-XT-5"::SMDH,-X'T-5' cage-Ty-Ty"
2 rSMDH,;-XT3-5:1fSMDH;-X'T;-5' cage-T;-T;
3 rSMDH;-XT-5":1SMDH;-X'T¢-S' cage-T¢-Tg
4 rSMDH;-YT;-3":rSMDH;-Y'T;-3' cage-T;-T;-reverse
S rSMDH,;-X'T-5":3X control-rfSMDH;-T,
6 rSMDH,;-X'T;-5":3X control-rSMDH;-T

7 rSMDH;-X'T¢-5":3X control-rfSMDH;-T

“Total DNA concentration of 1 and 2 M. “This structure did not
form according to PAGE-gel study (see Figure 3).

experimental range is required for cage dimer formation
because at higher concentrations (>2 pM total ss-DNA
concentration) rSMDH,'s tend to form other ill-defined
networks much larger in size than the dimer cages.”®!

Non-denaturing PAGE-gel analysis of the [fSMDH;-XT,-
§:rSMDH,X'T,-5'] and [rSMDH,YT,-5:rSMDH,-Y'T,-5']
combinations confirmed the formation of the expected cage
T, T, (n = 3 and 6) structures (Figure 3). The three
combinations that we attempted all afforded a main band
(Figure 3A, lanes S, 7, and 8) that is slightly slower in mobility
compared to the corresponding [rSMDH;-X'T,-5":3X] control
groups (Figure 3A, lanes 2, 4, and 6), which were prepared by
hybridizing 3 equiv of single-stranded 3"-X-5' with rSMDH;-
X'T,-S' (n=0, 3, and 6, see Table 2, entries S—7). In contrast,
the T(-T, combinations did not form the intended cages: the
[rSMDH;-XT,-5":rSMDH;-X'T-5'] combination yielded a
high-molecular-weight single band that did not move in the
non-denaturing PAGE-gel (Figure 3A, lane 3). Such a high-
molecular-weight material has been characterized by Sleiman
and co-workers using atomic force microscopy (AFM)20 as
being an ill-defined network comprising hundreds of rfSMDHj's
and being much bigger than the 500-bp DNA ladder (Figure
3A, lane 1).

Evidence for cage formation in the [rSMDH;-XT,-
$:rSMDH,X'T,-5'] and [rSMDH,YT,-5:rfSMDH,Y'T,-5']
combinations is afforded by the close similarities in the
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Figure 3. Non-denaturing PAGE-gel image (6%) of DNA assemblies
with (A) 2 uM total ss-DNA concentration. From left to right: lane 1
= HLS DNA ladder, lane 2 = control-rfSMDH;-T, lane 3 = cage-T-
T, lane 4 = control-rfSMDH;-T;, lane 5 = cage-T;-T;, lane 6 =
control-rfSMDHj;-Tg, lane 7 = cage-T4- T, lane 8 = cage-T;-Tj-reverse;
(B) 1 uM total ss-DNA concentration. From left to right: lane 1 =
cage-T¢-Tg, lane 2 = cage-T;-Ts-reverse, lane 3 = cage-T-T, lane 4 =
HLS DNA ladder. Please refer to Table 2 for explanations of the short
names.

mobilities of these combinations on non-denaturing PAGE-gel
against those of the [rSMDH;-X'T,-5:3X] control groups.
These latter groups provides a better reference point than
commercially available linear DNA ladders (i.e., HyperLadder
V) for sizes and mobilities of three-arm rSMDHS,'s (Table 2) in
a PAGE-gel study because the DNA arms are linked to one
organic core and the overall assembly can better reflect the
charge/hydrodynamic volume ratio for rfSMDHj's. We note
with interest that all control assemblies, control-rfSMDH,-T,, (n
= 0, 3, and 6; Table 2, entries 5—6), displayed several bands
around a single dark spot in the gel (Figure 3A, lanes 2, 4, and
6) that can be attributed to the different conformations of the
arms in the assemblies, distinguishable at 4 °C where the
PAGE-gel experiment was carried out.>*

We also attempted to assemble cage-T-T, at a lower DNA
concentration (1 uM), knowing that this would favor the
formation of discrete cage dimers over ill-defined network.”
Nevertheless, the PAGE-gel experiment again showed exclusive
formation of high-molecular-weight networks that did not
move on the gel (Figure 3B). Given that the other rSMDH;'s
with non-complementary T; and Tg spacers can form cages
(Figure 3A), we suspected that concentration is not the only
factor that dictate the formation of small cages or large
networks. Rather, the presence of the non-complementary
thymine spacers can significantly influence the product
formation. As such, we turn to MD simulations to help us
elucidate the difference in assembly formation between
rSMDH; with T spacer and those with T5 and Ty spacers.

Molecular Dynamics Simulations of Cage Systems.
For small DNA duplexes that were assembled from organic-
DNA hybrids, the interactions between the organic group with
DNA bases and base pairs can exert a significant influence on
the final properties of the assembled organic-DNA duplexes. In
contrast, the influence of the organic group in the assembly
process and the final properties of large DNA-hybrid structures
comprising more than one DNA duplex have not been
evaluated in detail by computational modelin%. While computa-
tional tools such as coarse-grain simulations $56 are available,
they are low-resolution and were mainly used to simulate large
DNA nanostructures to study their melting, mechanical, and
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conformational properties.*>~>* In-depth, atomistic-level com-

putational methods have not been applied to study the
assembly of DNA-hybrids into large structures (>20 nm), so-
called supramolecular DNA assemblies,™ due to their inability
to give meaningful data for time scales that are comparable to
the dynamics of biological polymers. However, MD simulations
with atom-based force fields, such as AMBER®™®* and
CHARMM,®** are starting to gain 6ground through improve-
ments in computational technology.”> Millisecond-long atom-
istic-level MD simulations can now be performed to shed light
on the assembly mechanism of complex systems.*® As such, we
set out to model the assembly of the aforementioned
[rSMDH;-XT,-5rSMDH;-X'T,-5'] assemblies using MD
simulation.

Model systems for cage-T,-T, (n =0, 3, and 6) were created
with the AMBER®™®* simulation packages. The organic core
was parametrized with the AMBER GAFF force field,*” and
restrained electrostatic potential (RESP) charges of the core’s
atoms were derived following the RESP protocol (see
Supporting Information for details).®*~”" For DNA duplexes

pporting plexes,
amber99 force field,*””* with revised y”> and a/y’* torsional
parameter sets, were used. Initial structures of the cage dimers
were constructed with shortened versions of rSMDH;-XT -5’
and rfSMDH;-X'T,-5, each comprising three 10-bp ds-DNA in
B-form conformation that are attached to the organic cores. In
the initial configuration, the cores were positioned in the model
as far away as possible from DNA bases and base pairs (Figure
4A—C). For each assembly, four independent, implicit-
solvent’>’® MD simulations were performed and each
simulation was 100 ns long. At the end of the simulations,
the cores in cage-T5-T; and cage-T¢-T4 (Figure 3E,F) were
observed to be uniformly interacting with non-complementary
thymine bases. The core for cage-T,-T, was observed to
intercalate into the closest base pairs, which significantly

cags-Tg-To cage-Ts-Ts cage-T,—Te
| B) % |
SASA = 1617 A? SASA=1613 A* SASA = 1620 A
H-Bonds = 69 H-Bonds = 69 H-Bonds = 69
100 ns‘ 100 ns"
D)

100 ns*
F)

E)

SASA =252 + B0 A?
H-Bonds =79+ 4

SASA =347 £+ 63 A?
H-Bonds =69 + 2

SASA = 469 + 156 A?
H-Bonds = 56 £ 1

Figure 4. Molecular-surface representation of cage dimers before (A—
C) and after (D—F) 100 ns MD simulations: cage-T(-T, (A, D), cage-
T3-T5 (B, E), and cage-T¢-T¢ (C, F). Final structures are taken from
MD simulations with lowest SASA values. Green, organic core; blue,
non-complementary thymine spacers; orange, 10-bp complementary
ss-DNA arms that can form ds-DNA duplexes. We note that although
the final lowest-SASA structure of cage-T,-T, (D) has the organic
cores wrapped within the DNA arms, the DNA duplexes are
significantly distorted as evidenced by the large average root-mean-
square deviation (rmsd) of DNAs from B-form conformation (5.8 A,
see also Table S7 in the Supporting Information).
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“deform” the structure (Figure 4D). These results suggest that
the cage assemblies have reorganized to minimize the
hydrophobic surfaces of the cores in aqueous environments
at the detriment of the caged structure.

To qualitatively estimate the hydrophobic surface area of the
core that is exposed to water throughout the simulation (100
ns), we performed a SASA analysis of trimer cores in the cage
assemblies using the AREAIMOL program (ver. 6.2.0) from
CCP4.”” With only the benzyl and acetylenes moieties of the
trimer cores included as hydrophobic moieties in these
calculations, the total SASA of two fully exposed cores in
each cage assembly at the start of the simulations was calculated
to be ~1620 A% Then the final SASA data of the assemblies
were calculated by averaging the last 50 ns of each set of
simulations (Table S6 and Figures S41—S46 in Supporting
Information). Each SASA value was mean-averaged over four
set of simulations and reported with the appropriate standard
deviation (Figure 4, SASA values are listed under each image).
After 100 ns, the SASAs of the trimer cores were reduced from
the initial ~1620 A* value to 469, 347, and 252 A? for cage-T,-
T, cage-T3-T; and cage-T4 Ty, respectively. From the final
structures (Figure 4), it is clear cage-T5-T; and cage-T4Tg
assemblies are better able in reducing the initial core SASA (by
79—86%) than cage-Ty-T, (by only 71%) because they have
non-complementary thymine spacers that can wrap around the
cores (Figure 4E,F) to reduce their SASA. This is not the case
for cage T,-T,, which was forced to dehybridize the terminal
base pairs so that the cores can interact with the individual
bases and minimize its exposed hydrophobic surface(Figure
4D). This, however, distorts and destabilizes the DNA duplexes
from their stable B-form conformation as reflected in the
decreased total number of hydrogen bonds (see discussion
below).

At the beginning of the simulations, the total number of H-
bonds within the hybridized DNA duplex arms for all cage
systems was calculated to be 69. However, 13 of these bonds
were broken in cage-Ty-T, after 100 ns, which corresponds to
dehybridization of 6—7 base pairs out of 30 (Figure 4, number
of H-bond are listed under each image). While some of the
initial base pairings broke apart in cage-T;-T;, the number of
H-bonds was still 69 due to formation of additional non-
Watson—Crick hydrogen bonds from non-complementary
thymine spacers. The formation of these non-traditional H-
bonds was more evident in cage-T4T,, where the total number
of H-bonds increased from 69 to 79. These results suggest that
non-complementary thymine spacers can play important roles
in the stabilization of the cage structures by minimizing the
exposed hydrophobic surfaces of the cores. In the absence of
such spacers, such as in the case of cage-T,-T, the cage
structure is so severely disturbed to compensate for the exposed
hydrophobic organic cores that it cannot even form; instead, ill-
defined networks are favored, as observed in our experiments.

We note that Sleiman and co-workers recently observed the
exclusive formation of an insoluble ill-defined network when
they combined two “fully complementary” rfSMDHj's, where
the ss-DNA arms are directly attached to a tetraphenyl core
without any spacer in between, at 3 uM concentration.”® The
large size of these networks was confirmed by their zero
electrophoretic mobility in PAGE-gel, and they can be
visualized as infinite networks by AFM. These results are
identical to what we observed for our cage-T,-T, dimer and
reinforced our observations that ill-defined networks are greatly
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Figure S. Schematic representation of cage (A) and face-to-face (B) dimers being formed from rSMDH; building blocks.

preferred over discrete [rSMDH;:rfSMDH;] cages in the
absence of non-complementary bases.

New Design for Discrete Face-to-Face Dimers That
Take Advantage of Hydrophobic Interactions. Although
hydrophobic interaction has not been previously identified as a
major parameter that governed the assembly of rSMDH-based
assemblies, it has been shown to be the primary interaction that
induces the formation of supramolecular hairpin assemblies
based on hydrophobic stacking of PDI cores.'®'® With this in
mind, we then set out to build a discrete [rSMDH,:rSMDH,]
assembly that take advantage of both the hydrogen-bonding
capability of the DNA-duplex arms and the hydrophobic
interaction between the organic cores. Our experimental
observations and MD simulations clearly demonstrated that
the selectivity for cage vs ill-defined network formation is
controlled not only by the concentration of the rfSMDH,
building blocks but also by how well the final assembled
structure can minimize exposure of the hydrophobic surfaces of
the organic cores. In the assembly of our cage dimer, after the
first. DNA arms are hybridized together from the two
complementary rSMDH; building blocks, the two cores are
spaced far apart from each other and thus have the potential to
form linkages that “grow outward” to form a network at higher
concentration (Figure SA). If the DNA sequences and their
orientations with respect to the core can be redesigned in such
a way that the assembly process from the two complementary
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rSMDH; building blocks would “push” the cores together after
the first strands hybridize, the cores may be in close enough
proximity for hydrophobic interaction and possible stacking
(Figure SB) that leads to exclusive formation of a face-to-face
dimer. We predict that such an assembly would have enhanced
melting temperature compared to simple DNA duplexes as well
as comparable cage dimers because it can take advantage of
both hydrophobic core-stacking and DNA hybridization.
Molecular Dynamics Simulations of Face-to-Face
Dimers. To evaluate the stability of the aforementioned ff
dimer structures, we carried out implicit solvent MD
simulations on model systems representing ff-T-T,, f-T;-T,,
and fF-T4T, dimer structures using the same methodology as
discussed above for the cage dimers. As before, initial structures
of the ff dimers were constructed with three 10-bp ds-DNA
arms attached to the organic cores, which were placed in the
model as far away as possible from the DNA bases and base
pairs (Figure 6A—C) at the beginning of the simulation. All
final structures after MD simulations (100 ns) exhibited a
planar arrangement of all the hybridized duplex arms (Figure
6D—F), with the cores in each structure either stacked directly
on top of each other (Figure 7) or in close proximity at an
average center-of-mass distance between S and 13 A (Table S6
in the Supporting Information). These organic cores either
intercalated into the base pairs (see Figure 6A for ff-T-T,) or
were wrapped by non-complementary thymine spacers (see

dx.doi.org/10.1021/ja300322a | J. Am. Chem. Soc. 2012, 134, 7450—7458
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-T,-T, f-T,-T, f-T,-T,
A) B) C)
SASA = 1608 A? SASA = 1607 A? SASA = 1608 A?
H-Bonds = 69 H-Bonds = 69 H-Bonds = 69

o 100 n!‘.‘ o 100 ns‘ b 100 ns‘

SASA =285 + 141 A?
H-Bonds =68+ 3

SASA =269 + 69 A?
H-Bonds =64 + 2

SASA =199 + 32 A?
H-Bonds =55+ 2

Figure 6. Molecular-surface representation of face-to-face dimers
before (A—C) and after (D—F) 100 ns MD simulations: ff-Ty-T, (A,
D), f£T;-T; (B, E), and f-T(-Ts (C, F). Final structures are taken
from MD simulations with lowest SASA values. Side views are shown
in B and C to emphasize the 3D structures. Top views of the structures
are shown in A, D, E, and F. Green, organic core; blue, non-
complementary thymine spacers; orange, 10-bp complementary ss-
DNA arms that can form ds-DNA duplexes.

ol

(side)

Figure 7. Top and side views of the hydrophobic cores being stacked
on top of each other in the ff-T,-T, final structure. Light and dark
green-colored molecular surfaces distinguish the individual cores.

Figures 6E for fF-T;-T, and fFT¢T, and 6F) to minimize
exposure of the hydrophobic surfaces of the cores to the
aqueous solvent.

SASA analysis for all three ff dimers showed that they are all
in the range of 199—285 A” (Figure 6, SASA values are listed
under each image), which is lower than those found for the
experimentally observed cage-T4-T4 and cage-T;-T; dimers
(252—347 A% Figure 4, SASA values are listed under each
image). These lower SASA values can be attributed to the
hydrophobic interactions between the cores observed in the
simulations, which help to minimize the exposure of the cores
to the aqueous media without significantly disturbing the DNA
duplexes, and suggests that the ff dimers would be stable and
can be observed experimentally.
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As in the case of the caged dimers, the total number of H-
bonds within the hybridized DNA duplex arms in the ff dimers
69 at the start of the simulation. The final ff-T;-T, and ff-T4- T,
structures did not deviate significantly from this number (64
and 68 H-bonds, respectively), suggesting that there is no
significant rearrangement of the DNA arms to minimize
exposure of the hydrophobic surfaces of the cores. Surprisingly,
while the ff-T-T, dimer has lost 14 H-bonds from the
hybridized duplex arms, its SASA value remains much lower
than that of the other two ff dimers, suggesting that this H-
bond lost did not destabilize the structure at all, in stark
contrast to that observed in the cage-T(-T, dimer (see Figure 4
and accompanying discussion above). This enhanced stability
can be directly attributed to the unique face-to-face
conformation of the two organic cores in f-T-T, dimer,
which benefits not only from the hydrophobic stacking of the
cores (Figure 7) but also from an effective lengthening of the
duplex arms: the stacked core—core units essentially linked two
10-bp duplexes together to create an effectively longer DNA
duplex system (Figure 6D). In comparison to the high SASA
values for the ff-T;-T, and fF-T4 T, dimers, the lower SASA
value for the ff-T-T, structure suggests that the hydrophobic
stacking of the cores (Figure 7) is the more important
contributor to this stabilization. Indeed, while the core—core
stacking still occurs for ft-T3-T, and f-T(-Ty, the non-
complementary thymine spacers can better wrap around the
stacked core—core unit to reduce the SASA as well as the
hydrophobic stacking interactions between the cores (Figure
6E,F). Indeed, MD simulations indicated that the average
center-of-mass core-to-core distance in four sets of each ff
dimer (5, 11, and 13 A for f£:Ty-Ty, FT5-T,, and T Ty,
respectively, see also Table S7 in the Supporting Information)
increases as the spacer length increases

Self-Assembly of Face-to-Face Dimers. We were
pleasantly surprised to observe exclusive formation of stable ff
dimer structures (Table 3) from combining rSMDH;-XT,-3’

Table 3. Face-to-Face Dimers Based on rSMDH;'s

entry components“ short name
1 rSMDH;-X'T -5 :1SMDH;-XT -3’ T T,
2 rSMDH;-X'T;-5:rSMDH;-XT -3’ ff-T5-T,
3 rSMDH;-X'T-5:1SMDH;-XT -3’ T T,

“Total DNA concentration of 1 and 2 uM.

and its complementary rfSMDH;-X'T,-S' (n = 0, 3, and 6) at 2
UM total ss-DNA concentration. The non-denaturing PAGE-
gel for these ff dimers shows one single clean band for each of
these dimers (Figure 8). As the MD simulation suggested, and
as shown by the optical melting profiles of these ff dimers
(Figure 9), the hydrophobic core—core stacking in these
assemblies resulted in dramatic increases in their melting
temperatures (T,,’s) compared to the control-rSMDH;-T; and
cage-T;-T; dimer: fFT,T, exhibited a dramatic 184 °C
increase in T,, over the control-rSMDH,-T; assembly and a
14 °C increase in T, over that for cage-T3-T; dimer. The extra
stability in ff-T-T, can be explained by the interactions of the
stacked cores with the closest base pairs of the DNA duplex
arms, similar to that observed in short DNA duplexes
possessing hydrophobic end-capping agents.>

As we introduced T and T spacers into the -SMDH;-X'T -
5’ partner and use these to form ff-T5-T, and f-T¢-T, dimers,
the melting temperatures of these dimers successively

dx.doi.org/10.1021/ja300322a | J. Am. Chem. Soc. 2012, 134, 7450—7458
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Figure 8. Non-denaturing PAGE-gel image (6%) of DNA hybrids (2
#M). From left to right: lane 1 = ff-T(-T,, lane 2 = ff-T;-T,, lane 3 = fF-
T T,
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Figure 9. Melting profiles for ff-T,-T, (n = 0, 3, and 6) and cage-T5-T5
(1 uM) in PBS buffer (10 mM, pH 7.0, 7S mM NaCl).

decreased from that of the ff-T,-T, dimer, by 4 and 8 °C,
respectively (Figure 9 and Table 4). Nevertheless, these are still
significantly higher than those observed for the corresponding
control-rfSMDH,-T, assemblies and cage-T,-T, dimers (n = 0,
3, and 6; see Table 4). This trend confirms our observation in
the MD simulations (see discussion above) that the T; and T
spacers can interact with the stacked core—core unit and
decrease the hydrophobic stacking interactions that are
primarily responsible for stabilizing the ff-Ty-T, dimer (see
C—C distance analysis in Table S7 in the Supporting
Information).

Further evidence for the hydrophobic stacking of the cores in
ff dimers is provided by the observation that the fluorescence of
the core in rSMDH;-XT-3" and its complementary rSMDH-
X'T-S' partner is greatly quenched upon hybridization into the
f£-T,-T, (Figure S34 in the Supporting Information) due to the
increased interactions between the cores. This type of

Table 4. Melting Data for cage-T,-T,, control-rfSMDH,-T,,

and ff-T,-T, (n = 0, 3, and 6) Assemblies with 1 gM Total
DNA Concentration in PBS Buffer (10 mM, pH 7.0, 7S mM
NaCl)

entry short name T,, (°C) fwhm (°C)
1 X:X' 36.6 + 0.2 12.0 £ 0.1
2 control-rfSMDH;-T, 392+ 0.3 114 £ 0.1
3 control-rfSMDH;-T 36.5+ 0.2 9.9 + 0.1
4 control-rSMDH;-T 374 +£ 0.1 93 + 0.1
S “cage-Ty- Ty 412 + 03 9.2 + 0.1
6 cage-T;-T; 39.8 £ 0.3 7.0 £ 0.1
7 cage-T¢-Tg 39.6 £ 0.2 74 + 0.1
8 cage-T;-T;-reverse 40.6 + 0.1 73 £ 0.1
9 T, T, 55.6 + 0.1 7.1 + 0.1
10 fT4-T, 50.3 + 0.3 72 + 0.1
11 T, T, 46.0 + 02 74 £ 0.1

“This structure did not form according to PAGE-gel study (see Figure
3).

quenching behavior has been observed in PDI-based hairpins
as they formed supramolecular polymers based on stacking of
PDI cores in high salt environment.'® Indeed, the fluorescence
of the three ff dimers (Figure 10) varies inversely with their

1.0E+07 -
Fr\ = = 'cage-T3-T3
i i f-TO-T6
: i oo f£-T0-T3
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]
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Figure 10. Fluorescent spectra of ff-Ty-T, (n = 0, 3, and 6) and cage-
T5-T; (1 uM) dimers in PBS buffer (10 mM, pH 7.0, 75 mM NaCl);
the excitation wavelength was 305 nm. The fluorescent spectrum of
the cage-T;-T; assembly is provided as a reference point rather than
that for the [rSMDH;-XT-3":rSMDH;-X'T,-5'] assembly (Figure S34
in the Supporting Information) because quenching of the core by
conformationally fixed DNA base pairs does occur to a certain
extent.”’

stability, which in turn is a function of the distance between the
cores. Most interestingly, the fluorescence-based melting profile
of f-T-T, closely mirrors its optical melting profile (Figure
S37 in the Supporting Information), indicating that in the
melting of the ff dimers, core—core unstacking occurs in a
concerted manner as the dehybridization of the duplex

53,78
arms.

Enhanced Melting Properties of Cage and Face-to-
Face Dimers. We have previously reported that cage dimers
based on rfSMDH,** and rSMDH;"" building blocks can display
cooperative melting behaviors (i.e., increased T,, and sharpened
melting profiles) in comparison to their free DNA analogues
due to a combination of reduced configurational entropy and
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ion-cloud sharing that occurs as a consequence of the proximity
of their DNA duplex linkages. To these two parameters of the
neighboring-duplex model”® can now be added hydrophobic
interactions, especially if the organic cores in rfSMDH, are
designed to be in the right orientation so that these
interactions, and hydrophobic stacking, can play an important
role, as in the case of ff-T-T,. Indeed, the three ff-T,-T, (n = 0,
3, and 6) dimers reported herein all showed cooperative
melting behaviors that are similar to those of the cage-T,-T, (n
= 3 and 6) dimers. The full-widths at half-max (fwhm’s) of the
derivative of the melting profiles for f£T,-T, (n = 0, 3, and 6)
and cage-T,-T, (n = 3 and 6) dimers are all in the range of 7.0—
7.4 °C, much sharper than those for the control-rfSMDH;-T,
systems (fwhm ~9.3—11.4 °C, see Table 4). This sharp melting
behavior can be attributed to configurational entropy”>>” and
ion-cloud sharing between the DNA-duplex arms, all of which
are in the 10—50 A range required for ion-cloud sharing.*
The T, of the ff-Ty-T; dimer is dramatically higher
compared to those for the control-rSMDH;-T, and cage-T;-
T, dimer (AT,, = 16.4 and 15.8 °C, respectively, Table 4).
However, as non-complementary T; and T4 spacers were
introduced into the ff dimers, the melting temperatures of fF-T';-
T, and f-T(- T, were decreased by 5.3 and 9.6 °C compared to
that of the f-T-T, dimer. Yet, ff-T¢T, still melts at a higher
temperature than the cage-T¢-T dimer (AT, = 6.4 °C). These
observations indicate that a large contribution to the extra
thermal stability in the ff dimers stemmed from the core—core
hydrophobic interactions that can be tuned by the length of the
non-complementary thymine spacers. When there is no spacer,
as in ff-T-T, this thermal stability can be further enhanced by
the additional interaction of the stacked cores with the closest
base-pairs from the DNA duplex arms, similar to that observed
in duplexes with hydrophobic end-capping agents.>> This was
indeed observed in our MD simulations (Figure 6D).

H CONCLUSION

In summary, we have elucidated the important role that
hydrophobic interactions play in the aqueous assembly of
nanoscale organic-DNA hybrid cages and ff dimers from
rSMDH,, building blocks. These nanostructures are assembled
in aqueous environments in such a way that minimizes the
exposure of the hydrophobic surface of the organic cores,
whether through hydrophobic interactions with the core in
another rfSMDH,, with the bases in the attached DNA strands,
and/or with the base pairs in the final assembled structures.
When exposure of the hydrophobic surfaces of the cores could
not be properly minimized in a dimer conformation, an ill-
defined network can result, as in the case of cage-T-T, dimer
made from rfSMDH; building blocks. On the other hand, if a
dimer can be formed with good minimization of the
hydrophobic surfaces of the cores, highly stable structures
with enhanced melting points and cooperative melting profiles
can be obtained. When hydrophobic stacking between the cores
is the dominant interaction, such as in the case of ff dimers,
dramatic increases in the melting temperature can be obtained.
In the world of nanoscale DNA-linked structures, these results
place hydrophobic interactions at the same level of importance
as the number of ss-DNA surrounding the organic core; the
orientation, geometry, and concentration of the strands; and
the type and concentration of the salts in the assembly media.
We are confident that such interactions can be utilized
effectively as a design parameter in future applications of
DNA-linked materials.
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