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ABSTRACT: Water-soluble π-conjugated polymers are increasingly
envisioned in biosensors, in which their unique optical and electronic
properties permit a highly sensitive detection of biomolecular targets.
In particular, cationic π-conjugated polymers are attractive for DNA
sensing technologies, through the use of the fluorescence signals either
in physiological solutions or in thin films. However, in the context of
enzymatic activity assays, fluorescence-based methods require cova-
lently labeling DNA with a dye or an antibody and are limited to short
time scale due to dye photobleaching. In this frame, we report here a
novel possible approach to probe the cleavage of DNA by a restriction
enzyme, in continuous and without covalently labeled DNA substrate.
This is achieved by exploiting unique chiroptical signals arising from
the chiral induction of DNA to a poly[3-(6′-(trimethylphosphonium)-
hexyl)thiophene-2,5-diyl] upon interaction. The cleavage of DNA by
HpaI, an endonuclease enzyme, is monitored through circular dichroism (CD) signals in the spectral range where the polymer
absorbs light, i.e., far away from the spectral ranges of both DNA and the enzyme. We compare the results to a conventional
noncontinuous assay by polyacrylamide gel electrophoresis, and we demonstrate that induced CD signals are effective in
probing the enzymatic activity. By means of molecular dynamics simulations and calculations of CD spectra, we bring molecular
insights into the structure of DNA/polymer supramolecular complexes before and after the cleavage of DNA. We show that the
cleavage of DNA modifies the dynamics and the organization of the polymer backbone induced by the DNA helix. Altogether,
our results provide detailed spectroscopic and structural insights into the enzymatic cleavage of DNA in interaction with a π-
conjugated polymer, which could be helpful for developing chiroptical detection tools to monitor the catalytic activity in real
time.
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■ INTRODUCTION

The design of biosensors has become more and more
important because of the need to offer rapid and sensitive
detection methods.1,2 For instance, biosensors have been
developed for the analysis of contaminants in environmental
science, for early detection and diagnosis in medicine, and for
the detection of specific analytes for food quality control.1−8

Many research efforts have also been devoted to developing
detection tools for genetics and genomics, for example, for
accurate determination of DNA concentration, sequence
analyses, and detection of single-nucleotide variations.8−11

Currently, there is an important need to detect enzymatic
activity toward DNA, as a key issue for understanding the
genetic integrity and regulation, and develop DNA-based

enzyme-responsive materials.12−16 Many enzymes are at play
to separate DNA strands, cleave DNA, repair DNA, transfer
specific groups on nucleobases, or transpose DNA fragments,
and these chemical modifications of the genetic material are
key in the regulatory functions.13,17−20 The detection of the
enzymatic activity toward DNA is crucial to reveal the kinetics
of enzymes with various substrates, and to assess thermody-
namic data such as the affinity of enzyme inhibitors, cofactors,
and activators.21 To explore the enzymatic activity, researchers
have developed assays based on electrophoresis, chromatog-
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raphy, calorimetry, mass spectrometry, etc. However, most of
these enzymatic assays are time-consuming or noncontinuous
or suffer from the necessity of labeling DNA with radioactive
elements. Fluorescence is also largely used as a convenient
optical method to monitor enzyme activity toward DNA.22−24

However, the covalent attachment of fluorescent dyes on DNA
involves chemical modifications of DNA, and the activity as
well as the specificity of the enzymes can be affected, and the
assays may be altered by dye photobleaching. Therefore, new
methods to monitor the enzymatic activity in real-time and
without covalent labeling are needed.
One of the strategies to develop these detection tools is to

explore supramolecular approaches that make use of electro-
static interactions between cationic molecules and the anionic
phosphodiester backbone of DNA.25,26 In this frame, water-
soluble π-conjugated polymers are promising transducers for
signaling the recognition of biomolecules and their reactivity in
regards to their unique optical and electronic proper-
ties.7−9,27−33 For genomic applications, cationic π-conjugated
polyelectrolytes (CPEs) were reported to strongly interact with
DNA in aqueous solution, which was exploited to probe DNA
lesions or single-nucleotide polymorphisms at very low DNA
concentrations.8,27,29,34−38 The detection of enzymatic activity
toward DNA based on π-conjugated molecular probes
constitute an emerging topic.39−41 Up to now, this detection
has been achieved mostly through the use of Förster resonance
energy transfer (FRET) between a π-conjugated polymer and a
dye-labeled DNA, with FRET ratio related to enzymatic
activity, e.g., for a kinase or a methyltransferase.41−43 Besides,
George and some of us reported the use of circular dichroism
(CD) signals of supramolecular polymers (made of naph-
thalenediimide derivatives functionalized with Zn2+ complexes)
binding adenosine triphosphate (ATP) to monitor the activity
of a phosphatase in real-time.44 We showed that the evolution
of CD signals reflect the extent of ATP hydrolysis by the
phosphatase, going from supramolecular polymers bound to
ATP, to ADP, then AMP, and eventually phosphates. Indeed,
CD signals are very sensitive to changes in the microenviron-
ment and were shown to be effective in studying supra-
molecular systems,45,46 in particular for supramolecular DNA
recognition.47−49

Tempted to apply this supramolecular approach to further
probe the enzymatic activity with DNA as substrate in real-
time through chiroptical signals, we figured out that a cationic
π-conjugated polymer could be exploited to interact with the
anionic phosphodiester backbone along DNA. We selected
poly[3-(6′-(trimethylphosphonium)hexyl)thiophene-2,5-diyl]
(P3HT-PMe3, see Scheme 1), an achiral polymer that showed

intense induced CD signals when interacting with DNA.50,51

This polymer was notably exploited by us for the detection of
single-nucleotide polymorphism in DNA−DNA hybridization
experiments.52 From previous studies, we observed that this
polymer is preferentially adsorbed along DNA minor grooves,
therefore possibly not too much hampering an enzyme that
functions in the DNA major grooves. In the present study, we
show that this cationic π-conjugated polymer can be used to
probe the cleavage of DNA by HpaI, an endonuclease enzyme
issued from the microorganism called Haemophilus para-
inf luenzae, cleaving double-stranded DNA in blunt ends. For
this, P3HT-PMe3 is complexed with a 43-base-pair DNA
(dsR43) containing a specific restriction site of HpaI, i.e., 5′---
GTTAAC---3′, becoming 5′---GTT and AAC---3′ after the
cleavage (Scheme 1).52 The double-stranded DNA dsR43 is
cleaved in two blunt-end (be) DNA fragments, namely be1
and be2 (Scheme 1). By exploiting induced circular dichroism
(ICD) signals in the spectral range where the achiral polymer
absorbs (400−600 nm), i.e., far away from the UV region
where both the enzyme and DNA absorb (in the UV, up to
300 nm), we interrogate the pertinence of cationic π-
conjugated polymers as probes to follow enzymatic activity
throughout ICD techniques. As the ICD signals of DNA/
P3HT-PMe3 complexes are sensitive to the DNA sequence, the
appearance of ICD signals related to complexes with the be1
and be2 fragments could be monitored throughout time as an
indication of HpaI activity.
In this paper, we first report on the complexation between

dsR43 and P3HT-PMe3, by means of UV−vis absorption and
CD spectroscopies. Molecular dynamics (MD) simulations are
used to investigate the assembly, the dynamics, and the effect
of chiral induction in the DNA/polymer complexes. Next, we
assess the effect of addition of HpaI, catalyzing the cleavage of
dsR43 in two fragments, on the CD signals in a continuous
manner. The evolution of these signals is compared to the
extent of enzymatic activity estimated through a non-
continuous assay by gel electrophoresis. Finally, we evaluate
the differences in spectroscopic signals and in the structure/
dynamics of the complexes according to the size of the DNA
fragments. By combining MD simulations with calculations of
CD spectra, we reveal the conformational changes of the
polymer chain depending on the DNA length in the complex.
The combination of CD, gel electrophoresis, and molecular
modeling points to the usefulness of DNA/CPE supra-
molecular assemblies to track the activity of an enzyme
throughout time.

Scheme 1. Chemical Structure of the Cationic Conjugated Polymer (Left) and DNA Sequence under Study (Right)a

aThe specific restriction site of HpaI is depicted in red, with arrows pointing to the cleavage site.

ACS Applied Bio Materials Article

DOI: 10.1021/acsabm.9b00123
ACS Appl. Bio Mater. 2019, 2, 2125−2136

2126

http://dx.doi.org/10.1021/acsabm.9b00123


■ EXPERIMENTAL DETAILS
Materials and Sample Preparation. Oligonucleotides (ODN)

dsR43 and dsR20 (Scheme 1 and Table S1) were purchased at the
highest purity grade (UltraPureGold from Eurogentec, Belgium).
Stock solution at 100 μM were prepared in Milli-Q water and stocked
at −18 °C. P3HT-PMe3 was synthesized as previously described,51,53

and a stock solution of P3HT-PMe3 was prepared at 200 μM in Milli-
Q water. Samples of endonuclease HpaI and its restriction buffer (Cut
Smart Buffer 10x) were purchased from New England Biolabs (NEB).
HpaI was provided in Cut Smart Buffer 1x (CSB1x, pH 7.9 at 293 K),
composed of 20 mmol L−1 Tris-acetate; 10 mmol L−1 magnesium
acetate; 50 mmol L−1 potassium acetate and 100 μg.mL−1 Bovine
Serum Albumin. For the separation of gel electrophoresis, 1L of TBE
(Tris-Borate-EDTA) 10× was prepared as well as an aqueous STOP
buffer composed of 60% (w:w) sucrose and 500 mmol L−1 EDTA.
GelRed provided by Biotium was used as DNA stain. All experiments
were performed at 37 °C.
For the titration experiments, a small volume (5−10 μL) of stock

solution of ODNs was diluted in 300 μL of 1× CutSmart buffer until
the absorbance at 260 nm reached 0.7 A.U. dsR20 samples were two
times more concentrated than dsR43 samples to have a similar charge
ratio in the mixture. Solutions of P3HT-PMe3 and ODN (to cancel
dilution effects and maintain a constant concentration in DNA) were
then added in the solution to obtain the working [ODN]:[P3HT-
PMe3] molar ratios. For the enzymatic cleavage experiments,
solutions of 1:2 molar ratio in dsR43:P3HT-PMe3 were prepared in
CSB1×, and 3 units of HpaI per μg of ODN were added to the
mixture (CD-mix). For the CD control experiment (CD-control), the
volume of HpaI was replaced by the same volume of buffer.
For the gel electrophoresis experiments, one sample (called GE-

mix) was prepared as described above for cleavage, the other was used
as control (called GE-control) and prepared by diluting dsR43 in 300
μL of 1× CutSmart buffer until the absorbance at 260 nm reached 0.7
A.U, then 3 units of HpaI per μg of ODN were added to the sample.
Five microliters of GE-control mixture were extracted every 5 min for
1.5 h. The collected volume was added to an Eppendorf containing
2.5 μL of 6× purple loading gel dye and 2 μL of STOP buffer and
immediately iced. Ten microliters of GE-control mixture were
extracted every 6 min for 3 h. The collected volume was added to
an Eppendorf containing 5 μL of loading gel dye purple 6× and 4 μL
of STOP buffer and immediately iced. All samples were stored at −18
°C until gel electrophoresis.
(Chir)optical Spectroscopy. UV−vis absorption and CD spectra

were recorded with a ChirascanPlus CD spectrophotometer (from
Applied Photophysics). Measurements were performed on samples in
2 mm path length quartz Suprasil cuvettes, with a bandwidth and step
of 1 nm and with a time per point of 0.5 s. All experiments were
performed in 1× CutSmart buffer at 37 °C, using a TC125
temperature controller from Quantum Northwestern running on the
spectrophotometer and the temperature within the cuvettes was
determined using a temperature probe.
Polyacrylamide Gel Electrophoresis. Gel electrophoresis was

performed on a 20% polyacrylamide gel with TBE 1× buffer at 298 K.
Gel ran in a BIO RAD DcodeTM vat with a constant voltage of 75 V,
an intensity of 10 mA and power of 1 W for 4 h for the GE-control
samples and 14 h for the GE-mix samples. Gels were stained with
0.0005% GelRed for 30 min then pictures were taken with a 3 s
exposure time using UV illumination Gel Doc 2000. Gel pictures were
analyzed with ImageJ. The areas of the intensity peaks of PAGE bands
were estimated from the plots of lanes with ImageJ, and then
normalized by the total intensity.

■ THEORETICAL DETAILS

Molecular Dynamics (MD) simulations were performed to
study the early stages of the self-assembly between P3HT-
PMe3 and double-stranded DNA. MD simulations involve
both the assembly between P3HT-PMe3 and dsR43 DNA, and
between P3HT-PMe3 and each of the two DNA fragments that

issued from HpaI activity on dsR43, i.e., the be1 and be2 DNA
fragments. The starting B-DNA conformations were built
within the NAB (Nucleic Acid Builder) AmberTools16
module.54 The starting conformations of P3HT-PMe3 were
built within the LEaP program, the molecular builder module
of AMBER16.52 For the three systems, P3HT-PMe3 was
oriented in a perpendicular way of the DNA helix axis to avoid
any bias of the polymer preorientation with DNA. The starting
interdistance between the DNA and P3HT-PMe3 was superior
to 15 Å to prevent any bias of the DNA/CPT recognition
mode due to initial intermolecular interactions before the MD
simulations. The three starting systems are depicted in the
Figure S1. A MD simulation of P3HT-PMe3 was performed in
order to study the intrinsic dynamics of the polymer. All
simulations were achieved with the AMBER16 package. The
parmBSC1 force field (FF) was used to consider DNA
dynamics,55 and GAFF 2.1 FF was employed for the
polymer.56 A reparameterization of the bithiophene torsion
potential estimated at the MP2/cc-pvdz level and charge
calculations were performed as described in ref 34. An
appropriate number of counterions were added to neutralize
the net charge of the molecular systems, i.e., 37 Na+

counterions for the dsR43/P3HT-PMe3 system, 15 Cl−

counterions for the be1/P3HT-PMe3 system, and 3 Na+

counterions for the be2/P3HT-PMe3 system. To conduct a
relevant conformational sampling on the microsecond time
scale, the MD simulations were performed in an implicit
solvent using the generalized Born solvation model.57 For the
three systems, the same MD protocol in three steps
(minimization-heating/equilibration-production) was applied.
A first minimization was performed to relax the ionic
atmosphere of the molecular systems. For this, a steepest
descent minimization of 1000 steps was carried out with
harmonic positional constraints applied to the DNA and the
CPT with a force constant of 25 kcal mol−1 Å−2, followed by a
conjugate gradient minimization in 9000 steps. A second
minimization of 10 000 steps (1000 steepest descent steps
followed by 9000 conjugate gradient steps) was carried out
without any restraints on the molecular systems. The heating-
equilibration stage was then performed for 2 ns in the NVT
ensemble. A 2 fs time step was used as the SHAKE algorithm
constrained the length of covalent bonds that involved
hydrogen atoms. Harmonic positional constraints were applied
to DNA and P3HT-PMe3 with a force constant of 10.0 kcal
mol−1 Å−2 to avoid any deformation of DNA or P3HT-PMe3
during the heating process. First, the system was heated from 0
to 300 K over 1 ns. The temperature was then maintained for
another 1 ns with the Langevin thermostat and a collision
frequency of 1.0 ps−1. Finally, the MD production stage was
performed for a simulation time of 1.5 μs. During the
production stage, a 2 fs time step was employed with the
Langevin thermostat with a 1.0 ps−1 collision frequency. MD
snapshots were recorded each 0.5 ns, resulting in a 3,000
frames trajectory at the end of the production MD. Extraction
of MD snapshots and trajectory analyses were done with the
CPPTRAJ AmberTool16 module. Statistical analyses on the
MD trajectories were carried out with the R package.58 Images
of the MD snapshots were rendered with PyMOL 2.2.0.59 To
gain insight into the origin for the chiral response of the
P3HT-PMe3 interacting with DNA, we solved a simple Frenkel
exciton model including both through-space and through-bond
interactions between the thiophene monomer units of the
P3HT-PMe3. CD spectra were then simulated on the basis of
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the calculated rotational strengths from the ground state to the
excitonic state manifold. Results of the model were validated
against semiempirical quantum-chemical excited-state calcu-
lations performed on selected frames. Details about the
computational approach are provided in the Supporting
Information.

■ RESULTS AND DISCUSSION
Chiroptical Signals and Supramolecular Assembly of

dsR43/P3HT-PMe3. UV−vis absorption and CD spectros-
copies are carried out on buffered aqueous mixtures of dsR43/
P3HT-PMe3, with a particular focus on ICD signals, i.e., CD
signals in the range where P3HT-PMe3 absorbs. These ICD
signals were previously observed quite sensitive to the DNA
length and sequence.50,51 Titrations experiments of dsR43 by
the polymer are performed at 37 °C, see Figure 1. In the DNA

absorption range (240−280 nm, Figure 1A), the CD signals
are slightly decreasing upon addition of P3HT-PMe3, although
the concentration of DNA in solution is maintained constant.
A bisignate (−/+) ICD signal appears in the polymer main
absorption in the visible range (Figure 1), as a signature of the
induced chirality from the chiral DNA to the achiral polymer
upon interaction. It is intriguing that this ICD signature is
(−/+), i.e. that of a left-handed polythiophene chain (or
assembly), whereas the double-stranded DNA is indeed a
right-handed helix in our conditions. This is rationalized by

calculations of CD spectra based on molecular modeling
simulations (see below). Further addition of P3HT-PMe3 (at a
constant concentration in DNA) leads to more intense ICD
signals, with saturation around a molar ratio of 1:2 in
dsR43:P3HT-PMe3 (Figure 1B), corresponding to an approx-
imate charge ratio of 1:1, above which aggregation is observed.
Note that UV−vis spectra of mixtures indicates a large red-shift
of the main absorption band of the pure polymer (λmax = 443
nm) compared to dsR43:P3HT-PMe3 mixtures (λmax = 473 nm
at 1:1 molar ratio, Figure S2); this shift is attributed to a partial
planarization of the polymer backbone upon DNA bind-
ing.29,50,51

To understand the supramolecular assembly of dsR43 with
P3HT-PMe3 and the DNA-induced chirality of the poly-
thiophene chains, we carried out MD simulations, as these
were shown to be effective at providing molecular details in the
early steps of the complexation between π-conjugated
molecules and biomolecules.34,50,60−63 From MD simulations
of 1:1 complexes on a 1.5 μs time scale (starting from
perpendicular orientation of DNA and polymer chains, to
avoid any bias), the anionic dsR43 and cationic P3HT-PMe3
rapidly forms a complex with various levels of organization, as
shown in Figure 2 depicting several snapshots along the MD
simulation. The complexation between dsR43 and P3HT-PMe3
is a fast process occurring on the nanosecond time scale in our
MD simulation. The interdistance between the centers of
masses of dsR43 and P3HT-PMe3 macromolecules rapidly
decreases from more than 10 to 5 Å during the first 10 ns of
the MD production (Figure S3). With an average value of
around 8 Å and a standard deviation of only 0.8 Å, no
important variation of the interdistance is observed during the
rest of the MD simulation, meaning that the dsR43/P3HT-
PMe3 complex is stable over the microsecond time scale. MD
simulations also reveal a significant conformational reorganiza-
tion of the chains with time, see the variation of the RMSD
with time (Figure 2A). During the first nanoseconds of the
MD simulation, the RMSD profile of dsR43 is rapidly going up
to a plateau related to the RMSD average value, i.e., around 16
Å. A non-negligible standard deviation of 1.9 Å and the
presence of RMSD peaks indicates that the DNA undergoes
large conformational dynamics once the complex is formed.
The RMSD variation comes from the ability of the dsR43 to be
intrinsically curved along its double-helix axis (see MD
snapshots in Figure 2), this DNA bending being driven by
the strong electrostatic interactions between DNA and P3HT-
PMe3.
In parallel, P3HT-PMe3 also undergoes a large conforma-

tional reorganization in the beginning of the MD simulation.
We observe a rapid increase of the P3HT-PMe3 RMSD profile
(average RMSD, 15 Å; maximum RMSD, ∼19 Å), as shown in
Figure 2A. On the other hand, the RMSD standard deviation is
only 0.8 Å. The P3HT-PMe3 is less flexible than dsR43 once
associated with the DNA fragment. The MD snapshots in
Figure 2 show that the P3HT-PMe3 adopts a specific
organization that consists in a relatively linear, twisted
conformation along the DNA helix. As a consequence, the
end-to-end distance of P3HT-PMe3 is small in respect to the
size of the polymer. The end-to-end distance profile of P3HT-
PMe3 (Figure 2B) has an average value of ∼64 Å (standard
deviation ∼5 Å), far from the end-to-end distance of the
completely extended starting conformation (∼180 Å). By
contrast, MD simulations of the polymer in absence of DNA
(Figure 2B) show higher average end-to-end distance (144 Å)

Figure 1. (A) Circular dichroism (CD) spectra of dsR43/P3HT-PMe3
mixtures in CSB1× buffer at 37 °C, at different molar ratios
(concentration of dsR43 = 5 μM). (B) Zoom on the induced CD
signals in the spectral range of P3HT-PMe3.
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as well as a large standard deviation (11 Å). Let us note that
the linearity of P3HT-PMe3 is however limited when
complexed with dsR43. The polymer is wrapped around the
DNA double helix, as depicted for each snapshot reported in
Figure 2A.
The profiles of dihedral angles between thiophene units

along the polymer backbone are estimated as a fingerprint of
the conformations (Figure S4). The P3HT-PMe3 dihedral
angle profiles of a series of MD snapshots, recorded each 250
ns, are then compared in a consecutive way with reference to
the previous one. Correlation coefficients between the P3HT-
PMe3 dihedral profiles (Table 1) in the complex increase along
the simulation, to reach very high values (0.90, with a peak of
0.97) for the last half of the MD run. On the contrary, the
similarity between the dihedral profiles of the isolated P3HT-
PMe3 remains below 0.80, although it is raising with time with

the stabilization of the polymer (Table 1). The calculation of
the similarity between the P3HT-PMe3 dihedral profiles on a
smaller time scale, i.e. between consecutive MD snapshots
recorded each 125 ns, leads to similar conclusions (Table S2).
This shows that the polymer adopts a limited range of
conformations upon assembly with DNA. Hence, the limited
flexibility, the linear and twisted conformation of P3HT-PMe3,
consequent to the organization of the polymer along the DNA
helix, involve a convergence of the P3HT-PMe3 dihedral
profiles. The analysis of MD in the time scale between 1.0 and
1.5 μs, i.e. where these correlation coefficients were high
(>0.90), shows mostly left-handed conformations of the
polythiophene chain, as revealed by numerical simulations of
CD spectra (see below).

Cleavage of DNA in Supramolecular Assemblies of
dsR43/P3HT-PMe3. The evolution of CD signals upon the
addition of HpaI (3 units per μg of DNA) onto a mixture of
dsR43:P3HT-PMe3 (1:1 charge ratio) in the enzyme buffer is
monitored, with up to 50 successive CD spectra (up to ∼5 h).
The results of this experiment, called CD-mix, are shown in
Figure 3. In the range where the polymer absorbs, we observe a
continuous decrease of CD intensities with time (Figure 3B,
C), together with blue-shifts of these ICD signals (Figure 3C,
D). We also monitor a control experiment (CD-control), for
which we add a buffer solution without the enzyme, in an equal
volume. From the comparison, we observe a decrease of the
intensity of ICD signals in both experiments, which we
attribute to a partial aggregation of the complexes upon
addition of the enzyme buffer (Figure S5). However, the global
evolution of the ICD signals is quite different for the enzymatic
assay and the control experiment (i.e., without enzyme). For

Figure 2. Top: Snapshots extracted from MD simulations of the assembly between P3HT-PMe3 (in green) and dsR43 (in orange and blue).
Cartoon representations were used for DNA; for clarity, hydrogen atoms of P3HT-PMe3 were omitted. Bottom: (A) Root-mean-square deviations
(RMSD) of dsR43 and P3HT-PMe3, calculated according to the first conformation of the MD production phase. (B) Profiles of the end-to-end
distances for MD simulations of P3HT-PMe3 alone and in complex with DNA. The end-to-end distances were calculated between the first and last
sulfur atoms along the polymer sequence.

Table 1. Correlation Coefficients (CC) of P3HT-PMe3
Dihedral Profilesa

time
(ns)

CC of P3HT-PMe3 (alone)
dihedral profiles

CC of P3HT-PMe3 (in complex)
dihedral profiles

250 0.12 0.18
500 0.12 0.60
750 0.46 0.93
1000 0.60 0.97
1250 0.76 0.91
1500 0.80 0.95
average 0.48 0.76

aCC was calculated between consecutive snapshots recorded each
250 ns for P3HT-PMe3 both alone and in complex with DNA.
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the control experiment (CD-control, in Figure S5A), we
observe that the position of the negative ICD signal (i.e., below
zero in CD intensity) remains stable with a maximum ICD
around 505 nm upon addition of the buffer. The zero-crossing
at 470 nm very slightly shifts of a few nm, while the positive

ICD signal (i.e., above zero in CD intensity) below 425 nm
remains stable in terms of band position. In contrast, for
experiments with the HpaI enzyme (CD-mix, Figure 3 and
Figure S5B), we observe a progressive blue-shift of all
components of the ICD signal with time (Figure 3C, D): a

Figure 3. (A) Time evolution of CD spectra of dsR43 + P3HT-PMe3 complexes in CSB1x buffer at 37 °C upon addition of 3 units of HpaI enzyme
per μg of DNA (by convention, the enzyme is added at t0). (B) Evolution of the CD intensities of the positive ICD signal (black crosses) and
negative ICD signal (red crosses) with time. (C) Closer inspection of the induced CD signals in the P3HT-PMe3 absorption range with time. (D)
Evolution of λmax for ICD signals shown in C as a function of time.

Figure 4. Polyacrylamide gel electrophoresis as revealed by fluorescence, displaying the cleavage of dsR43 into dsR17 (be1) and dsR26 (be2)
fragments over time from the left to the right. (A) Enzymatic assay for the control experiment (GE-control: dsR43 + HpaI). (B) Enzymatic assay
with the cationic polythiophene (GE-mix: dsR43 + P3HT-PMe3 + HpaI). The last two lanes on the right of the gels contain dsR43 and dsR20 used as
references.

ACS Applied Bio Materials Article

DOI: 10.1021/acsabm.9b00123
ACS Appl. Bio Mater. 2019, 2, 2125−2136

2130

http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b00123/suppl_file/mt9b00123_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsabm.9b00123/suppl_file/mt9b00123_si_001.pdf
http://dx.doi.org/10.1021/acsabm.9b00123


large shift of the zero-crossing of Δλ ≈ −20 nm (highlighted
by vertical black lines in Figure 3C), a shift of Δλ ≈ −5 nm for
the positive ICD signal at 425 nm, and a shift of Δλ = −15 nm
for the negative ICD signal at 510 nm (see Figure 3C). Note
that the positive ICD signal flattens with time, thus rendering
difficult the determination of maximum ICD wavelength. By
charting the evolution of the wavelengths for the different parts
of the ICD signals with time (Figure 3D), we observe that the
evolution of the CD signals follows first a steep decrease from a
few minutes up to a change of slope appearing between 70 min
and around 100 min (depending on the ICD signal), after
which the ICD signals remain constant or only slightly
decrease with time (dashed line). This discontinuity at around
70−100 min is also found in the repeats (Figure S6). This
could also be observed when monitoring the change in the λmax
of the polymer in UV−vis absorption spectra, which shows a
discontinuous decrease in the polymer λmax that spans from a
few minutes to around 100 min (Figure S7). We hypothesize
that these changes of slopes in the spectroscopic signals with
time are the signatures of the enzymatic activity.
To verify our hypothesis, we perform enzymatic assays by

conventional polyacrylamide gel electrophoresis (PAGE) on
the mixture dsR43/P3HT-PMe3 + HpaI (called GE-mix) and
on a control assay dsR43 + HpaI (called GE-control), see
Figure 4. These two assays are performed in the same
conditions as the CD assays. The positive control shows that
DNA fragments issued from cleavage are visible on the gel 5
min after addition of HpaI (Figure 4A and Figure S8).
Normalized areas of the intensity peaks of PAGE bands are
shown over time in Figure 5. For the GE-control experiment
(Figure 5A), the area of these peaks corresponding to the cleft
DNAs, dsR17 (be1) and dsR26 (be2), increases until around 60
min, after which it reaches a plateau. At this plateau, the band
intensities of dsR17 and dsR26 fragments represent around 30%
of the total intensity. The analysis of the gel GE-mix (i.e., dsR43
+ P3HT-PMe3 + HpaI) shows that fragments issued from
cleavage are visible on the gel beyond the third band (i.e., 18
min) after addition of HpaI (at time 0 by convention), see
Figure 4 and Figure 5B. The normalized areas corresponding
to DNA fragments increase until reaching a plateau after
around 90 min, where the intensity of the fragments be1 and
be2 represent around 30% of the total intensity. Indeed, PAGE
indicates that P3HT-PMe3 inhibits the enzymatic activity, but
does not stop it. The presence of the polymer hinders the start
of the cleavage (starting after ∼18 min for GE-mix against ∼5
min for GE-control) and also slowed down the enzymatic
activity (plateau reached around 90 min for GE-mix against
around 60 min for GE-control, see Figure 5) but in f ine, the
enzyme functions with the same yield since 30% of dsR43 was
cleaved for both mixtures in our experimental conditions. The
starting cleavage times obtained from gel electrophoresis
analysis are in agreement with the discontinuities of signals in
the spectroscopic measurements. The cleavage time is
estimated around 90 min for GE-mix from PAGE, in rather
good agreement with the time frame for CD signals, which
show changes in the time frame between around 70 and 100
min after the addition of the enzyme.
Effect of DNA Length on Supramolecular Assembly

with P3HT-PMe3. To assess the effect of DNA length on the
spectroscopic signals, we analyze mixtures of P3HT-PMe3 with
an oligonucleotide dsR20 (see Table S1), having a similar
sequence and serving as a point of comparison with a number
of base pairs in between that of the two fragments (be1 and

be2) expected after the cleavage by HpaI. This also allowed us
to maintain approximately the same charge ratio in the mixture
with P3HT-PMe3 with respect to mixtures with dsR43 (dsR20
samples were twice more concentrated than dsR43 samples).
Solutions dsR20 + P3HT-PMe3 are colored red with a λmax
around 510 nm in UV−vis absorption spectra, whereas
complexes with dsR43 + P3HT-PMe3 are orange and absorb
around 470 nm. For the sake of comparison, CD titration
experiment is carried out as for solution with dsR43 (Figure
S9). A bisignate ICD signal appears with a zero-crossing
around 470 nm, and a negative signal around 520 nm. For all
molar ratios tested in the titration experiment, this represents a
wavelength shift of around Δλ = −10 nm and −5 nm,
respectively compared to related CD signals of samples with
dsR43 with the same molar ratio (Figure 1). This again
supports that the changes in the ICD signals upon addition of
HpaI enzyme, especially in the wavelengths shifts, are due to
the chemical modification of DNA.
To cast light on the origin of the changes in the ICD signals

(in the polymer absorption range) upon cleavage of DNA, we
carry out MD simulations on each DNA fragment be1 and be2
in interaction with one polymer chain, see MD snapshots in
Figure 6. As with the formation of the complex between
P3HT-PMe3 and the longer dsR43 DNA, MD simulations show
a rapid self-assembly between each DNA fragment and P3HT-
PMe3. The interdistance between the centers of masses of
P3HT-PMe3 and each DNA fragment is rapidly decreasing

Figure 5. Normalized areas of the intensity peaks of PAGE bands
obtained from the enzymatic assays. (A) Enzymatic assay for the
control experiment (dsR43 + HpaI). (B) Enzymatic assay with cationic
polythiophene (dsR43/P3HT-PMe3 + HpaI).
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during the first 10 ns of the MD simulations, going from ∼10
to 7 Å for the be1 case, and from 16 to 2.2 Å for the be2 case
(Figure S10). The small standard deviation of the interdistance
profiles (lower than 1 Å for both cases) indicates that there is
no dissociation between DNA and P3HT-PMe3 over the μs
time scale. The average interdistance between the center of
masses of DNA and polymer is around 4.5 Å for be1 (see
distribution on Figure 7A). For the complex with be2, we
observe two populations in the distribution of interdistance,

due to a reorganization of the polymer at a MD time around
800 ns (Figure S10), with an average at 5.4 Å. In both cases,
due to the coiling of the polymer with fragments, the average
interdistances are shorter than in the case with dsR43 case (7.8
Å). Regarding the MD snapshots reported in Figure 6, a
significant conformational rearrangement of the polymer
around the DNA fragments is observed. For complexes with
the DNA fragments, the structure of P3HT-PMe3 polymer are
more coiled, wrapped along the DNA helix than in the case
with dsR43, for which twisted and relatively linear conforma-
tions were encountered.
The profiles of P3HT-PMe3 end-to-end distances (Figure

7B) have an average of ∼35 and ∼20 Å for the be1 and be2
cases, respectively, versus an average end-to-end distance of 64
Å in the P3HT-PMe3/dsR43 complex (and 180 Å for the fully
extended polymer chain). In contrast, the standard deviation of
the end-to-end distance can be higher for be1 and be2 cases,
i.e., 8.0 and 4.7 Å, respectively, versus 5.2 Å for the dsR43 case.
The coiling of the polymer around shorter DNAs thus involves
a higher degree of flexibility, as also observed with RMSD
profiles. The RMSD of the polymer (Figure 7C), when
interacting with be1/be2, was therefore large, with an average
value of 27 and 25 Å for be1 and be2, respectively, well above
the RMSD of P3HT-PMe3 when it interacts with dsR43
(average value ∼15 Å).
From our MD simulations, one can understand that the

dynamics of the self-assembly between a DNA and a polymer
depends on the DNA length. This is illustrated in Figure 8,

Figure 6. MD snapshots of complexes of P3HT-PMe3 and DNA
fragments be1 (top) or be2 (bottom). The polymer is depicted in
green sticks, and cartoon representations were used for DNA
(backbones in orange). For clarity, hydrogen atoms of P3HT-PMe3
were omitted.

Figure 7. (A) Distribution of interdistances between DNA fragments (be1 or be2) and P3HT-PMe3 issued from the MD simulations of complexes.
The interdistances were calculated according to the center of masses of both partners. (B) End-to-end distance profiles of the P3HT-PMe3 in
complex with be1 (black curve) or be2 (red curve). The end-to-end distances were calculated regarding the first and last sulfur atoms along the
polymer sequence. (C) Root-mean-square deviations (RMSD) of components of be1/P3HT-PMe3 and be2/P3HT-PMe3 complexes. RMSD were
calculated according to the first conformation of the MD production.
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showing the final MD snapshots at a low resolution, showing
the different organizations of the polymer according to the
DNA fragment. In the case of the longer DNA (dsR43), the
polymer is more linear, with some coiling around the DNA
helix at the ends of the polymer chain. Such an organization
allows us to maximize electrostatic interactions between the
DNA phosphates and the cationic groups of the polymer. In
this case, the polymer shows a longer end-to-end distance with
a more static behavior (small RMSD), whereas DNA has an
important flexibility associated with a curvature effect. With the
smaller DNA fragments, we observe a contrasting situation: the
polymer is largely coiled around the DNA. The polymer adopts
a more globular shape (smaller end-to-end distance) along
with a more flexible behavior (larger RMSD). In parallel, the
smaller the DNA fragment, the less important the flexibility of
the DNA as it cannot accommodate entirely a long polymer in
a linear way. In this sense, we do not observe large curvature
conformational effects for the be1 and be2 DNA fragments.
The difference between the RMSD of the DNA and the
polymer (ΔRMSD in Figure S11) is an indicator of the various
levels of conformational changes and flexibility. The ΔRMSD
for the dsR43 is positive as the long DNA fragment undergoes
large conformational changes associated with a higher level of
flexibility, whereas the polymer is less flexible, with a rather
linear conformation. In contrast, the ΔRMSD for the be1 and
be2 systems was negative. In these cases, the polymer adopts
large conformational changes and higher level of flexibility,
whereas the DNA fragments are more rigid. However, the
coiling of the polymer around the DNA leads to restrictions in
the conformational freedom in comparison to the pure
polymer. Along the MD simulations, we calculated the S−
C−C−S dihedral angle between the thiophene units along the

polythiophene backbone as an indicator of the coiling (Table
S3). For the pure polymer (without DNA), the ratio of the
syn/anti is around 45/55 (on 3000 frames over 1.5 μs). This
ratio is inverted up to a ratio around 65/35 syn/anti when the
polymer was complexed with the DNA fragments. Moreover,
the level of syn-periplanar in be1/P3HT-PMe3 is around 10%
of the total amount of syn conformations, although it is only
around 3% in the case of the pure polymer. Altogether, this
shows that the helical structuration of the polymer when it
binds to DNA occurs via the reorganization of its backbone
toward a stronger syn character between the thiophene units.
Remarkably, we observe that the syn/anti character is not
distributed randomly along the polymer chain when it is
complexed with DNA, as depicted by graphs in Figure 8
bottom for each MD system on top. In those graphs, we plot
the position of syn (green) and anti (red) conformations
between successive thiophene units along the polymer chain,
as a function of the MD time. For the pure polymer (bottom
left), we observe that changes from anti/syn occurred
randomly along the sequence with time. In contrast, for
DNA/polymer complexes, there are portions of pure syn
(green) and of pure anti (red) that are preserved throughout
time. These graphs show that the coiling of the polymer chain
occurred by rather large portions of neighboring syn
conformations, extending from a few thiophene units up to
around ten thiophene units, separated by rather small portions
of anti conformations.
The calculated CD spectra, averaged either over a few (5)

selected polymer conformations at the semiempirical INDO/
SCI level (Figure S12) or over all frames saved after 1 μs of
simulation time using a simplified excitonic model (Figure
9A),63 yield (−/+) CD signals, in fair agreement with the

Figure 8. Top: Final MD snapshots (at 1.5 μs) of the pure polymer and DNA/P3HT-PMe3 complexes. The DNA fragments are depicted in
cartoon representation (backbones in orange; bases in green/blue sticks). The polymer (red) is depicted in low resolution, each red particle being a
thiophene unit centered on the sulfur atom. Bottom: Evolution of the position of syn/anti conformations along the polymer backbone with MD
time, for each corresponding system shown on top.
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experimental CD spectra in Figure 1. The coupled MD/
excitonic simulations reveal a rather rich dynamical behavior,
with rapid switching between left-handed and right-handed
arrangements preceding a stable phase where left-handed
((−/+) CD signals) conformations are largely preferred,
Figure 9B.
From the detailed wave function analysis of the exciton

states contributing to the low-energy part of the CD response
reported in Figure 9B, one can clearly correlate the preferential
left helicity to the formation of an extended, mostly syn domain
(located on the second half of the polymer backbone, around
residue 35). It is the concerted motion of the monomer units
toward successive syn linkages, likely driven by electrostatic
interactions with the DNA double strand (which more than
compensate the syn−anti torsion energy penalty), that triggers
the (left) chiral induction of the polymer backbone. We stress
that the need for concerted twisting of the side-chain equipped
monomers also explains why long MD simulation runs are
required to stabilize the left helix in dsR43. Though further
investigations are required, we tentatively propose that the
reduced polymer CD signal recorded for the mixture of be1
and be2 is because of the (slightly) smaller syn domains
achieved using these shorter templates (Figure 8). Finally, it is
worth pointing out that the lowest exciton energies, as probed
e.g. from the first zero-crossing point on the CD curves, are
expected to be shifted toward higher wavelengths when going
from random to concerted sequences of torsion angles, as
typically encountered in situations where disorder is spatially
correlated. This holds true in the case at hands here, as evident
from Figure 3D.

■ CONCLUSIONS
We have used a supramolecular approach for a continuous
readout of the activity of an endonuclease enzyme toward
DNA. By utilizing an achiral cationic π-conjugated polymer
that interacts with DNA and the effects of chiral induction
from the DNA to the polymer, we have probed the
modifications of the DNA structure in real-time through
UV−vis and CD spectroscopies. In the experimental
conditions used for this study, the enzymatic activity, as
explored by the ICD signals, occurred within a time frame of
70−100 min. This is in agreement with the results of a

noncontinuous assay by polyacrylamide gel electrophoresis, for
which we estimated a time of around 90 min to reach a
maximum cleavage rate of 30% DNA in our experimental
conditions. This illustrates the sensitivity of induced CD
signals to probe in real-time the changes in the nucleic acid
structure when it interacts with a π-conjugated polymer.
Although the π-conjugated polymer interacts strongly with the
DNA, it only hinders the enzymatic activity to a low extent (for
a cleavage rate of 30%, ∼90 min with the polymer instead of
∼60 min without the polymer). However, further work has to
be carried out to relate in detail the changes observed in the
ICD signals with time to the kinetic parameters of the
enzymatic activity. By combining MD simulations and
calculations of CD spectra, we clarified the left-handed helical
conformations of the polymer when it interacts with DNA,
together with the effect of DNA length on the organization and
the dynamics within the complex. Altogether, this study may
help further development of a continuous approach to monitor
of enzymatic activity based on chiroptical spectroscopy signals
of dynamic supramolecular assemblies. This is potentially
applicable to other types of enzymes catalyzing reactions with
genetic material, for instance, methyltransferases, as the
addition of methyl groups on nucleobases modifies the 3D
structure of DNA.
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