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Role of Achiral Nucleobases in Multicomponent Chiral Self-Assembly:
Purine-Triggered Helix and Chirality Transfer

Ming Deng, Li Zhang,* Yugian Jiang, and Minghua Liu*

Abstract: Chiral self-assembly is a basic process in biological
systems, where many chiral biomolecules such as amino acids
and sugars play important roles. Achiral nucleobases usually
covalently bond to saccharides and play a significant role in the
formation of the double helix structure. However, it remains
unclear how the achiral nucleobases can function in chiral self-
assembly without the sugar modification. Herein, we have
clarified that purine nucleobases could trigger N-(9-fluorenyl-
methox-ycarbonyl) (Fmoc)-protected glutamic acid to self-
assemble into helical nanostructures. Moreover, the helical
nanostructure could serve as a matrix and transfer the chirality
to an achiral fluorescence probe, thioflavin T (ThT). Upon
chirality transfer, the ThT showed not only supramolecular
chirality but also circular polarized fluorescence (CPL).
Without the nucleobase, the self-assembly processes cannot
happen, thus providing an example where achiral molecules
played an essential role in the expression and transfer of the
chirality.

Helical nanostructures, such as o helices in proteins,
double-helical deoxyribonucleic acid (DNA), and the triple
helix in collagen, are beautiful and widely observed in
biological systems. These helical nanostructures play an
important role in the construction of three-dimensional
architectures to express unique biological functions.'l As
a result of evolution, nature utilizes saccharides, amino acids,
and nucleobases as the fundamental building blocks for the
creation of biomacromolecules as well as the chiral self-
assembly into well-organized nanostructures.” Both amino
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acids and saccharides are major chiral units that form the
biomacromolecules through the covalent bonds and then fold
into three-dimensional structures through non-covalent
bonds. Achiral nucleobases utilize their H-bonding capacity
to support DNA double-helix structures, which means that
the role of achiral molecules is also very important for
understanding the origins of chirality in supramolecular
systems. In mimicking the biological chiral self-assembly,
amino acids, peptides, and saccharides have been extensively
investigated,” while self-assemblies containing achiral nucle-
obases are relatively less studied. As an important achiral
component, nucleobases usually covalently bond to sugar and
play a significant role in the formation of the double-helix
structure. However, it remains unclear how the achiral
nucleobases can function in the chiral self-assembly without
modification by the saccharides.! Herein, we have inves-
tigated self-assembly based on a chiral amino acid, achiral
nucleobase, and dye, in order to understand the role of the
achiral molecules in multicomponent chiral self-assemblies.
We have unexpectedly found that the achiral nucleobase can
trigger the helix of Fmoc-Glu and transfer their chiral sense to
the achiral cationic dye. Figure 1l illustrates the helical
structures formed by Fmoc-Glu with achiral purine nucleo-
bases (guanine (G) or adenine (A)). In addition, when
a fluorescent molecule is introduced into the two-component
assemblies, it will also express helicity at the nanoscale level
and further transfer the chirality to the fluorescent molecules,
thus leading to a strong circular-polarized fluorescence
(CPL). In the absence of A or G, Fmoc-Glu will not express
the chirality. And the chirality of Fmoc-Glu cannot be directly
transferred to ThT without the aid of nucleobase, indicating
that achiral nucleobases play an essential role in the
expression and transfer of chirality.

The self-assemblies of Fmoc-Glu (L or D enantiomers)
together with nucleobase were performed in aqueous solu-
tion. A racemic mixture of Fmoc-Glu was not used in this
study. Fmoc-Glu (L or D) itself cannot self-assemble into
hydrogels, but upon mixing with the nucleobase, hydrogels or
precipitates are formed depending on the structure of
nucleobase. Purines (G or A) were found to form an
opaque and translucent hydrogel with Fmoc-L-Glu, respec-
tively. In contrast, no hydrogels were presented in the
pyrimidine nucleobase (thymine (T) or cytosine (C)), as
shown in Figure S1. Rheological studies further revealed
hydrogel formation of Fmoc-Glu with purine nucleobases
(Figure S2). The storage modulus (G’) was found to be
approximately an order of magnitude larger than the loss
modulus (G”), indicative of an elastic rather than viscous
material. Such rheological behavior is characteristic of gel
materials.”’
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Figure 1. Top: Chemical structures of the Fmoc-Glu, purine nucleo-
base, and achiral dye (ThT), and illustration on the achiral purine-
nucleobase-mediated chirality transfer from Fmoc-Glu to achiral ThT.
Fmoc-Glu and purine nucleobase self-assemble into helical structures.
Upon further mixing with ThT, they further self-assemble into helices.
In the absence of A or G, no assembly or chiral nanostructures are
obtained. Bottom: a,b) AFM images of Fmoc-L(D)-Glu/A; ¢, d) AFM
images of Fmoc-L(p)-Glu/A/ThT self-assemblies.

The nanostructures obtained in hydrogels can be visual-
ized by AFM and SEM (Figures 1, S3, and S7). Figure 1a,b
shows helical nanostructures formed in the complex of Fmoc-
Glu/A. Left-handed helices appear in the co-hydrogel of
Fmoc-L-Glu and A (Figure 1a). The height profile of fibers
obtained from AFM images analyzed by NanoScope Analysis
or statistical analysis by software FiberApp!® revealed that
these helices have a pitch of around 125 nm and width of
about 90 nm. By contrast, right-handed helices were found
when Fmoc-D-Glu is used. The mirror image of the helix
indicates that helicity is determined by chiral information of
Fmoc-Glu. SEM was further utilized to confirm the morphol-
ogy and nanostructures of Fmoc-Glu with four nucleobases.
Fmoc-Glu (L and D) exhibited irregular nanostructures (Fig-
ure S3a). Addition of A or G caused the emergence of helical
nanostructures (Figure S3b, b', e, ¢’). Mirror images of the
helices were found to be induced by the enantiomer of Fmoc-
Glu, further indicating that molecular chirality of Fmoc-Glu
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could be transferred to the macroscopic level and control the
chirality of the nanostructures.” Pyrimidine nucleobases C or
T cannot trigger Fmoc-Glu to build any chiral structures. In
the case of T, short but wide ribbons with width of about
300 nm form (Figure S3c,c’), which are significantly larger
than that of Fmoc-Glu/A (G). Addition of C caused a greater
difference than that of Fmoc-Glu/A (G). Microflowers
composed of nanoflakes were obtained (Figure S3d,d"). The
common morphological features between Fmoc-Glu/C and
Fmoc-Glu/T are the absence of chiral sense and nanostruc-
tures with larger size, which lead to precipitation (Fig-
ure Sld,e).

Circular dichroism (CD) spectroscopy is a powerful tool
for understanding the arrangement of chiral molecules in the
associated state because intermolecular interactions, espe-
cially between chromophore molecules, may produce striking
chiroptical responses and generate CD signals often much
stronger in the associated state compared to their isolated
molecular state. Figure 2 and Figure S4 show the CD spectra
of the gels.
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Figure 2. A) CD spectra of the hydrogels of Fmoc-L(p)-Glu/A. B) CD
spectra of Fmoc-L(p)-Glu/G. C,D) UV/Vis and fluorescence spectra of
samples (the line of a b c d represents the co-assembly of Fmoc-Glu
with four nucleobases:A, T, C, G, respectively. Curve e represents
native Fmoc-Glu.

The CD signal of the Fmoc-Glu suspension is almost silent
in the range of 250 nm-350 nm, ascribed to the Fmoc
chromophores, even though Fmoc-Glu is a chiral mole-
cule.”*®! This result indicates that the molecular chirality
could not be transferred to Fmoc chromophores or amplified
to be detected in the CD spectra. When Fmoc-Glu co-
assembled with A or G, obvious CD signals were obtained
(Figure 2). Fmoc-L-Glu/A showed characteristic Cotton
effects in the region of 270-310 nm (Figure 2 A), which are
consistent with the adsorption band in the region of 270-
350 nm, assigned to the w-mt* transitions of the Fmoc moiety!!
(Figure 2C). In the case of the p-enantiomer of Fmoc-Glu
with A, the mirror image of the CD spectrum profile with that
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of Fmoc-L-Glu/A was obtained, indicating that A induces
chiral packing of Fmoc-Glu. Additionally, the contribution of
possible linear dichroism (LD) on the CD signals were
evaluated.'"”) As shown in Figure S5, the LD signal was much
lower than that of the CD signal, indicating that the LD is
negligible in our system. As for Fmoc-L-Glu/G (Figure 2B),
the CD spectrum profile exhibits small differences from that
of Fmoc-Glu/A. First, there are two negative Cotton effects
located at 301 and 311 nm, which show red-shift relative to
Fmoc-Glu/A. Considering the white gel formed in Fmoc-Glu/
G, we speculate the red-shift of the CD signals is the result of
chiral scattering. But it is worth noting that the hydrogel
containing A exhibits an opposite CD signal to the hydrogel
with G: Fmoc-L-Glu shows positive CD signals when it
interact with A, however, Fmoc-L-Glu presents a negative
Cotton effect when it co-assembles with G. The p-enantiomer
of Fmoc-Glu shows an opposite CD signal when it co-
assembles with A or G, respectively. We speculate the angle of
the Fmoc moiety packing is different when Fmoc-Glu co-
assemble with A or G, respectively. In comparison with that of
A or G, complexes of Fmoc-Glu/C did not exhibit obvious CD
signals (Figure S4). Although Fmoc-Glu/T showed CD sig-
nals, it did not exhibit obvious helical nanostructures. This
indicates that A and G induced more effective expression of
helicity in the assemblies than T and C.

The fluorescence spectra of Fmoc-Glu with four nucleo-
bases are shown in Figure 2D. In comparison with plain
Fmoc-Glu, A and G cause a red-shift in the fluorescence
emission, while T and C almost maintain the Fmoc-Glu
emission, indicating that in the Fmoc-Glu/A (G) system, m-t
stacking is stronger than that of the T (C) system. This
stronger w7 stacking is related to the purine structures and
may finally lead to the hydrogel formation.F*!

Furthermore, these helical structures are found to be able
to transfer their chirality to a second achiral component.
Thioflavin T (ThT), as the most popular fluorescent probe, is
used for the detection of amyloid fibers and also to study gel
formation, due to its environment-dependent emission behav-
ior." Tt is reported that the fluorescence of ThT increases
remarkably when it is bound to amyloid fibers or other
hydrophobic patches because its freely rotating aromatic rings
become fixed.'” In this context, ThT was selected as an
indicator to investigate whether the chiral sense of the helix in
Fmoc-Glu/A (G) transferred to the achiral moiety.

Purine A (adenine) could co-assemble with Fmoc-Glu
into a semi-transparent hydrogel (Figure 3 a, left) and has no
obvious fluorescence under the irradiation (Figure 3b, left).
When ThT was added in Fmoc-Glu/A gel, a semi-transparent
yellow hydrogel formed, and this hydrogel emitted cyan
fluorescence (Figure 3b, middle). It is clear that no hydrogel
is formed when adenine is absent, and there is no fluorescence
emission, indicating that the hydrogel media and the nucle-
obase play a significant role in fluorescence emission. Differ-
ent amounts of ThT were doped into the complex of Fmoc-
Glu/A to study the effect of ThT concentration on hydrogel
properties. The results reveal that ThT did not affect the
formation of hydrogel until its concentration reached 0.2 mm
(Figure S6a). Additionally, the fluorescence intensity gradu-
ally increases with increasing concentrations of ThT, and
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Figure 3. Photo images of assemblies containing Fmoc-Glu under
visible light (a) and UV light irradiation (b): from left to right: Fmoc-
Glu/A, Fmoc-Glu/A/ThT, Fmoc-Glu/ThT; ¢,d) CD and UV/Vis spectra
of the hydrogels composed of Fmoc-L(p)-Glu/A/ThT, respectively;
e,f) CPL spectra of Fmoc-L(p)-Glu/A/ThT.

a maximal value was obtained at 0.1 mm (Figure S6b).
Afterwards, the fluorescent quantum yields were obtained
in a calibrated integrated sphere under the photolumines-
cence (PL) curve in the wavelength range 430-630 nm, and
the result (®,) was about 45 %. Thus, we selected 0.1 mm ThT
for the following studies.

The effect of ThT on the nanostructures of Fmoc-Glu/A
hydrogels was also investigated by AFM and SEM techniques.
Upon addition of ThT, the helical sense of the nanostructures
was preserved, and more, the helical pitch and width of the
helix increased simultaneously (Figures 1¢,d and S7). SEM
images revealed that no phase separation was observed,
indicating that ThT could insert into helical nanostructures
(Figure S7a,b). Detailed analysis of the AFM images (Fig-
ure S7c—j) showed that the pitch of the helix is larger than that
of Fmoc-L-Glu/A. The left-handed helix with helical pitch is
about 125 nm for Fmoc-L-Glu/A; upon addition of ThT, the
helical pitch increases to about 145 nm. Moreover, the helix
width increases from 90 £+ 20 nm to about 130 +20 nm upon
addition of ThT. The increase of helical pitch and width
further supports ThT being inserted into the helix. Further-
more, rheological studies provide further evidence for ThT
insertion into fibers formed by Fmoc-Glu/A. Figure S8
confirmed that small amount of ThT make the hydrogel
stiffer and more solid. Dynamic frequency sweep experiments
on the hydrogels of Fmoc-Glu/A and Fmoc-Glu/A/ThT show
that hydrogels containing ThT exhibited higher storage
moduli and loss moduli (Figure S8a). Addition of ThT
increased the yield strain'™ (Figure S8b, taken as the point
at which G” > G’) of the hydrogel. Both G’ and G” are much
higher for the ThT-containing sample. These data strongly
suggest that the mechanical properties of the hydrogels would

Angew. Chem. 2016, 128, 15286 —15290


http://www.angewandte.de

GDCh
~~

be enhanced by addition of ThT, indicating ThT joined in the
co-assembly with Fmoc-Glu and A.

The CD spectra were also recorded to monitor the chiral
properties of the achiral ThT-doped hydrogel (Figure 3). As
for Fmoc-L-Glu/A/ThT, besides a Cotton effect at about
301 nm, which belonged to helical packing of Fmoc chromo-
phores, a new negative CD signal appeared at 442 nm
(Figure 3c¢). This new CD signal could be ascribed to ThT
chromophores, which is consistent with the absorption band
(Figure 3d), indicating that chirality of ThT is induced in the
matrix of the helix formed by Fmoc-Glu and A."! To further
verify the effectiveness of chirality transfer, we employed the
enantiomer (Fmoc-D-Glu) to repeat the experiments, and
exact mirror CD signals with substantial characteristic Cotton
effects (CEs) were found, which supports our analysis. In
addition, to confirm that the purine A plays an indispensable
role in realizing the chirality transfer, the CD spectrum of
Fmoc-Glu/ThT was monitored. The CD signal for ThT
chromophore was found to be silent without A (Figure S9a).
We also tested the hydrogel containing another purine (G) to
induce the chirality of ThT (Figure S9b). As for Fmoc-L-Glu/
G, a negative Cotton effect was observed at the ThT
adsorption band, which is the same as in Fmoc-L-Glu/A,
although A and G cause opposite CD signals in the Fmoc
chromophores. All of these results indicate that ThT follows
the chirality of Fmoc-Glu and the purine base functions as
a bridge to transfer the chirality of Fmoc-Glu to ThT. With the
increasing interest in developing materials exhibiting circu-
larly polarized luminescence (CPL),™ supramolecular gels
with CPL emission, as functional soft materials, have been
explored recently. We further monitored the CPL spectra of
hydrogels containing ThT. It was exciting to find that a wide
negative peak centered at 490 nm exhibited in the Fmoc-L-
Glu/A/ThT hydrogels, whereas a mirror CPL signal appeared
in Fmoc-D-Glu/A/ThT hydrogels (Figure 3e.f). The 4,,,, of the
CPL signal is consistent with the fluorescence emission
spectra, and the |g.,| values for Fmoc-L(D)-Glu/A/ThT
were ~7.17x 107 and 6.22x 1073, respectively. The CPL
emission was also found in the hydrogel of Fmoc-Glu/G/ThT
(Figure S9c¢). For pyrimidine base (T), there is no induced CD
and CPL signals for doped ThT (Figure S9d,e), further
suggesting that m-t stacking between the purine base and
ThT lead to the chirality transfer.

X-ray diffraction (XRD) patterns were obtained for the
purine-triggered Fmoc-Glu gels and ThT-inserted gels. Well-
defined XRD patterns of Fmoc-Glu itself display d-spacing of
2.36, 1.20, 0.80, 0.61, 0.48, and 0.40 nm, calculated from
Bragg’s equation, which corresponds to ratio of 1, 1:2, 1:3, 1:4,
1:5 and 1:6, respectively, indicating an obvious lamellar
structure with a d-spacing of 2.36 nm!"! (Figure 4a). This
d-spacing is larger than one molecular length of Fmoc-Glu
(1.34 nm) but shorter than two, indicating a bilayer structure
of Fmoc-Glu with an overlapping Fmoc moiety. It was found
that the XRD patterns do not change significantly after
assembly with the nucleobase. In contrast, we changed the
mixing ratio of Fmoc-Glu to A and investigated their gel
formation (Figure S1), nanostructures (Figure S10), and CD
spectra (Figure S11), and found that only in the ratio of 2:1,
Fmoc-Glu and A formed the stable hydrogel and uniform
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Figure 4. Top: XRD patterns of assemblies of Fmoc-Glu, Fmoc-Glu/A,
and Fmoc-Glu/A/ThT. Bottom: illustration of molecular packing. Front
view of a) Fmoc-Glu packing as a bilayer structure with wt-t stacking of
Fmoc moiety; b) purine base, A, inserted into two alternate glutamic
acid molecules through hydrogen bonding between A and carboxylic
acid; c) ThT molecules inserted into the Fmoc-Glu/A complex by wt-it
stacking with A. For simplicity, only one pair of lamellar structure is
shown.
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helical fibers. Based on these results, we speculate that the
nucleobase laterally attached on the bilayer surface of Fmoc-
Glu (Figure 4b). The purine bases interact with two alternate
glutamic acids through hydrogen bonding!"”! (Figure 4b,
inset), and the bulky purine base may cause the torsion of
neighboring Fmoc-Glu molecules. This purine-base-inserted
bilayer structure serves as a basic repeat unit, which forms
multiple bilayers, and further hierarchically self-assembles
into higher level nanohelices. The larger conjugated structure
of purine nucleobases than that of pyrimidines is attributed to
stronger -7t stacking, causing the formation of hydrogels and
chiral structures. After inserting ThT, the d-spacing is a slightly
enlarged (2.72 nm), and the increment (0.32 nm) may be
ascribed to the length of the dimethylbenzenamine moiety.
The benzothiazole moiety is inserted into the bilayer to cause
the helical pitch to increase further (Figure 4c¢).

Fmoc-Glu was found to co-assemble into hydrogels with
purine nucleobases, and helical architectures were exhibited
in hydrogels. In contrast, pyrimidine nucleobases cannot
trigger Fmoc-Glu either into chiral structures or hydrogels. It
was suggested that the hydrogen bonding between the A or G
and glutamic acid, enhanced m-m stacking, and hydrophobic
interaction of the two-component assemblies synergetic
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contributed to the expression of chiral nanostructures.
Further, the helical structures worked as a matrix and
transferred the chirality to a fluorescent dye ThT. In this
system, the achiral nucleobase acted as a bridge to mediate
chirality transfer from Fmoc-Glu to ThT. By combination of
chirality transfer and fluorescence, a hydrogel emitting CPL
was obtained. The results demonstrated that the achiral
nucleobase plays an essential role in chiral self-assembly.
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