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their functions due to unfolding at high temperatures. However, ®T1ga GE A% TEG &" i
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proteins from thermophilic and hyperthermophilic microorganisms c \5:
have shown extraordinary thermal stability by properly optimizing ,

the delicate balance of weak molecular attractions. The critical issue,
which of these interactions establishes the thermostability of
proteins, is still not cleat.Among the electrostatic interactions,
hydrogen bonding, and hydrophobic effects, there appears to be
no common determinant of thermostabifityVe report here that
hydrophobic effects in the folding of alternating hydrophobic
mr-conjugated chromophores and hydrophilic single-strand deox-
yribonucleic acid (ssDNA) strengthen as the temperature increases,
similar to the inverse temperature transitions observed in efastin.
Thus, better folding, albeit counterintuitively, was observed at high
temperatures.

DNA has been attached to nanopartidgepteinss and fluo-
rescent dyesas probes and nanowires. Building on these successes,
we have developed methods for efficient incorporatieri@0%
yield) of multiple optically active chromophores into the backbone
of DNA for folding studies. The general strategy is to insert
mr-conjugated structures into DNA using asymmetric building blocks
with one end activated and the other end protected. Our coupling
chemistry is compatible with automated DNA syntheséksing
this strategy, we have constructed foldable sequencesDRNA.-
(-TEG-Chr-TEG-ssDNA)} TEG-Chr-TEG-DNA-3, where TEG is Figure 1. Thermophilic property of chromophoric trimer linked by a
tetraethylene glycol and Chr is the perylene tetracarboxylic diimide mutated NFeB site with no hybridization in the DNA loops (A) and
chromophore The SSDNA are ithe NB-inding it (SATC.  11oTOPLor beianer srioiaed by DA e suctres e ©
CGG-AGT-CAG-CCG-GAT-3, mutated NF¢B binding site (5 '
A-GTT-GAG-TGT-TCT-TTC—CCA-GGC-3; Figure 1A forn = band intensity ratio, & %A%1 = 0.77-0.87 (Figure 2A). This
2), or modified AP1 binding site (FATC-CGG-AGT-CAG-CCG- abnormal behavior contrasts with thermal denaturation in most
GAT-3; Figure 1B and C). Using gel electrophoresis, we have proteins, but it is supported by theoretical calculatinsnd
purified these hybrid sequences into single molecular weight experimental observatio?#sin the hydrophobic collapse of elastin.
polymers corresponding to chromophoric dimers, trimers, tetramers, Moreover, this inverse temperature behavior of folding is largely
and pentamers linked via sSDNAs. reversible as the samples were cycled between 20 ang 9@ to

Folding of perylene units is signaled by a diagnostic optical 10 heating-cooling iterations (Figure 2B). The DNA-perylene
absorption change because both covalently bound perylene cyclo-polymers clearly show that, unlike most other molecular attractions,
phane$ and folded dimershave aninverseintensity distribution the strength of hydrophobic forces is more pronounced at high
among their vibronic statesA%A%1 = 0.7, whereas free perylene  temperatures.
molecules haveormal Franck-Condon progressions with%A%/ The origin of the inverse temperature behavior comes from an
A0l 1.6810Hence, the absorption ratio of the®0to 0— 1 endothermicenthalpy AH® (Figure 2C) of 2.72+ 0.09, 4.444+
transition can be used to quantitate the degree of folding in the 0.09, 4.78+ 0.09, and 6.88t 0.22 kcal/mol for the folding of
DNA-perylene polymers. two, three, four, and five perylene units, respectively. For an

At room temperature, both NEB and mutated NRkB polymers endothermignteraction, the stabilityKsq) of the folded polymers
form only loosely folded structures due to steric limitations imposed improves as the temperature increases. The interactions between
by their bulky DNA bases, as indicated by the diagnostic optical perylenez-planes mostly come from two contributionst—s
absorption ratio of A"9/A%"1 = 1.10-1.15 for the perylene dimer,  molecular orbital overlap and hydrophobic forces. To determine
trimer, tetramer, and pentamer (Figure 2A). This intensity ratio is which of these two gives rise to the inverse-temperature folding,
intermediate between free monomers and closely packed perylenewe replaced the DNA sequences with a phosphotriester to gain
dimers. Upon heating, however, all of the foldable polymers become solubility in organic solvents. In an organic solvent{CHCHCL),
more ordered (Figure 1A), as indicated by the change in absorptionhydrophobic effects are eliminated. Consequently, we observed
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Figure 2. (A) Optical absorption of chromophoric dimer, trimer, tetramer,
and pentamer at 20 (blue) and 90C (red). (B) The 20C (blue circles)
and 90 °C (red squares) cycles of chromophoric pentamer with no
hybridization in either the DNA loops (solid) or the DNA hairpin structures
(open). Plots of the equilibrium folding constank§s, against inverse
temperature yield endothermic processeswater (C) and exothermic
processedn organics(D) for folding of all oligomers. The straight lines
were obtained from fitting the van’t Hoff equation to experimental data for

the dimer (diamonds), trimer (triangles), tetramer (squares), and pentamer

(circles). (E) Binding to complementary DNA unfolds chromophoric
pentamer with the hairpin structures.
exothermicprocesses (Figure 2D), withH® = —3.01 £+ 0.06,
—6.62+ 0.43,—5.09+ 0.09,—4.35+ 0.04 kcal/mol for the folding
of two, three, four, and five perylene units, respectively. Most
intermolecular interactions, including hydrogen bonds between
DNA bases, are exothermic, thereby generating instability at high
temperatures. Consequently, DNA loops cannot contribute to the
inverse temperature behavior.

Using hydrophobic effects and six base-pair hairpin stems, we
constructed a thermophilic foldable polymer, which can maintain
its structural integrity at both low and high temperatures (Figure

1B, C). At high temperatures, hydrophobic attractions derived from
perylene play a dominant role in stabilizing the folded structure.
At low temperatures, hydrogen bonding between self-complemen-
tary hairpin structures plays a major role in perylene folding. The
hairpin structure is based on the modification of the AP1 binding
site (vide suprd. The polymer obtained was almost completely
devoid of temperature-dependent structural variations (Figure 2B).
Because of the cooperative effects between folding of DNA loops
and the chromophore core, the overall stability of the folded
structure improves, as evidenced by the decreasé /A% 1 by

an additional 16-30% throughout the heatirgooling cycles.

Upon addition of equimolar amounts of the complementary strand
(3-TAG-GCC-TCA-GTA-GGC-CTA-H in an annealing buffer (10
mM Tris-HCI, 0.1 M NaCl, 1 mM EDTA) to the thermophilic
hybrid polymer, the perylene-stacking was disrupted, as indicated
by the reversal of A9/A%1 from 0.76 to 1.4 (Figures 1D and
2E).

In summary, the integration of synthetic and natural oligomeric
sequences into a single macromolecule creates folded nanostructures
that possess unusual hyperthermophilic properties. Although tem-
perature is not efficient at unfolding the thermophilic structure, it
can be unfolded through molecular recognition-induced nano-
actuation events such as DNA hybridization, from which DNA
biosensors based on color change can be built.
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