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Hybridizing natural macromolecule with synthetic polymer is an efficient general method for constructing sophisticated

www.rsc.org/

supramolecular architectures. To comprehensively elucidate the controversial hybridization mechanism of glucans with

synthetic polymers, the hybridization behaviors of triple-stranded curdlan (Cur) and schizophyllan (SPG) with cationic

polythiophene (PyPT) were investigated in agueous DMSO solutions by using UV-vis, circular dichroism (CD), fluorescence,

fluorescence excitation, and NMR spectroscopies, as well as theoretical calculations, dynamic light scattering, and zeta

potential measurements. Upon mixing with glucan, a hetero-triplex formed was dynamic and greatly accelerated by

heating and by adding base or salt. The hetero-triplex disassembled to hetero-duplex in highly basic solutions. Thus,

polycationic polymers, such as PyPT, are expected to serve as a versatile tool for unzipping glucan homo-triplexes and

promoting subsequent hybridization in agueous solution, while the detailed mechanism elucidated in the present study

contributes to the rational design of hybridization partners.

Introduction

Inter-polymer interactions and polymer assemblies derived
therefrom play essential roles in constructing natural and
artificial supramolecular architectures. Of several approaches
to novel functional polymer assemblies, hybridizing natural
and synthetic polymers provides an efficient, promising
strategy for merging the original structural features of natural
polymers and the desired functions of synthetic polymers.1
Nevertheless, the hybridization is not always feasible and the
compatibility has to be examined on a trial and error basis.
More crucially, changing hybridization partners often leads to
different inter-polymer interactions and hence elucidating
hybridization mechanisms and dynamics becomes the key
issue. This ambivalence renders hybrid polymer research one
of the most vital and challenging topics in current chemistry.2
f-1,3-Glucans are polysaccharides composed of (1—3)-
linked S-p-glucose units with or without branching. Among
them, curdlan (Cur) is the simplest in structure, possessing a
linear main chain and essentially no branching glucose, while
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schizophyllan (SPG) has a glucose sidechain at every third
glucose unit on the main chain (Fig. 1). This structural
difference makes the former insoluble in water but the latter
moderately soluble®>* From the supramolecular viewpoint,
one of the most intriguing features of Cur and SPG is their
ability to reversibly denature (to random coil) and renature (to
triple helix) by simply changing solvent from DMSO or aqueous
alkaline solution to water or aqueous acidic solution.>*
Utilizing the reversible helix formation, Shinkai
demonstrated that water-soluble polythiophenes (PTs) form
divergent complexes with triple-stranded SPG.*? They also
revealed that 6-O-modified Cur forms a complex with cationic
PT in aqueous solutions,6 but similar behavior has not been
reported for native Cur. Two distinct mechanisms have
hitherto been proposed for the hybridization of glucans with
PT derivatives: (1) encapsulation of PT in the hollow core of
glucan helix****®® and (2) cohelical complexation of PT with
SPG duplex (to form hetero-triplex)Sf or modified Cur single
strand (to form hetero-duplex),6a both of which sound
plausible and further mechanistic investigations are obviously
needed.
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Fig. 1 Chemical structures of curdlan (Cur), schizophyllan (SPG), and

pyridiniopolythiophene (PyPT).
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We have recently shown that native Cur interacts with
water-soluble cationic PT, i.e. 2,5-poly(3-(6-pyridiniohexyl)thio-
phene) (PyPT; Fig. 1), in an aqueous solution containing 10%
DMSO to give in situ hybrid complex, which is susceptible
specifically to tetrasaccharide acarbose.” However, the real
origin of this acarbose-specific sensing by the Cur-PyPT hybrid
system was not clear at that time. In this study, we examined
the effects of various environmental factors on the
hybridization behavior of Cur and SPG with PyPT to reveal the
unprecedented melting behavior of Cur assisted by the
cationic hybridization partner as well as the unexpectedly
dynamic and multifaceted nature of the glucan-PT
hybridization, involving the competitive hetero-duplex/triplex
formation, as summarized in Scheme 1. The present results
and concepts will promote the mechanistic understanding of
polysaccharide hybridization in general and stimulate the
development of glucan-based switchable sensing, delivery, and
memory systems using environmental factors as convenient
tools.

pH>10

random-coil glucans
inDMSO

hetero-triplex hetero-duplex

Scheme 1 Mechanism proposed for the hybridization of PyPT with Cur. (a) homo-
triplex equilibrates with a pair of single- and double-stranded Cur, which is
driven by partial deprotonation/protonation; (b) negatively charged Cur duplex
captures cationic PyPT to form hetero-triplex; (c) negatively charged single-
stranded Cur binds cationic PyPT to form loosely bound hetero-duplex; (d)
hetero-triplex and duplex thus formed equilibrate with each other.

Results and discussion
1. Cur-PyPT system
UV-vis, circular dichroism, and NMR spectral examinations

Complexation behavior of the Cur-PyPT system was first
examined by UV-vis and circular dichroism (CD) spectroscopies
in 1:9 (v/v) DMSO/H,0, which can solubilize native Cur in up to
1.0 mM (hereafter, all polymer concentrations are in monomer
unit). As shown in Fig. 2 (black line), PyPT dissolved in 1:9
DMSO/H,0 exhibited a broad absorption band at 448 nm,
assignable to the m,m* transition, and naturally no CD signals
excepting the baseline drift and the electric noises of <0.5
mdeg. An aqueous DMSO solution prepared by adding an
aqueous solution of PyPT (9 parts) to a DMSO solution of Cur
(1 part) showed essentially the same UV-vis spectrum as that
of the pure PyPT solution, but exhibited a positive couplet at
the main band of PT (Fig. 2, red line), the sign of which

2| J. Name., 2012, 00, 1-3

indicates a right-handed helical arrangement induced to the PT
chromophore, according to the exciton chirality theory.8
Although the helicity assigned coincides with that of Cur
triplex, this does not immediately help us discriminating
between the two plausible mechanisms mentioned above: (1)
the PT main chain is included in the hydrophobic hollow core
of triple-stranded Cur, or (2) PyPT forms a hetero-triplex with
Cur by replacing one of the three glucan components as was
the case with the hetero-triplexes of SPG.*° Hence, we first
employed amylose, a linear polysaccharide composed of
(1—>4)-linked a-p-glucose units, as a reference, since amylose
is known to form a left-handed single helix in aqueous DMSO
solution?>™**° and binds hydrophobic molecules in its helix
interior. As shown in Fig. 2 (blue line), the addition of amylose
caused a significant hypsochromic shift and sharpening of the
main band in the UV-vis spectrum of PyPT, indicating
shortened conjugation length and less flexible conformation.
In the CD spectrum, a bisignate Cotton effect was induced
upon addition of amylose, but this signal does not appear to
arise from the exciton coupling interaction of the PT main
band, simply because the agreement in wavelength of the
negative CD extremum with the UV-vis maximum; if the
bisignate signal was an exciton couplet, the crossover point
would appear at the same wavelength as the UV-vis maximum.

‘pypT i A‘my PyPT + cur

PyPT + Cur

6/ mdeg

PyPT

-20f
PyPT + Amy

550

450

250 350 650

Wavelength / nm

Fi%. 2 UV-vis (top) and CD spectra (bottom) of PyPT (0.20 mM) in the absence
(black) and presence of Cur (1.0 mM, red) and amylose (0.61 mM, blue) in a 1:9
DMSO/H,0 solution at 25 °Cina 1 cm cell.

The inclusion of PyPT by amylose was further examined by
2D NMR spectroscopy; for the original charts, see Fig. S1 in the
electronic supplementary information (ESI). NOE crosspeaks
occurred between the thiophene proton (H,) of PyPT and the
inner protons2f (Hs, He, and Hg) of amylose, clearly indicating
that PyPT is included in the amylose cavity. These results
obtained for amylose are not compatible with the above-
mentioned first mechanism that triple-stranded Cur includes
PyPT in its hollow cavity, but rather support the second one
that Cur forms a hetero-triplex with PyPT.

This journal is © The Royal Society of Chemistry 20xx
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Hence, we analyzed the CD spectral titration data obtained
upon addition of Cur to PyPT (0.2 mM in monomer unit) in
aqueous solution containing 10% DMSO, which was reported
in our previous paper,7 to determine the hybridization
stoichiometry of PyPT:Cur as 1:2. As shown in Fig. 3a, the
ellipticity induced to the PyPT solution upon addition of Cur
showed a saturation behavior to reach a quasi-plateau at 0.5-
1.0 mM. The inflection point estimated by extrapolating the
ellipticity changes in the low and high concentration regions
was 0.23 mM (Fig. 3b), apparently indicating 1:1 stoichiometry
(in monomer unit) for the PyPT-Cur complex; it is to note that
the inflection point determined above by extrapolating the
regression lines obtained by using the first two and the last
three points is the upper limit, and the actual inflection
concentration should be equal to or somewhat smaller than
this value (0.23 mM).

Since a pair of different polymers can form a stable
complex only when their hybridization unit lengths match to
each other, not only the molar ratio but also the monomer
unit lengths should be taken into consideration in order to
determine the correct complexation stoichiometry. Thus, the
monomer unit length of PyPT was estimated as 3.6 A from the
examinations of a molecular model on MM2, while that of Cur
was estimated as 7.1 A as determined in the following
calculation. On the basis of the fact that the conjugation length
of PyPT was significantly shortened upon complexation (see
discussion below and reference 14), we consider that the PyPT
main chain is in helical syn-conformation,11 as was the case
with the SPG/PT cohelical complex.Sf Since the outer- and
inter-diameters and the pitch of a 6; Cur helix are 23, 1.6, and
18 A,*% respectively, the mean diameter of the helix is
calculated as: (23-1.6)/2 + 1.6 = 12.3 A. Hence, the effective
length of each glucose unit along the helix axis is calculated as:
[(12.37:)2 + (18)2]1/2/6 = 7.1 A (see Fig. S2 in ESI). For a smooth
hybridization, the hybridization partners should have
comparable lengths and in the present case two PyPT units
(7.2 A) are matched to the length of one Cur unit (7.1 A). If the
1:1 complexation stoichiometry is formally applied to this
system, nearly half of the Cur monomer length (7.1 — 3.6 =3.5
A) remains uncontacted with the partner thiophene monomer,
leading to a failure in forming stable hetero-complex. Thus, the
apparent 1:1 stoichiometry evaluated above should be
translated to the 1:2 stoichiometry, indicating formation of
[PyPTe(Cur),] complex through the processes (a) and (b) in
Scheme 1. Hereafter, the hybridization experiments were
performed at [Cur]/[PyPT] = 5, since all of the normalized CD
spectra obtained upon titration at [Cur]/[PyPT] ratio varying
from 0.5 to 5 (Fig. 3a) were practically identical in shape (Fig.
S3 in Sl), indicating formation of [PyPTe(Cur),] complex of the
same helical properties. Although such a hetero-triplex model
is  widely accepted,Sf“Sa the hydrogen-bonding network
reconstructed in the hetero-triplex is still under investigation.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) CD spectra of a 1:9 DMSO/H,0 solution of PyPT (0.2 mM in monomer
unit) in the presence of Cur (0-1.0 mM), measured at 25 °C in a 1 cm cell. (b)
EIIip)ticity changes at 493 nm as a function of curdlan concentration (in monomer
unit).
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Temperature effects

Intriguingly, the Cur-PyPT hybridization turned out to be a very
slow, time-dependent process. As shown in Fig. S4 in ESI,
although the UV-vis absorbance was slightly reduced with a
small hypsochromic shift, the CD couplet amplitude was
significantly intensified without any appreciable shape change,
when the sample solution was kept still for 7 days at room
temperature in the dark.

Hence, the Cur-PyPT solution was heated up to 90 °C with
CD monitoring at the negative extremum (405 nm) to obtain
the ellipticity change shown in Fig. 4 (black solid line). The
ellipticity profile obtained looks like a melting curve of double-
stranded DNA, showing a sudden change around the apparent
“melting” temperature of 74 °C. However, the ellipticity was
greatly enhanced from —19 to -51 mdeg upon “melting.”
Furthermore, upon subsequent cooling down to 25 °C, the
ellipticity of the heated sample did not follow the original
“melting” curve but was further augmented to —79 mdeg (Fig.
4, black dotted line), indicating occurrence of some irreversible
event upon heating. The annealing process was repeated
another four times (Fig. 4, pairs of solid and dotted line in
different color) to afford a convergence value of —97 mdeg
after the third cooling, and no practical changes were induced
thereafter.
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Fig. 4 Ellipticity changes monitored at 405 nm for a 1:9 DMSO/H,0 solution of
PyPT (0.2 mM) and Cur (1.0 mM), measured in a 1 cm cell, upon repeated
heating (solid Iine&and cooling (dotted line) at a heating/cooling rate of 1 °C min

for the 1st (black), 2nd (red), 3rd ﬁblue), 4th (Eurple), and 5th(green) cycles; in
each annealing run, the heated solution was kept at 90 °C for 30 min before
subsequent cooling.
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As shown in Fig. S5 in ESI, the UV-vis and CD spectral
changes induced by repeated annealing were very similar to
those observed upon 7-day standing at room temperature (Fig.
S4 in ESI), showing appreciable hypso- and hypochromic
effects in UV-vis spectrum and a significant enhancement of
the couplet amplitude in CD spectrum without accompanying
any essential changes in shape. These observations indicate
that a single hybrid complex is formed between Cur and PyPT
and the dramatic CD spectral changes observed originate from
the expedited hybridization upon long-term standing at room
temperature or annealing at 90 °C, than the
reorganization of a metastable hybrid complex formed in situ
upon mixing of PyPT with Cur.

These results reveal that only part of the PyPT in solution

rather

immediately hybridizes with Cur to give hetero-triplex upon
addition of an aqueous solution of PyPT to a DMSO solution of
random coil Cur, while most of the Cur regenerates homo-
triplex (processes (a) and (b) in Scheme 1), due to the kinetic
competition between the two processes. The Cur homo-triplex
very slowly hybridizes with PyPT to the hetero-triplex upon
long-term standing at ambient temperature (Fig. S4 in ESI), but
“melts” or disassembles in the presence of PyPT to homo-
duplex upon heating (>70 °C) (process (a) in Scheme 1), which
immediately hybridizes with PyPT in the system to give hetero-
triplex [(Cur),ePyPT] (process (b) in Scheme 1). Although a
water suspension of native Cur is known to suffer significant
fibrillar structural changes at 90 “C,3c Cur homo-triplex does
not appear to dissociate in aqueous solution even at the
elevated temperatures of up to 90 °C in the absence of PyPT.
In contrast, SPG triple helix is known to disassemble at >135 °C
in aqueous solution under sealed condition.>™ Since the
hybridization is greatly accelerated also at higher pH (see the
next section), the dissociation of homo-triplex is thought to be
triggered by the partial deprotonation of hydroxyl groups in
Cur at higher temperatures,12 indicating that the hetero-triplex
thus formed is a polyionic complex in nature. The fact that
neutral cyclodextrin-tethered PT does not hybridize with Cur
under the comparable condition also reveals the crucial role of
the cationic sidechain of PyPT in facilitating the hybridization
(see Fig. S6 and the relevant discussion in ESI).

pH effects

More direct evidence for the essential role of electrostatic
interactions in Cur-PyPT hybridization was obtained by the UV-
vis and CD spectral examinations at higher pH. An aqueous
DMSO solution prepared by adding an aqueous solution of
PyPT to a DMSO solution of Cur was slightly acidic (pH 6.3) and
gave the UV-vis and CD spectra shown in Fig. 5a (black line),
which suffered no practical changes upon further acidification
of the solution to pH 4.6 or 4.2 (Fig. 5a; turquoise and orange
lines). In keen contrast, increasing the solution pH from 6.3 to
10.1 led to an enormous enhancement of the CD couplet
amplitude to reach 473 mdeg at pH 10.1 (Fig. 5b) without
altering the spectral shape (Fig. 5d). At pH 10.5, the couplet
was appreciably red-shifted and the shoulder at 550-600 nm
became more evident, which will be discussed in due order.

4| J. Name., 2012, 00, 1-3
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Fig. 5 (a) UV-vis and CD spectra of 1:9 DMSO/H,O0 solutions of PyPT (0.2 mM) and
Cur (1.0 mM) as prepared (pH 6.3, black) and acidified to pH 4.6 (turquoise), and
4.2 (orange); (b) UV-vis and CD spectra of the same solution as prepared (pH 6.3,
black) and at pH 7.9 (red), 9.0 (green), 10.1 (purple), and 10.5 (bluee; all
measured at 25 °C in a 1 cm cell; (c) Plots of the ellipticities at 368 nm (black),
407 nm (red), 492 nm (blue), and 587 nm (green%; (diormaIized CD spectra at
pH 6.3 (black), 7.9 (red), 9.0 (green), 10.1 (purple), and 10.5 (blue); the first four
spectra are almost superimposable with each other.

The rapid increase of ellipticity at higher pH (of up to 10.1)
is reasonably accounted for in terms of the following
hybridization scenario (Scheme 1): (1) Cur homo-triplex is
partially deprotonated under the basic conditions,3| (2) the
negatively charged triplex thus formed is disassembled to a
pair of single- and double-stranded Cur, and (3) the negatively
charged Cur duplex captures cationic PyPT to form a polyionic
complex (hetero-triplex) through electrostatic interactions to
complete the hybridization. The fact that the CD spectral
shape is kept unchanged over the wide pH range of 4.2-10.1
and only the amplitude is augmented in the basic solutions
indicates that a single chromophoric hybrid species of exactly
the same helical sense and pitch (conjugation length) exists
throughout the pH range and its abundance increases with
increasing pH. This allows us to estimate the fraction of PyPT
incorporated in the hetero-triplex as 7-8% at pH 4.2-6.3, 48%
at pH 7.9, and 58% at pH 9.0, by assuming that all PyPT in the
solution forms triplex at pH 10.1. This result also reveals that
the selective sensing of acarbose among several mono- to
pentaoses upon hybridization of Cur with PyPT reported in our
previous paper7 was achieved not by the preferential co-
hybridization (against our previous claim) but in reality by the

This journal is © The Royal Society of Chemistry 20xx
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facilitated Cur-PyPT hybridization upon addition of basic amino
saccharide acarbose.

In contrast to the highly consistent CD spectral shapes at
pH 6.3-10.1 (Fig. 5d), the corresponding UV-vis spectra
significantly varied in shape, gradually developing split peaks
at higher pH (Fig. 5b, upper panel). This contrasting behavior
of UV-vis versus CD is rather anticipated, as the majority of
PyPT is free and CD-silent in acidic and less basic solutions, and
hence dominates the UV-vis spectrum but never contributes to
the CD spectrum. Thus, the CD couplet amplitude and the UV-
vis splitting maximize at pH 10.1, where the majority of PyPT
forms hetero-triplex with Cur. Since analogous splitting has
been reported for several chirally modified PTs upon
aggregation in poor solvents and in thin films,13 we examined
the concentration effects on the UV-vis and CD spectra of a
basic Cur-PyPT solution at pH 11. However, the UV-vis and CD
spectra did not show any appreciable changes in shape upon
5-fold dilution to afford essentially the same anisotropy profile
(Fig. S7 in ESI). This suggests that the split UV-vis and bisignate
CD signals originate from the intramolecular exciton coupling
of the &t,t* transitions of adjacent oligothiophene segments14
in the PyPT backbone conformationally fixed upon
hybridization with Cur. This assignment is compatible with the
observation that the UV-vis and CD extrema appear at the
same wavelengths, i.e. 492, 460, and 407 nm (Fig. 5b, purple
line at pH 10.1).

Intriguingly, a small increase of pH from 10.1 to 10.5
caused sudden bathochromic shifts with appreciable hypo-
chromic effects in UV-vis and CD spectra (Figs. 5b,d), implying
formation of a new chiral PyPT species that absorbs at longer
wavelengths. Upon further increase of the solution pH to 11.6
and then to 12.1, the split UV-vis peaks were merged to give a
smaller broad one at longer wavelengths, and the CD couplet
was also reduced in intensity and greatly red-shifted without
accompanying any isosbestic or isodichroic point, as shown in
Fig. S8 in ESI. Since some orange material started to precipitate
at pH 11.6, the reduced intensities are reasonably attributed
to partial precipitation of the PyPT species formed at high pH.
Nevertheless, the new PyPT species was moderately soluble in
the highly alkaline solution and showed significantly red-
shifted UV-vis peak and CD couplet. These spectral features
are interpreted only by the formation of Cur-PyPT hetero-
duplex that possesses a longer conjugation length and a looser
helix of the same chiral sense as the hetero-triplex. In this
relation, Shinkai et al. reported that per-6-PEGylated Cur binds
a water-soluble cationic PT to form a loose hetero-duplex,
which also exhibits a positive exciton couplet at 400-600 nm.®
A 1:9 DMSO/H,0 solution of PyPT and Cur at pH 6.3 also
showed a less intense positive Cotton effect at 550-600 nm
(Fig. 5d), indicating formation of a small amount of Cur-PyPT
hetero-duplex. This result reveals that the negatively charged
single-stranded Cur formed in process (a) hybridizes with PyPT
to give a hetero-duplex at less basic and even slightly acidic pH
(process (c)). The hetero-triplex and hetero-duplex formed in
processes (b) and (c) are highly stabilized as polyionic
complexes and the hybridizations are practically irreversible.

This journal is © The Royal Society of Chemistry 20xx
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Zeta potential

To further confirm the formation of polyionic complexes, we
measured the zeta (£) potential of the hetero-triplex and
hetero-duplex. The § values of PyPT (0.2 mM) and Cur (1.0
mM) in aqueous solution containing 10% DMSO were
determined as +40.4 and +0.1 mV, respectively, indicating that
PyPT and Cur are respectively a cationic and a neutral polymer.
When PyPT (0.2 mM) was mixed with Cur (1.0 mM) at pH 6.3
(the condition for hetero-triplex formation), the { potential
decreased to +6.5 mV, clearly indicating that the cationic PyPT
was significantly neutralized by deprotonated anionic Cur and
thus the hetero-triplex is polyionic in nature. Furthermore, the
€ value of a solution of PyPT (0.2 mM) and Cur (1.0 mM) at pH
12.1 (the condition for hetero-duplex formation) was inverted
in sign to -2.1 mV and therefore further deprotonated Cur
hybridizes with cationic PyPT to form a hetero-duplex.

Monte-Carlo simulation of hetero-duplex

Since the positive Cotton effect observed at 550-600 nm was
assigned to the hetero-duplex, the ellipticity changes at 580
nm obtained upon CD spectral titration of 0.2 mM PyPT with
Cur at pH 6.3 (Fig. 3a) was plotted against the Cur
concentration. As shown in Fig. 6a, an inflection point was
observed at [Cur] = 0.61 mM, suggesting the 1:3 stoichiometry.
This is however an apparent value (as was the case with the
hetero-triplex discussed above), and the real stoichiometry
should be calculated by taking into account the relative helical
pitch of the hybridization partners in hetero-duplex.

Since no plausible hetero-duplex model supported by
theory has been proposed for Cur and cationic PT, we decided
to elucidate the structure of the hetero-duplex of Cur with
PyPT by the Monte-Carlo conformer search of MacroModel
10.6 module.” Judging from the much longer conjugation
length of 220 thiophene units™ (as indicated by the main band
appeared at 461 nm) than that (9 thiophene units) of hetero-
triplex, in which PT is in helical syn-conformation,11 we
postulated that PyPT in hetero-duplex adopts the helical anti-
conformation.™

As an initial structure of the hetero-duplex model for the
Monte-Carlo conformer search, we employed
3,4',4",4",4"" 4"""-hexakis(6-pyridiniohexyl)-
2,2":5',2":5",2"":5" 25" 2" sexithiophene (6-mer, PyST),
which was prepared by connecting three units of anti-3,4'-
bis(6-pyridiniohexyl)-2,2'-bithiophene (2-mer, PyBT) pre-
optimized by the Hartree-Fock calculation, and a single-
stranded glucose 18-mer, constructed by
connecting three 6-mer units sliced out from the crystal
structure of triple-stranded Cur’® and subsequent adjusting to
the length of PyST (see Fig. S9 in ESI and the relevant
discussion). Figs. 6b and 6c show the second-stable structure,
in which the negatively-charged glucose 18-mer nicely fits to
the PyST unit in length, forming a loose duplex, while the
glucose 18-mer in the most stable structure (Fig. S9 in ESI) was
more extended, which may hinder hybridization of polymeric
Cur with PyPT, and hence is not valid.

anti-

which was

J. Name., 2013, 00, 1-3 | 5



Organic & Biomolecular Chemistry

(a)
15 T
.
31 o : ‘e
T1.0f R
E .
£ .
§0.5— B
~ ol
3 . 0.61
0 0.4 0.8 12
[Cur] / mM

(b)

Fig. 6 (a) Ellipticity changes at 580 nm as a function of [Cur]; see Fig. 3a for the
original titration data. (b) Top and (c) front views of the structure of the second-
stable hetero-duplex model, composed of PyST 6-mer and glucose 18-mer, which
was obtained by geometry-optimization by the Monte-Carlo conformer search
using the OPLS-2005/H,0 force field (1000 steps). Hydrogen atoms in the hetero-
duplex model were omitted for clarity.

Most of the essential processes shown in Scheme 1 are
now experimentally and/or theoretically supported. Thus,
upon addition of an aqueous solution of PyPT to a DMSO
solution of random-coil Cur, most of the Cur forms homo-
triplex and only part of PyPT hybridizes in situ with Cur to give
hetero-triplex [PyPTe(Cur),], where the interconversion
between homo- and hetero-triplex appears to be extremely
slow at least at room temperature. As the hetero-triplex is
polyionic in nature, the hybridization is greatly promoted by
raising the solution pH to 7-10 or the temperature to >70 °C,
both of which facilitate deprotonation of the hydroxyl groups
in Cur and the subsequent dissociation to negatively charged
Cur duplex, which is immediately captured by cationic PyPT to
form polyionic Cur-PyPT hetero-triplex. At pH >10.5, further
deprotonation from Cur in the hetero-triplex leads to
dissociation to single-strand Cur and polyionic hetero-duplex
[PyPTeCur], the latter of which is looser in conformation and
longer in conjugation length, but possesses the same helical
sense as the hetero-triplex. The equilibrium between hetero-
triplex and hetero-duplex, i.e. process (d) in Scheme 1, will be
discussed in the next section.

Hetero-triplex/duplex equilibrium

The equilibrium between hetero-triplex and hetero-duplex was
investigated with a Cur-PyPT solution at pH 10.5, where the
hetero-triplex is already dissociated at least in part to the
hetero-duplex (Fig. 5d and the relevant discussion) and is
expected to further dissociate at elevated temperatures. The
Cur-PyPT solution at 25 °C was heated to 90 °C (at a rate of 1
°C min'l) and then kept at that temperature for 5 h with UV-vis
and CD spectral monitoring. As shown in Fig. 7a (compare the
black line with the red line), the initial heating caused a growth
of new UV-vis and CD bands at 530-630 nm at the expense of
the original intensity at shorter wavelengths, indicating
dissociation of the hetero-triplex to a looser hetero-duplex.
Somewhat unexpectedly, the subsequent standing at 90 °C
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induced gradual hypsochromic shifts of the UV-vis and CD
spectra with an isosbestic point at 431 nm and isodichroic
points at 431 and 528 nm; see the spectral changes from the
red to blue lines in Fig. 7a, slowly regenerating the original
spectra of hetero-triplex. These apparently strange sequential
UV-vis and CD spectral changes are rationalized by assuming
that the Cur incorporated in a hetero-triplex deprotonates at
higher temperatures to develop negative charges on the
triplex, the subsequent dissociation of which is facilitated by
the spontaneous hydration to both of the hetero-duplex and
single-stranded Cur thus generated. However, the hydrated
duplex-Cur pair is thermodynamically less stable and
reassembles to a hetero-triplex but only at a very slow rate
(taking hours) due to the slow dehydration dynamics. Similar
slow dehydration dynamics has been reported for DNA films
and cyclodextrin microcrystals in the air.’®

According to the above mechanism, the reassembling rate
constant (k,) at 90 °C was evaluated as 1.5 x 10™* s from the
pseudo-first order kinetics plot of the ellipticity changes
monitored at 610 nm (Fig. S10b in ESI). The pseudo-first order
kinetics observed is rationalized by assuming that an excess
amount of single-strand Cur generated from the dissociation of
hetero-triplex as well as homo-triplex upon heating is available
in the basic solution. Similar treatments of the ellipticity
changes at 85 °C and 95 °C gave the k, values of 1.1 x 10™ and
1.9 x 10* 57, respectively (Figs. S10a and S10c in ESI). These
rate constants were subjected to the Eyring analysis to give a
straight line shown in Fig. 7b, from which the activation
parameters for the reassembling of hetero-duplex to hetero-
triplex were evaluated: AH' =602 2kl mol*and AS* =91+ 61
K* mol™. The positive activation enthalpy and entropy are
reasonable for the association process that involves the
release of multiple water molecules; i.e. the process (d) in
Scheme 1.
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Fig. 7 (a) UV-vis (top) and CD (bottom) spectra of a 1:9 DMSO/H,0 solution (pH
10.5) of PyPT (0.2 mM) and Cur (1.0 mM) in a 1 cm cell at 25 °C before annealin

(black) and at 90 °C after annealing, holding for 0 h (red), 2 h (green), 3 h Spurple
and 5 h (blue); PyPT was totally stable under the condition employed. (b) Eyring
Elot of the rate constants (k,) for the reassembling of Cur-PyPT hetero-duplex to

etero-triplex in a DMSO-H,0 (1:9) solution.
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Salt effects

Given that the major driving force for the Cur-PyPT
hybridization is the electrostatic interaction as elucidated
above, the hybridization behavior is expected to be affected by
the addition of electrolytes. To confirm this, we examined the
salt effects on the UV-vis and CD spectra of a Cur-PyPT solution
at pH 10.1, which contained the hetero-triplex as the
dominant species. As shown in Fig. S11 in ESI, both of the UV-
vis and CD spectra were gradually red-shifted with
accompanying isosbestic/isodichroic points upon addition of
NaCl in 1-4 M or even higher concentrations. The spectral
changes induced are very similar to those observed upon
heating up to 90 °C (Fig. 7a), indicating dissociation of hetero-
triplex to hetero-duplex and Cur (process (d)) at high salt
concentrations or elevated temperatures facilitated by
weakening the electrostatic interactions in polyionic complex
or by accelerating the deprotonation of Cur’s hydroxyl group,
respectively.

Fluorescence spectral examinations

PT is known to weakly fluoresce in aqueous solution,17 which
allowed us to examine and compare the excited-state
behaviors of free and hybridized PyPT. The results of
fluorescence spectral examinations and the relevant discussion
(presented in Figs. S12-14 of ESI) provided further evidence in
support of the hybridization mechanism proposed in Scheme
1.

NMR DOSY spectral and dynamic light scattering examinations

To gain the size information for the species formed upon
hybridization, we examined the hybridization behavior by
using 2D-DOSY and dynamic light scattering (DLS) methods.
The DOSY spectra obtained for PyPT and its mixture with Cur in
3:7 DMSO-dg/D,0 suffered significant peak broadening and
were not suitable for reliable analysis (Fig. S15 in ESI), while
the DLS measurements for a PyPT-Cur mixture (0.2 and 1.0
mM, respectively) in 1:9 DMSO/H,0O gave a broad peak at
hydrodynamic diameter (d},) of 2.3 pm at pH 6.3 and of 2.1 um
at pH 12.1, which are tentatively assigned to the hetero-triplex
and hetero-duplex, respectively.

The length of a fully extended triplex of Cur 8018-mer
(1300 kDa) employed in this study is estimated as 2.4 um from
the pitch of Cur 6, triplex (1.8 nm) in crystal.>®*° This cylindrical
Cur homo-triplex of 2.3 nm diameter®®*° is equivalent in
volume to a sphere of 27 nm diameter, which is however much
smaller than the d}, values (2.1-2.3 um) obtained by the DLS
measurements mentioned above, suggesting formation of
some aggregates. Hence, we examined the concentration
effects on the d,, value by diluting the PyPT/Cur solutions by a
factor of 5, 10, and 20 to observe a sudden decrease of dj, from
2.3 um to 62 nm upon 5-fold dilution and to consistent 34 nm,
a reasonable size for a single hetero-triplex, upon 10- and 20-
fold dilutions for the hetero-triplex at pH 6.3, but a much
slower decrease of dy, from 2.1 um to 2.0 um upon 5-fold
dilution and to 480 and 140 nm upon 10- and 20-fold dilutions
for the hetero-duplex at pH 12.1, as shown in Fig. 8; further
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dilution was not feasible due to the weak DLS signals. These
results reveal that the aggregation behavior greatly differs
between the hetero-triplex and the hetero-duplex, the latter
of which much more easily aggregates even in a solution of
0.01 mM PyPT and 0.05 mM Cur. This seems reasonable, as
the hetero-duplex generated at pH 12.1, possessing a
potential of —2.1 mV, is more charge-neutralized than the
hetero-triplex with a £ potential of +6.5 mV. The concentration
effect is discussed in further detail in ESI (Fig. S16 and the
relevant discussion).

PH 6.3
pH 121 PyPT/Cur (mM)
0.04/0.2
0.02/0.1
g 400 1
& 0.01/0.05
; | 1 0.211.0
= .
g nof
S 20 i b 1
g I
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A RYAER ]
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0 I H
10 100 1000 104

Diameter / nm
Fig. 8 DLS examinations of 1:9 DMSO-H,0 solutions of PyPT and Cur at 0.2 and
1.0 mM (solid line), 0.04 and 0.2 mM (dotted line), 0.02 and 0.1 mM (dashed

line), and 0.01 and 0.05 mM concentrations (square-marked solid line) at pH 6.3
(black) and 12.1 (red) at 25 °C.

2. SPG-PyPT complexation

UV-vis and CD spectral examinations

Learning that the hybridization of PyPT with Cur is greatly
accelerated by the deprotonation of the latter at elevated
temperatures and pH to form a polyionic hybrid complex, we
explored the scope of this novel hybridization mechanism by
using schizophyllan (SPG). SPG differs from Cur in branching
and chain length (molecular weight = 1.30 x 10° for Cur and
1.44 x 10° for SPG) (Fig. 1), but forms homo-triplex that
similarly behaves to denature in DMSO and
aqueous solution.

We first employed neutral CDPT (Fig. S6a in ESI) as a
hybridization partner, which however showed no induced
Cotton effects upon mixing with SPG (Fig. S17 in ESI), indicating
that the non-charged PT does not appreciably hybridize with
SPG at least at 25 °C, as is the case with Cur. This result
reconfirms that the hydrophobic interaction between CDPT
and SPG is not sufficient to form a hetero-triplex.

renature in

In sharp contrast, addition of an aqueous solution of PyPT
to a DMSO solution of SPG induced a major splitting of the
m,t* transition of PyPT in the UV-vis spectrum and a strong
positive couplet (crossover point at 445 nm) of an amplitude
as large as 640 mdeg, which was accompanied by a positive
peak (shoulder) at 550-600 nm, in the CD spectrum (Fig. 9a,
black line). Acidification of the solution down to pH 4.9 (red
line) further intensified the couplet amplitude up to 788 mdeg
at the expense of the positive peak at longer wavelengths. The
immediate development of the intense exciton couplet even at
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pH 6.5 is attributable to the higher solubility of SPG than that
of Cur in water, which facilitates rapid hybridization upon
mixing with PyPT.

Upon gradual increase of the solution pH from 6.5 to 14.0,
the original strong CD couplet faded out to give an equally
intense positive couplet (crossover point at 506 nm) at longer
wavelengths with accompanying quasi-isodichroic points at
443 nm and 524 nm, while the split UV-vis absorption globally
moved to longer wavelengths, as shown in Fig. 9b. These CD
and UV-vis spectral behaviors are very similar to those
observed for the Cur-PyPT system (Fig. 5) and hence
reasonably assignable to the disassembling of polyionic SPG-
PyPT hetero-triplex to hetero-duplex driven by the
deprotonation of SPG facilitated at higher pH. It is to note that
the CD spectra of Cur-PyPT and SPG-PyPT triplexes closely
resemble to each other in shape and transition energy (Figs. 5b
and 9a), indicating that nearly the same helical conformation
of PyPT is achieved in the two triplexes. In contrast, the CD
spectra of the corresponding duplexes differ in shape and
crossover wavelength; compare Figs. S8 in ESI (blue line) and
9b (orange line). The crossover occurs at 532 nm for Cur but at
513 nm for SPG, suggesting shorter conjugation length and
hence a tighter duplex structure for the latter, presumably due
to the sidechain. It is to note that the present hybridization
mechanism (Scheme 1) is applicable not only to unbranched
glucan Cur but also to branched glucan SPG, and also that the
CD spectroscopy is the most convenient and efficient tool for
tracking the dynamic hybridization processes to hetero-triplex
and hetero-duplex.

(a)

PyPT only

Abs
Abs
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a) UV-vis and CD spectra of 1:9 DMSO/H,0 solutions of PyPT (0.2 mM) and
.0 mM) at pH 1.9 (blue), 3.0 (purple), 4.0 (green), 4.9 (red), and 6.5 (black)
and (b) UV-vis and CD spectra of the same solution at pH 6.5 (black), 7.2 (%reen),
7.9 (red), 10.7 (purple), 11.0 (light blue), 12.0 (blue), and 14.0 (orange); the UV-
vis spectrum (dotted black line) of PyPT in DMSO-H,0 (1:9); all spectra recorded
at25°Cina 1l cm cell

Conclusions

In the present study, we have elucidated the mechanism of
dynamic glucan-polythiophene hybridization by using curdlan
and schizophyllan as representative unbranched and branched
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linear polysaccharides and polycationic PyPT
chromophoric hybridization partner. The in situ hybridization
to hetero-triplex [(Cur),*PyPT] upon addition of an aqueous
solution of PyPT to a DMSO solution of Cur at ambient
temperatures turned out to be far from completion (processes
(a) and (b) in Scheme 1). Indeed, the hybridization was greatly
accelerated by raising the solution temperature or pH to reach
a saturation at 90 °C or at pH 10.5, indicating that the
hybridization is driven by the partial deprotonation and
subsequent disassembling of Cur homo-triplex to negatively
charged homo-duplex (process (a)), which spontaneously
hybridizes with positively charged PyPT to give a polyionic
hetero-triplex (major (b) and minor (c)). It should be
emphasized that polycationic PyPT can unzip Cur homo-triplex
and hybridize with the resulting homo-duplex in neutral
aqueous solutions, despite that Cur homo-triplex does not
show any sign of disassembling even at high temperatures in
the absence of PyPT or in the presence of neutral PT.
Interestingly, the hetero-triplex disassembles to hetero-duplex
at very high pH (>11) through further deprotonation from Cur
in the hetero-triplex (process (d)). Since SPG hybridizes
similarly or even more readily with PyPT, this hybridization
mechanism (Scheme 1) should operate more generally with
any combinations of glucans and cationic polymers to find
applications in stimulus-responding molecular and chirality
sensing and delivery systems and switchable memory
applications, and ultimately chiral supramolecular architecture
construction.
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