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ABSTRACT: A new strategy has been designed for visualized
detection of the conformation changes of calmodulin bound to
target peptide (CaM-M13) based on the conformation
sensitive property of a water-soluble conjugated polythiophene
derivative (PMNT) and the electrostatic interactions of
PMNT/CaM-M13. Interestingly, the direct visualized PMNT
color changes under UV irradiation and the turbidity changes
of samples in aqueous medium can be applied to detect the
conformation changes as well as the controllable assembly of
PMNT/CaM-M13 with Ca** in aqueous medium. Because of
the specific binding of Ca*', the assembly of PMNT/CaM-M13
can be applied to sense calcium as well.

.%5“& R e
W \E

Ca?'/CaM-M13

KEYWORDS: assembly, calcium, CaM-M13, conformation changes, conjugated polythiophene

almodulin (CaM) functions as a calcium sensor in cells,
mediating a variety of intracellular signaling transductions

by binding to calcium.' The extended conformation of calcium
free form of CaM converts to a compact structure upon binding
with target protein in the presence of calcium.” The C terminus
of CaM has been bound to the target peptide of M13, the 577
to 602 residues of skeletal myosin light-chain kinase, leading to
the formation of the hybrid protein of CaM-M13.> The
extended dumbbell-like conformation of calcium free form
(apoCaM-M13) converts to a compact globular structure upon
binding with Ca** (Ca**/CaM-M13).”> Such a conformation
change is a very important biomolecular process, forming one
part in Ca®* mediated intracellular signaling transductions.® The
most conventional techniques to determine the conformations
of protein include X-ray crystallography,” NMR spectroscopy,”
and single-pair fluorescence resonance energy transfer.®
However, these methods require expensive instruments,
complicated procedures, and veteran experimenter, which
limits their applications. Therefore, a new, simple, highly
sensitive and selective approach to the detection of the
conformation change process of CaM-M13 is urgently needed.
Water-soluble conjugated polymers (WCP) are well-known
for their light-harvesting properties and signal amplifications by
coordinating the action of a large number of absorbing
units.”~'" WCP have been used for sensitive detection of
biological macromolecules and fluorescence imaging, offering
remarkable advantages in contrast to small molecule
probes."””™'® The optical properties of conjugated polythio-
phene have been reported to be highly sensitive to conforma-
tional variations of its conjugated backbone.'*~?* For example,
Nilsson and Inganis have introduced conjugated polythiophene
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as a sensitive optical conformation probe to detect amyloid
fibrils and the conformational changes of calmodulin.'>*372¢
Inspired by these observations, we describe here a new simple,
label-free, highly sensitive visual detection for conformation
change of CaM-M13 and present a strategy to control the
formation of assemblies of CaM-M13 with PMNT in aqueous
medium based on the conformational flexibility of PMNT.

As illustrated in Scheme 1, we employed a water-soluble,
positively charged conjugated polythiophene, poly(3-(3’-
N,N,N-triethylamino-1’-propyloxy)-4-methyl-2,5-thiophene hy-
drochloride) (PMNT) to detect the conformation changes of
CaM-M13. The anionic CaM-M13 with many negatively
charged amino acid residues in the four EF-hands of opposing
globular domains and the central linker region can form
micrometer-sized supramolecular complexes with the cationic
PMNT by intense electrostatic interactions, in which PMNT
backbone coiled around CaM and transform from a random-
coil conformation to a more nonplanar and less conjugated
conformation, exhibiting relatively blue-shifted absorption and
emission wavelength. However, the blue-shifted values decrease
gradually with the addition of Ca** ions due to the
transformation of extended form of apoCaM-M13 to compact
form of Ca®*/CaM-M13, which induces the PMNT to return to
its random-coil conformation. Moreover, the negative charge
density of Ca**/CaM-M13 becomes lower in contrast to that of
apoCaM-M13, and the free Ca’* ions in solution make the
negative charge density on surface of CaM-M13 decrease.
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Scheme 1. (a) Schematic Representation of the Detection of The PMNT shows an absorption maximum at 410 nm,
Conformation Changes of CaM-M13 and Ca®>" Controllable relating to the 7z—a* transition of the conjugated polythio-
Assembly of PMNT/CaM-M13; (b) Chemical Structure of phenes.27 The molecular weights of the cationic polythiophene
the PMNT showed that the polymers contain 20—40 thiophene repeat
units in the backbone,”’ indicating the intense interpolyelec-

s trolyte interactions between PMNT and CaM-M13. The

o APRE A PMNT emits yellow fluorescence in Tris-HCI buffer with UV

: \ light irradiation and exhibits emission spectra with a maximum

apoCaM ,- %y at 523 nm, corresponding to a flexible and random-coil

conformation of the polythiophenes backbone.'”**** Upon
addition of CaM-M13 ([PMNT] = 25.0 uM in repeat units
(RUs), [CaM-M13] = 1.4 uM), the absorption maximum of
PMNT was blue-shifted by 13 nm (Figure la), indicating a
. transformation from a random-coil conformation to a more
\ 5 7 nonplanar and less conjugated conformation and the formation
‘ - of the electrostatic complexes of PMNT with CaM-M13. The
blue-shifted value (A1) of absorption maximum of PMNT with
successive addition of CaM-M13 was also examined. As shown
b ® o) in Figure 1b, it exhibits the increase of Al with adding CaM-

N(C,Hs); CI MI13 and the detection limit can be lowered to 6.16 pmol.
However, the A4 decrease gradually with the addition of Ca®"

Hi3C O\/\/ 2
ions (Figure 1d). When the concentration of Ca®* ions increase
/7 \ to 5.0 mM, the absorption maximum of PMNT return to 410
s~ PMNT

Ca?*/CaM-M13

nm (Figure 1c), the same to that of free PMNT in aqueous
solution, implying the fact that the PMNT backbone returned
to the random-coil conformation of the PMNT alone.
Furthermore, the effect of the concentration of Tris-HCI buffer
to the A4 was also checked (see Figure S1 in the Supporting

Therefore, Ca>* ions can induce micrometer-sized supra- Information), and the UV—vis spectra and fluorescence
molecular complexes into well-separate nanoparticles in emission show about 20 nm changes between PMNT and
aqueous medium. Furthermore, the conformational changes PMNT/CaM-M13 with 100 mM of Tris-HCl buffer, max-

of CaM-M13 and the Ca** controllable assembly of CaM-M13 imizing the difference of PMNT/CaM-M13 with and without
with PMNT can be visualized directly by “naked-eye” in view of Ca®". Interestingly, the turbidity changes can be observed by

the turbidity changes of samples in aqueous medium and absorption spectra (see Figure S3 in the Supporting
PMNT color changes under UV irradiation. Information) as well as by the naked eye during this
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Figure 1. (a) The UV—vis spectra of PMNT in the absence and presence of CaM-M13. (b) Blue-shifted value (AA) of absorption maximum of
PMNT with successive addition of CaM-M13. (c) UV—vis spectra of CaM-M13/PMNT with and without Ca®* (5.0 mM). (d) The decrease of A4
of absorption maximum of CaM-M13/PMNT as a function of Ca®* concentrations. (e) Photographs of PMNT, CaM-M13/PMNT, 5.0 mM Ca**/
CaM-M13/PMNT, and 100.0 mM Ca?*/CaM-M13/PMNT. [PMNT] = 150.0 uM in repeat units (RUs), [CaM-M13] = 8.4 uM. (f) UV—vis
spectra of PMNT with successive addition of Ca’*. Measurements were performed in Tris-HCl buffer solution (20.0 mM, pH 7.4).
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conformational changing process. As shown in Figure le, it
shows the changes from clear to turbid upon forming
complexes of CaM-M13/PMNT, and the complexes reconvert
to clear solution along with the addition of Ca*" ions, implying
that the anionic CaM-M13 can form supramolecular complexes
with the cationic PMNT by electrostatic interactions and Ca**
ions separate the complexes in aqueous medium. The control
experiment shows that Ca’* ions cannot alter the absorption
spectra of PMNT when adding Ca’* ions successively into
solution of PMNT (Figure 1f). These results demonstrate a
simple, convenient, and visualized detection of the conforma-
tion changes of CaM-M13 and the formation of electrostatic
assemblies of CaM-M13/PMNT.

Figure 2 suggests that the fluorescence emission spectra can
be applied to probe the conformational changes of CaM-M13
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Figure 2. (a) Emission spectra of PMNT, CaM-M13/PMNT. (b)
Emission spectra of CaM-M13/PMNT as a function of Ca
concentrations. (c) Fluorescence images of PMNT, CaM-M13/
PMNT, 5.0 mM Ca**/CaM-M13/PMNT, and 100 mM Ca**/CaM-
M13/PMNT under UV light (4,,,, = 365 nm). [PMNT] = 150.0 uM
in RUs, [CaM-M13] = 8.4 uM. (d) Emission spectra of PMNT with
successive addition of Ca**. Measurements were performed in Tris-
HCI buffer solution (20.0 mM, pH 7.4). The excitation wavelength is
410 nm.

as well. Upon the addition of CaM-MI13, the emission
maximum was blue-shifted by 11 nm (Figure 2a), and the
blue-shifted value decrease gradually with the addition of Ca**
ions ([Ca’*] = 0-5.0 mM) (Figure 2b). When the
concentration of Ca?* ions increase to 5.0 mM, the emission
spectra of PMNT return to the same with that of free PMNT in
aqueous solution. The fluorescence measurements indicate that
the PMNT exhibits relatively blue-shifted emission wavelength
as a result of the less conjugated and more nonplanar
conformation in comparison to PMNT itself in CaM-M13/
PMNT complexes, and then reconvert to the random-coil
conformation induced by Ca®" ions. Fluorescence images of
PMNT, CaM-M13/PMNT, and Ca**/CaM-M13/PMNT
under UV light presented a noticeable color changes from
yellow to green and then return to yellow (Figure 2c). From
the emission spectra, fluorescence images and minor interfer-
ence to the emission of PMNT from Ca*' ions (Figure 2d), it
offers a versatile methodology without any expensive equip-
ment and sophisticated procedures to probe the CaM-M13
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conformational transition. To determine the optimum working
pH condition, the blue-shifted value (AA) of absorption
maximum (see Figure S4 in the Supporting Information) and
emission maximum (see Figure SS in the Supporting
Information) for CaM-M13/PMNT and Ca**/CaM-M13/
PMNT at various pH were measured, indicating that the
system could satisfy with the physiological pH range.

We conducted the control absorbance and emission
measurements for solutions of PMNT containing natural
calmodulin (CaM) without M13 in the absence and presence
of Ca*", showing a slight shift as well as that for albumin from
bovine serum (BSA), lysozyme (LZM), and streptavidin (SA),
implying that binding to the target peptide of M13 causes the
transition from the extended dumbbell-like conformation of
calcium free form to a compact globular structure in the
presence of Ca*" and then lead to the conformational change of
PMNT (Table 1). It is noteworthy that the assembly of

Table 1. Absorption Maximum, Emission Maximum, and the
Shifted Value (AA) for Solutions of PMNT Containing
Different Kinds of Proteins (CaM-M13, CaM, BSA, LZM,
SA) in the Absence and Presence of Ca®*

absorption max (nm) emission max (nm)

C az+ / C az+ /
protein/ protein/ protein/ protein/
PMNT PMNT AL PMNT PMNT AL
CaM- 396 408 12 S11 522 11
M13
CaM 399 397 -2 S11 509 -2
BSA 394 396 2 516 516 0
LZM 410 410 0 522 522 0
SA 408 410 2 518 518 0

PMNT/CaM-M13 can also be used to sense Ca®* ions with
high selectivity because of the specific binding of Ca** (see
Figure S6 in the Supporting Information). The decrease in
blue-shifted value (A1) of absorption maximum of PMNT in
Ca’*/CaM-M13/PMNT versus incubation time of CaM-M13/
Ca’ in Tris-HCI buffer was also investigated, indicating that
PMNT can be used to detect the process of conformation
changes (see Figure S7 in the Supporting Information).

To investigate the controllable supramolecular assemblies by
calcium in aqueous medium, we performed the dynamic light
scattering (DLS) measurements in Tris-HCl buffer (20 mM,
pH 7.4). As shown in Figure 3, the average hydrodynamic
radius of CaM-M13/PMNT was about 1 ym, which was much
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Figure 3. Dynamic light scattering analysis of PMNT, CaM-M13/
PMNT, and Ca?*/CaM-M13/PMNT in Tris-HCI buffer (20.0 mM).
[PMNT] = 30.0 uM in repeat units (RUs), [CaM-M13] = 1.4 uM,
[Ca®*] = 100.0 mM.
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larger than that of PMNT and CaM-M13 themself, indicating
the formation of larger assembly or aggregation upon addition
of CaM-M13 in Tris-HCI buffer and thus the turbid suspension
was observed. However, upon the addition of Ca®" ions in
aqueous medium, the micrometer-sized supramolecular com-
plexes were disassembled to well-separate nanoparticles with
the average hydrodynamic radius of 5 nm, which is close to that
of PMNT itself. Furthermore, { potentials of CaM-M13 and
CaM-M13/PMNT complex with and without Ca’* ions have
also been examined in Tris-HCI buffer (Table 2). For CaM-

Table 2. ¢ Potential of PMNT, CaM-M13, Ca>*/CaM-M13,
CaM-M13/PMN, and Ca?*/CaM-M13/PMNT in Tris-HCl
Buffer (20.0 mM, pH 7.4)

¢ potential (mV)

PMNT 21.9
CaM-M13 —-13.0
Ca**/CaM-M13 -3.1
CaM-M13/PMNT 7.28
Ca*/CaM-M13/PMNT 14.9

M13/PMNT complex, { potential became less cationic than
that of PMNT itself, confirming the electrostatic interactions
between PMNT and CaM-M13. For CaM-M13, its { potentials
data demonstrated that the surface charges became less when
binding with Ca?" ions, from —13.0 to —3.1 mV,, leading to the
weak interactions with PMNT and then disassembly of
supramolecular complexes of CaM-M13/PMNT. Considering
the DLS and { potential measurements, it is proposed that the
intense electrostatic interaction between the PMNT and
apoCaM-M13 makes the formation of micrometer-sized
supramolecular assemblies of CaM-M13/PMNT. The CaM-
M13 bind with Ca®* in four EF-hands domains and then
convert to a compact structure of Ca®*/CaM-M13 when adding
Ca®, and the negative charge density of Ca**/CaM-MI13
becomes lower in contrast to that in apoCaM-M13. Therefore,
PMNT return to the random-coil conformation and the
assemblies of CaM-M13/PMNT disassemble in aqueous
media.

In conclusion, we have developed a straightforward, simple,
label-free, and highly sensitive visualized detection for the
conformation changes of calmodulin bound to target peptide
and calcium controllable assembly in aqueous medium based
on the conformational flexibility of PMNT. The new
electrostatic complex of PMNT/CaM-M13 has several
significant characteristics. First, PMNT/CaM-M13 complex
can be obtained without covalent linkage of chemical ligands
and fluorescent labels, which reduces complicated synthesis
procedures. Second, Ca®" ions induce the micrometer-sized
supramolecular complexes of PMNT/CaM-MI13 into well-
separated nanoparticles in aqueous medium. Third, the
transition of apoCaM-M13 to Ca’>"/CaM-M13 and the Ca*'
controllable assembly of CaM-M13 with PMNT were directly
visualized with naked-eye by the turbidity changes of samples in
aqueous medium and the fluorescence color changes. Last but
not the least, the assembly of PMNT/CaM-M13 can also be
applied as a platform for Ca** detection. This strategy is
potential to detect conformation changes induced by biospecific
interactions and construct controllable hybrid materials.
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