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ABSTRACT: The binding of permethrin (PE) with calf thymus DNA (ctDNA) in physiological buffer (pH 7.4) was
investigated by ultraviolet—visible (UV—vis) absorption, fluorescence, circular dichroism (CD), and Fourier transform infrared
(FT-IR) spectroscopy merging with multivariate curve resolution—alternating least-squares (MCR—ALS) chemometrics
approach. The MCR—ALS was applied to resolve the combined spectroscopic data matrix, which was obtained by UV—vis and
fluorescence methods. The concentration profiles of PE, ctDNA, and PE—ctDNA complex and their pure spectra were then
successfully obtained. The PE molecular was found to be able to intercalate into the base pairs of ctDNA as evidenced by
decreases in resonance light-scattering signal and iodide-quenching effect and increase in ctDNA viscosity. The results of FT—IR
spectra indicated that PE was prone to bind to G—C base pairs of ctDNA, and the molecular docking studies were used to
validate and clarify the specific binding. The observed changes in CD signals revealed that the DNA turned into a more highly
wound form of B-conformation. The calculated thermodynamic parameters, enthalpy change (AH®) and entropy change (AS®),
suggested that hydrogen bonds and van der Waals forces played a predominant role in the binding of PE to ctDNA.
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B INTRODUCTION

DNA plays a major role in the life process because it carries
heritage information and facilitates the biological synthesis of
proteins and enzyme through replication and transcription of
genetic information." As DNA is quite often the main
molecular target for studies with small molecules such as
carcinogens, steroids, and several classes of drugs, the
investigation of micromolecule—DNA interaction is of current
interest and importance.”® Generally, there are three modes for
binding of small molecules with double-helix DNA in a
noncovalent way: (i) electrostatic attractions with the anionic
sugar phosphate backbone of DNA; (ii) interactions with the
groove of DNA; and (iii) intercalation between the base pairs.4
Among them, intercalative binding is considered as the most
effective way to form DNA adduct, which might bring DNA
damage. This is often the initiation phase of carcinogenicity
when the damage gets away with the repair system.’®

The use of pesticides in agriculture has brought huge
economic benefit, but its negative effects also turn to be
increasingly prominent, such as the pollution of food and
environment. Pesticides can enter the human body through the
food chain and the biological enrichment, which can cause
accumulation of pesticide residue and trigger tissue lesions.
Permethrin (PE) (Figure 1) is one of the pyrethroid
insecticides and is widely used to prevent crop pests as well
as hygiene and animal insect pests. However, Punareewattana et
al. have demonstrated that topical exposure (the most relevant
route of human exposure) of PE may be sufficient to alter
function of the immune system.’ Percutaneous absorption of
varying levels of PE on mouse,” rhesus monkey,8 rat, rabbit,
dog, and human® has shown that exposure to PE by the dermal
route can induce adverse immune effects in animals. Moreover,
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Figure 1. Structure of permethrin (PE).

the conclusions obtained through the genotoxicological experi-
ment in rats indicated that subacute exposure of PE can
increase the number of numberical chromosome aberrations.'®
Consequently, it is necessary to investigate the binding of PE
with DNA to further understand the dangerous mechanism of
PE in the body.

Spectroscopic methods including ultraviolet—visible (UV—
vis) absorption, fluorescence, circular dichroism (CD), and
Fourier transform infrared (FT—IR) spectroscopy are widely
used to investigate the interaction of small molecules with DNA
because of the advantages of sensitivity, reproducibility, and
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convenience. However, for complex systems of more than

two components, it is usually difficult to distinguish these
existing species due to their response signals overlapping. In
recent years, the application of chemometrics methods in the
life sciences attracts much attention, because they can provide
information well beyond that obtained by conventional
methods. The multivariate curve resolution—alternating least-
squares (MCR—ALS) method, which can overcome the
limitation of response signals overlapping for each species in
a complex system, has been used to analyze spectroscopic data
from biomacromolecules’ interactions with small molecules.'®
MCR—ALS is a soft-modeling method which is able to extract
pure component spectra and the corresponding concentration
profiles from spectroscopic data obtained from chemical
reactions.”> This method allows the analysis of more than
one data matrix simultaneously, which reduces the number of
possible solutions and inherent ambiguity in factor analysis. It is
a good way to combine the spectroscopy method with trilinear
chemometrics algorithms exploring the interaction of chemical
substances with DNA even in the presence of interferents.'*

In this work, the investigation of calf thymus DNA (ctDNA)
interaction with PE was carried out in aqueous solution at
physiological conditions using UV—vis absorption, fluores-
cence, CD, and FT—IR spectral approaches together with the
MCR—ALS method. The binding mode and binding region of
PE to ctDNA were estimated, and molecular docking was used
to further validate the results. Furthermore, the MCR—ALS
algorithm was employed to resolve the expanded spectroscopic
data matrix which contained the UV—vis absorption and
fluorescence spectral data collected from the PE—ctDNA
mixtures. The concentration profiles of the three components
(PE, ctDNA, and PE—ctDNA complex) in the reaction and the
corresponding pure spectra were simultaneously extracted by
MCR~-ALS to explore the kinetic interaction process of PE
with ctDNA.

B MATERIALS AND METHODS

Materials. A stock solution (2.9 X 10~ mol L7') of
permethrin (Dr. Ehrenstorfer GmbH, Augsburg, Germany,
purity >94.5%, nominal cis/trans 40:60) was prepared by
dissolving its crystals in 95% (v/v) ethanol. Calf thymus DNA
was purchased from Sigma-Aldrich Co., St. Louis, MO, and its
stock solution was obtained by dissolving an appropriate
amount of fibroid ctDNA in 0.1 mol L™ NaCl solution and
storing at 4 °C. The concentration of ctDNA in stock solution
was 5.3 X 107 mol L' which was determined by UV
absorption at 260 nm using a molar absorption coeflicient &4
= 6600 L mol'cm™."® The purity of ctDNA was checked by
monitoring the ratio of the absorbance at 260 nm to that at 280
nm, and the solution gave a ratio of >1.8 at A,¢/A,g, which
indicated that ctDNA was sufficiently free from protein.'® All
solutions were adjusted with 0.05 mol L™ Tris-HCI buffer of
pH 7.4. All chemicals were of analytical reagent grade, and
ultrapure water was used throughout the whole experiment.

Apparatus. The UV—vis absorption measurements were
performed with a Shimadzu UV-2450 spectrophotometer
(Shimadzu, Japan) using a 1.0 cm cell. The fluorescence and
resonance light-scattering (RLS) spectra were measured on a
Hitachi spectrofluorometer model F-7000 (Hitachi, Japan)
equipped with a 150 W xenon lamp and a thermostat bath,
using a 1.0 cm quartz cell. The CD spectra were recorded on a
Bio-Logic MOS 450 CD spectrometer (Bio-Logic, France)
using a 1.0 mm path length quartz cuvette. Infrared spectra
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were recorded with a FT—IR spectrometer (Thermo Nicolet-
5700, U.S.) equipped with a germanium attenuated total
reflection (ATR) accessory, a DTGS KBr detector, and a KBr
beam splitter. The viscosity measurements were performed on a
NDJ-79 viscosity meter (Yinhua Flowmeter Co., Ltd.,
Hangzhou, China). An electronic thermostat water bath
(Shanghai Yuejin Medical Instrument Co., Shanghai, China)
was used for controlling the temperature. A pHS-3C digital pH
meter (Shanghai Exact Sciences Instrument Co., Ltd., Shanghai,
China) was utilized to detect the pH values of the aqueous
solutions. Millipore Simplicity water purification system
(Millipore, Molsheim, France) was applied to produce freshly
ultrapure water. All experiments, unless specified otherwise,
were carried out at room temperature.

Fluorescence Spectra Measurements. PE (162 uL, 2.9
x 1073 mol L™') was added to a 10 mL volumetric flask and
diluted with pH 7.4 Tris-HCI buffer. An aliquot of this solution
(3.0 mL) containing 4.7 X 107> mol L™' PE was added to a 1.0
cm quartz cuvette, and then ctDNA was added to this solution
at different concentrations in the range of 0—8.80 X 10~ mol
L™". These well-mixed solutions were allowed to stand for 4
min to equilibrate, and the fluorescence emission spectra were
then measured at different temperatures (292, 298, 304, and
310 K) in the wavelength range of 290—500 nm with exciting
wavelength at 274 nm. The widths of both the excitation and
emission slits were set at 2.5 nm.

Experiments To Get the Expanding Data Matrix for
MCR—ALS. UV—vis absorption and fluorescence spectroscopy
were applied to monitoring the interaction process of PE with
ctDNA. Two different experiments to get the expanding data
matrix for MCR—ALS were carried out in pH 7.4 Tris-HCI
buffer at room temperature. Experiment 1: the concentration of
PE was fixed at 5.9 X 107> mol L™}, and different amounts of
ctDNA (0—1.4 X 10™* mol L™" at an interval of 5.4 X 107° mol
L™, total 27 solutions) were added to the solution. Experiment
2: the concentration of ctDNA was kept at 5.0 X 107> mol L™,
and various amounts of PE (0—3.38X 10~ mol L' at an
interval of 1.3 X 107 mol L™}, total 27 solutions) were added.
After each addition the solutions were allowed to stand for 4
min, and then the UV—vis absorption spectra (200—350 nm;
scanned every 1 nm) and fluorescence (284—400 nm;
excitation wavelength at 274 nm; scanned every 1 nm) spectra
were collected respectively. Therefore, four data matrices D{y,
(27 x 151), DEE (27 x 117), DEONA (27 x 151), and DEPNA
(27 X 117) were obtained from these measurements, and a
column- and row-wise expanded data matrix was constructed.

Resonance Light-Scattering (RLS) Spectra. A 3.0 mL
solution containing 6.2 X 1077 mol L™' PE was added to the
quartz cuvette and then titrated by successive additions of
ctDNA (to give a concentration range from 0 to 2.65 X 107°
mol L™). The solution was mixed sufficiently and stood for 4
min before measurements. The RLS spectra were obtained by
synchronous scanning on the spectrofluorometer (A4 = 0 nm)
with the wavelength range of 200—700 nm at room
temperature. Both the slit widths of excitation and emission
were set at 10 nm.

Viscosity Measurements. Viscometric titrations were
performed in a viscometer, which was kept in a constant
temperature bath at 25 + 0.1 °C. An appropriate amount of PE
was added into the viscometer to give a certain r (r = [PE]/
[ctDNA]) value while keeping the concentration of ctDNA
constant. After a thermal equilibrium was achieved (20 min),
the flow times of the solutions through the capillary were
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repeatedly measured at least three times with an accuracy of
+0.2 s using a digital stopwatch. The mean values of the
replicated measurements were used to evaluate the average
relative viscosity of the solutions. The data were presented as
(n/n)""? versus r,'” while 57, and 7 represent the viscosity of
ctDNA in the absence and presence of PE, respectively.
Viscosity values were calculated from the observed flow time of
ctDNA containing solutions (t) and corrected for buffer
solution (), 1 = (t — t,)/t,.

CD Studies. The CD spectra of ctDNA incubated with PE
at molar ratios ([PE]/[ctDNA]) of 0, 1, and 2 were measured
at wavelengths between 220 and 320 nm with 0.1 nm step
resolution and averaged over three scans recorded at a speed of
120 nm min~". The optical chamber of the CD spectrometer
was deoxygenated with dry nitrogen before use and kept in a
nitrogen atmosphere during experiments. Scans were accumu-
lated and automatically averaged. The CD measurements were
performed in pH 7.4 Tris-HCI buffer at room temperature, all
observed CD spectra were corrected for the buffer signal, and
results were expressed as circular dichroism in millidegree.

FT—IR Spectra Measurements. FT—IR spectra were
recorded after 2 h incubation of PE with ctDNA at molar
ratios of PE to ctDNA of 1:200, 1:100, 1:50, and 1:25 in pH 7.4
Tris-HCI buffer. All spectra were measured over the spectral
range 1800—800 cm ™" with a resolution of 4 cm™" and 64 scans.
The water subtraction was carried out using H,O solution at
pH 7.4 as a reference. A good water subtraction was considered
to be achieved if there was a flat baseline around 2200 cm™},
where the water combination mode was located. This method
yields a rough estimate of the subtraction scaling factor, but it
removes the spectral features of water in a satisfactory way.'®

The difference spectra [(ctDNA + PE) — PE solution] were
obtained using a sharp ctDNA band at 968 cm™" as an internal
reference. The plots of the relative intensity (R) of several
peaks of ctDNA in-plane vibrations related to base pairs and
phosphate stretching vibrations versus the molar ratios of PE to
ctDNA were obtained after peak normalization using

R, = —
Lyes (1)
where I, is the intensity of absorption peak at i cm™' for free
ctDNA and its complex at different concentration of PE, and
Iyes is the intensity of the 968 cm™ peak (internal reference).
Molecular Modeling Studies. The 3D structure of PE was
generated in Sybyl x1.1 (Tripos Inc., St. Louis, U.S.), and its
energy-minimized conformation was obtained with the help of
the MMFF94 force field using MMFF94 charges. The rotatable
bonds in the ligand were assigned with AutoDock Tools, and
the ligand docking was performed with the AutoDock 4.2
Lamarckian Genetic Algorithm (LGA). The B-DNA crystal
structure used for the docking studies was obtained from the
Protein Data Bank with identifier 453D."” The DNA file
prepared for docking removed water; meanwhile, essential
hydrogen atoms along with Gasteiger charges were added with
the aid of AutoDock Tools.***! After ctDNA was enclosed in
the grid defined with 0.375 A spacing, other miscellaneous
parameters were assigned the default values given by
AutoDock. The output from AutoDock was rendered with
PyMol.
Chemometrics Method: Multivariate Curve Resolu-
tion—Alternating Least-Squares (MCR—ALS). Multivariate
curve resolution—alternating least-squares (MCR—ALS) has
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been applied to resolve multiple component responses in
unknown mixtures. The goal of this self-modeling method is to
decompose composite-measured profiles such as spectra into
the different pure profiles for each species in a mixture and
investigate the molecular complex formation processes.”>** A
short description of the MCR—ALS is given here.

The MCR method facilitates a bilinear decomposition of the
experimental data matrix with the use of the following model

@)

where C is the matrix that describes the changes in
concentration of the existing species, ST is the matrix that
contains the pure spectra profiles of the species, and E is the
residual matrix.

The MCR procedure consists of the following steps: (i) Data
arrangement: the data from each experiment are collected in
matrix D (r X ¢)—the r rows contain the recorded spectra, and
the ¢ columns are the wavelengths. C (r X n) is the matrix
which contains the contribution of the n spectroscopically
active species and changes in the different r rows (concen-
tration profiles). 8T (n X ¢) is the matrix which describes how
the instrumental response of these n species changes in the ¢
columns of the data matrix (pure spectral profiles). E (r X c) is
the residual matrix with the data variance unexplained by the
product C X S™. (i) Determination of the number of
components: The number N is estimated by rank analysis
with the use of singular value decomposition (SVD),** which is
a related technique based on factor analysis—evolving factor
analysis (EFA).” The rank of the matrix calculated by the
method is assumed to be the number of chemical species in the
system. (iii) Initial estimates of the concentration 2proﬁles and
spectra are generally obtained from EFA plots™*® or the
SIMPLISMA approach,”” respectively. MCR—ALS is applied to
matrix D using either the generated initial estimated
concentration profiles or spectra. (iv) ALS optimization: The
ALS optimization procedure is an iterative method, which starts
with an initial estimation of the C data matrix obtained from
EFA for the considered N species. It is used to obtain the
matrix of the pure spectra ST and the matrix of species
distribution C, which best fit the experimental data matrix, D.

The powerful extension of MCR—ALS was developed to deal
with multiple data matrices simultaneously, and it is possible to
resolve several measurement techniques by augmenting the
input matrix appropriately.”® There were two types of
experiments and two types of spectroscopic methods in this
paper; thus, a total of four data matrices were obtained. The
final model used for the extended MCR—ALS analysis is

D=CS +E

PE PE
Dyy  Dg
(DNA  1ctDNA
Dy D

c* Ely  Ep
= | coma | * [0y s¢]+ CDNA g ctDNA

E E
C uv F (3)

where the matrix with superscript PE refers to the experiment
with the concentration of PE constant and the matrix with
superscript ctDNA refers to the experiment with the
concentration of ctDNA constant. All of four individual data
matrices are simultaneously analyzed using eq 3. In the
equation, [[Dyy, Dg)™%; [Dyy, Dg)™™] is the row- and
columnwise augmented experimental data matrix that contains
all the data obtained from the two different spectroscopic
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experiments, [C®; C“PNA] represents the columnwise

augmented concentration matrix while [Syy, Sp]T represents
the row-wise augmented spectral matrix, and [[Eyy, Ep]™%;
[Eyy, Ep]“PN* ] is the row- and columnwise augmented error
matrix corresponding to the two different spectroscopic
experiments with dimensions (NF + N“PN4) x (N, + Np).

B RESULTS AND DISCUSSION

Absorption Spectra and Fluorescence Spectra of
Interaction between PE and ctDNA. Figure 2A displays

(A) (B)
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= L 259nm
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Figure 2. Spectra obtained from different experiments. Experiment 1:
(A) UV—vis (D) and (C) fluorescence (DEE), ¢(PE) = 5.9 X 107°
mol L™}, and ¢(ctDNA) = 0, 0.54, 1.08, .., 14.04 X 10~ mol L™! for
curves 1—27, respectively. Experiment 2: (B) UV—vis (DY) and
(D) fluorescence (DEPN4), ¢(ctDNA) = 5.0 X 107> mol L7}, and
¢(PE) = 0, 0.13, 0.26, .., 3.38 X 107> mol L™ for curves 1-27,
respectively.

the UV—vis absorption spectra of PE in the presence of
different concentrations of ctDNA. PE exhibited three
absorption bands at around 215, 245, and 283 nm, respectively.
With increasing amounts of ctDNA, the absorption intensity of
PE at 24S increased gradually with a significant red shift (from
245 to 259 nm, corresponding to curves from 1 to 27). On the
other hand, the absorption peak of ctDNA at 259 nm which
resulted from the strong absorption of purine and pyrimidine
bases in DNA* showed slight increase in intensity together
with a valley at around 234 nm enhanced greatly with
increasing amounts of PE (Figure 2B). Moreover, the
fluorescence band of PE at 312 nm was quenched by increasing
concentrations of ctDNA (Figure 2C), and a red-shift from 312
to 316 nm was observed clearly. Whereas only a weak
fluorescence spectrum of ctDNA with a slight band at 306
nm could be found, the augment of PE enhanced its intensity
and shifted it to 312 nm (Figure 2D).

The obtained UV and fluorescence spectral profiles were
intricate and high spectral overlap existed for each species. It is
difficult to recognize the spectrum of the PE—ctDNA complex
and estimate the concentration changes of reaction compo-
nents during the titration process by conventional methods.
Therefore, the four spectral data matrices were combined and
submitted to MCR—ALS analysis in an attempt to extract the
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pure spectrum of each reaction component and the associated
concentration profiles.

Decomposition of the Expanded UV and Fluores-
cence Data Matrix by MCR—ALS. The expanded data matrix
was processed by the MCR—ALS approach as described above.
The number of significant factors, related to the chemical
species, was evaluated with the apglication of the SVD method
to the augmented data matrix.”> The extracted first four
eigenvalues turned out to be 102.32, 31.62, 10.23, and 1.99,
indicating that there were essentially three significant factors for
the prediction of three separate chemical components in the
system, ie., PE, ctDNA, and PE—ctDNA complex. In general,
the MCR—ALS analysis has to be initialized with estimates of
the pure spectra or concentrations for the three postulated
species from the seriously overlapped spectra. Figure 3A—B
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Figure 3. Results obtained from the simultaneous analysis of the UV—
vis and fluorescence data of the two experiments by MCR—ALS. (A)
Recovered UV—vis spectra and (B) recovered fluorescence spectra
(solid line, recovered spectra; dashed line, measured spectra).
Recovered concentration profiles for experiment 1 (C) and experi-
ment 2 (D).

displays the pure UV—vis and fluorescence spectra recovered
for different species, which correspond to S{y and S,
respectively. The resolved spectra (solid line) of the free PE
and ctDNA agreed well with the measured counterparts
(dashed line). It should be noted that the UV—vis and
fluorescence spectra for the PE—ctDNA complex (solid line of
PE—ctDNA in Figure 3A—B), which were difficult to observe
by conventional methods, were obtained with the use of
MCR—ALS. The good agreement between the predicted and
the measured spectral profiles suaggested that the concentration
profiles were correctly resolved."” The concentration profiles of
PE, ctDNA, and PE—ctDNA complex were obtained by
analyzing the expanded UV and fluorescence data matrix
using the MCR—ALS model. It can be seen from Figure 3C
that with the addition of ctDNA, the concentration of PE—
ctDNA complex increased gradually accompanied by the
decrease of the concentration of PE, and some free ctDNA
was still present in the reaction system. In contrast, an
increasing tendency of the concentration of PE—ctDNA
complex and a decreasing tendency of the concentration of
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ctDNA were observed with increasing concentration of PE
(Figure 3D). Summing up the results obtained above, it was
concluded that PE bound to ctDNA and formed the PE—
ctDNA complex.

RLS Spectra. The RLS spectra of PE and PE—ctDNA
system in pH 7.4 Tris-HCI buffer are shown in Figure 4. It can

600

RLS intensity

450
Wavelength/nm

Figure 4. RLS spectra of the PE—ctDNA system at pH 7.4 and room
temperature. ¢(PE) = 6.2 X 1077 mol L™, and ¢(ctDNA) = 0, 0.53,
1.06, 1.59, 1.20, and 2.65 X 10™° mol L™" for curves 2—7, respectively.
Curve 1 shows the RLS spectrum of ctDNA only, ¢(ctDNA) = 5.3 X
1075 mol L™,

be seen that RLS intensity of PE was strong in the absence of
ctDNA, and a significant reduction in the RLS intensity came
into being as a result of increasing concentration of ctDNA.
Previous studies have shown that fuchsin basic (FB) can
interact with ctDNA via two different ways: long-range
assembly or intercalation. When long-range assembly of FB
on the molecular surface of ctDNA occurs, the RLS intensity of
FB can be greatly enhanced upon the addition of ctDNA, and if
FB interacts with ctDNA in an intercalative mode, the RLS
signal of FB should be decrease with the addition of ctDNA.*
Therefore, it was reasonable to assume the decrease of the RLS
signal of PE might be due to the intercalation into ctDNA, and
the diameter of the complex substantially exceeded the
appropriate range in RLS theory, which induced light emission
change from light scattering to light reflection, and thus the
RLS intensity of the analytical system decreased noticeably."

Fluorescence Spectroscopic Studies. Fluorescence spec-
troscopy was usually used to characterize the binding
characteristics of the chromophore with other molecules.
Figure SA shows the fluorescence emission spectra of PE in
the absence and presence of ctDNA. It can be observed that PE
presented a strong fluorescence emission peak between 290 and
500 nm with an excitation wavelength at 274 nm. Upon the
addition of ctDNA, the fluorescence peak of PE showed
significant decrease with a slight red-shift, suggesting that the
PE moleculars entered the DNA-stacking region with a lower
polarity.>*

It is well-known that there mainly exist two kinds of
quenching processes, dynamic and static quenching. Dynamic
quenching refers to a process that the fluorophore and the
quencher come into contact during the transient existence of
the excited state whereas the static quenching refers to
fluorophore—quencher complex formation. Dynamic and static
quenching can be distinguished by their different dependence
on temperature.”> Dynamic quenching depends upon diffusion.
Since higher temperatures result in larger diffusion coefficients,
the bimolecular quenching constants are expected to increase
with increasing temperature. In contrast, increased temperature
is likely to result in decreased stability of complex and thus
lower the values of static quenching constants.>* To clarify
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Figure 5. (A) Fluorescence spectra of PE in the presence of ctDNA at
different concentrations (pH 7.4, T = 298 K; ., = 274 nm). ¢(PE) =
4.7 x 1075 mol L™Y; ¢(ctDNA) = 0, 0.88, 1.75, 2.64, 3.52, 4.40, 5.28,
6.16,7.04, 7.92, and 8.80 X 10~ mol L™! for curves 1—11, respectively.
(B) The Stern—Volmer plots for the fluorescence quenching of PE by
ctDNA at different temperatures.

quenching mechanism, fluorescence quenching spectra were
measured at different temperatures.

For the dynamic quenching, the mechanism can be described
by the Stern—Volmer equation

F

T 1 + Kg[Q] =1+ K7,[Q] )
where F; and F are the fluorescence intensities in the absence
and presence of ctDNA, respectively. Kgy is the Stern—Volmer
quenching constant, which was determined by linear regression
of a plot of Fy/F against [Q]. K is the quenching rate constant
of biomolecule, 7, is the average lifetime of the fluorophore
without quencher, the value of 7, of the biopolymer is 107% s,
and [Q] is the concentration of DNA.

Plots of F,/F versus [ctDNA] at different temperatures (292,
298, 304, and 310 K) are shown in Figure SB by using eq 4; the
corresponding Ksv values for the binding of PE with ctDNA
were obtained, and the results are listed in Table 1. The values
of Kgy showed a decrease with increasing temperature,
indicating that the probable quenching mechanism of PE—
ctDNA interaction was a static quenching procedure.

According to the modified Stern—Volmer equation,® the
association constant of PE—ctDNA interaction can be
estimated

Fo_ 11 .1
E-F fK[Q (s)

where K, is the modified Stern—Volmer association constant
for the accessible fluorophores and f, is the fraction of
accessible fluorescence. The dependence of Fy/(F, — F) on the
reciprocal value of the quencher concentration 1/[Q] is linear.
The constant K, is the quotient of an ordinate 1/f, and slope 1/
f.K,. The calculated K, values at four different temperatures are
presented in Table 1, and it can be seen that the decreasing
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Table 1. Quenching Constants (Kgy), Binding Constants (K,), and Relative Thermodynamic Parameters of the PE—ctDNA

System at Different Temperatures

T (K) Kgy (x10* L mol™) R K, (x10* L mol™")
292 3.12 + 0.01 0.9991 4.16 + 0.05
298 2.89 + 0.01 0.9989 3.70 + 0.02
304 2.54 + 0.01 0.9975 3.03 + 0.07
310 229 + 0.01 0.9989 1.72 + 0.14

R” AH® (K] mol™) AS° (J K™! mol™) AG° (k] mol™)
0.9987 —358.51 + 0.1§ —=32.34 + 0.57 —26.07 + 0.04
0.9998 —25.87 + 0.04
0.9983 —25.68 + 0.05
0.9962 —25.48 + 0.05

“R is the correlation coefficient for the Ky values. “R is the correlation coefficient for the K, values.

trend of K, with increasing temperature was in accordance with
Ksy's dependence on temperature as discussed above, which
further confirmed that the fluorescence quenching of PE was
static quenching.

Determination of Thermodynamic Parameters and
the Nature of Binding Forces. The thermodynamic
parameters dependent on temperatures were analyzed in
order to further characterize the interaction forces between
PE and ctDNA. The interaction forces between small molecules
and biomolecules mainly include hydrogen bonds, van der
Waals force, hydrophobic force, and electrostatic interactions.
The thermodynamic parameters of binding reaction are the
main evidence for confirming the binding force. Enthalpy
change (AH°) and entropy change (AS°) of the binding
reaction were used to determine the binding force which plays a
main role during the interaction process.

If AH® does not vary significantly over the temperature range
studied, then its value and that of AS° can be determined from
the van’t Hoff equation

AH° AS°
logK, = — +
2.303RT  2.303R (6)
AG°®° = AH® — TAS® (7)

where K, is the association constant at the four temperatures
(292, 298, 304, and 310 K) and R is the gas constant. The
values of AH® and AS°® were obtained from the slope and
intercept of the linear van’t Hoft plot based on log K, versus 1/
T. The free energy change (AG®) was then evaluated from eq
7. Table 1 lists the thermodynamic parameters for the
interaction of PE with ctDNA. The negative signal for AG®
indicated that the PE—ctDNA interaction was spontaneous.
The negative values of AH® and AS° revealed that the reaction
was exothermic and enthalpy favored, which suggested the
binding was driven mainly by hydrogen bond and van der
Waéléswforces and considered evidence for intercalative bind-
ing.”™

lodide-Quenching Studies. Iodide-quenching experi-
ments can provide further support for the intercalative binding
of PE to ctDNA. A highly negatively charged quencher is
expected to be repelled by the negatively charged phosphate
backbone of ctDNA. When a small molecule interacts with
DNA via intercalative mode, the molecule should be protected
from being quenched by anionic quencher; however, different
from intercalation, groove binding provides much less
protection for the bound molecule.*® The plots of F,/F versus
[KI] in the absence and presence of ctDNA are shown in
Figure 6 based on the Stern—Volmer equation. As shown in
Figure 6, in the absence of ctDNA, the fluorescence of PE was
efficiently quenched by I" ion, resulting in a linear Stern—
Volmer plot of larger slope (Kgy = 108.25 L mol™"). However,
in the presence of ctDNA, the slope of the plot (Kg, = 31.79 L
mol™") was remarkably decreased. The results implied that the
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Figure 6. Fluorescence-quenching plots of PE by KI in the absence
and presence of ctDNA at pH 7.4 and room temperature. c(PE) = 4.7
x 107> mol L™ and ¢(ctDNA) = 4.4 X 10™° mol L%

bound PE molecules intercalated into the base pairs of ctDNA
which induced a decrease in the iodide-quenching effect.
Viscosity Measurements. Viscosity experiments are an
effective tool to decide the binding mode of small molecules
and DNA. Thus, to further clarify the interaction of PE with
ctDNA, viscosity measurements were performed. A classical
intercalation binding demands the space of adjacent base pairs
to be large enough to accommodate the bound ligand and to
elongate the double helix, which results in an increase of DNA
viscosity.” In contrast, a partial nonclassical intercalation of the
ligand would decrease the DNA viscosity. There is little effect
on the viscosity of DNA if nonintercalation binding occurs in
the binding process.*”*' Figure 7 shows that the relative

1.8
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16| < pp
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0.0 03 06 09
[M}/[ctDNA]

Figure 7. Effects of increasing amounts of PE and ethidium bromide
(EB) on the relative viscosity of ctDNA at pH 7.4 and 298 K.
¢(ctDNA) = 5.0 X 1075 mol L™,

viscosity of ctDNA increased significantly with increasing
concentrations of PE, which was similar to the increasing trend
of ctDNA viscosity upon the addition of ethidium bromide
(EB), a typical DNA intercalator. Combined with above
conclusions, such behavior further indicated that the binding
mode of PE to ctDNA should be intercalation.

CD Studies. The changes in CD signals of DNA observed
on interaction with small molecules may be assigned to the
corresponding changes in DNA conformation. Figure 8 displays
the CD spectra of different molar ratios of PE to ctDNA
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Figure 8. Circular dichroism spectra of ctDNA in the presence of
increasing amounts of PE at pH 7.4 and room temperature. ¢(PE) =
5.0 X 10~* mol L™! (dashed line); c(ctDNA) = 5.0 X 10™* The molar
ratios of PE to ctDNA were 0:1, 1:1, and 2:1 for curves 1-3,
respectively.

([PE]/[ctDNA]). Two major peaks between 220 and 320 nm,
24S nm (negative) and 275 nm (positive), are characteristic
peaks for B-conformation of DNA. The negative peak at 245
nm and positive peak at 275 nm are attributed to right-handed
helicity and stacking of the bases of B-DNA, respectively.** It
was observed that the intensity of negative peak increased and
positive peak decreased without any significant shift in the
peaks position after binding with PE, suggesting that ctDNA
became a more highly wound form of B-DNA in the presence
of PE.*® This variant of B-DNA structures differs from normal
in the number of base pairs per helix turn.**

FT—IR Studies. The infrared spectral features of double
helical structure of ctDNA associated with the binding of PE
can provide useful information on the specific binding region of
PE binding to ctDNA and clarify the influence of PE on ctDNA
phosphate skeleton and base pairs. The spectral features of free
ctDNA and PE—ctDNA complex are shown in Figure 9A. The
peak at 1717 cm™" is attributed to the guanine (G) in plane-
stretching vibrations. The 1667 cm™' peak corresponds to
thymine (T) stretching. The vibrational bands at 1610 and
1490 cm™' are assigned to adenine (A) and cytosine (C)
nitrogenous bases, respectively. Bands at 1222 and 1088 cm™
denote phos.sphate asymmetric and symmetric vibrations,
respectively,**¢

It was observed that at low PE concentration (r = 1/200),
the guanine peak at 1717 cm™" shifted downward to 1710 cm™,
and the cytosine peak at 1490 cm™' shifted upward to 1492
cm™!, indicating PE started to react with the G—C base pairs of
ctDNA. Shifts for phosphate asymmetric stretching from 1222
to 1220 cm™' and symmetric stretching from 1088 to 1086
cm™" suggest that there were some weak external interactions of
PE with the phosphate backbone upon its interaction with the
ctDNA double helix.*’” The major intensity increases (Figure
9B) were attributed to a partial helix destabilization induced by
the PE—ctDNA interaction.*®

As PE concentration increased (r = 1/100), the main
thymine vibration at 1667 cm™ of free ctDNA shifted toward a
higher frequency at 1669 cm™', which proved PE could slightly
interact with thymine O-2.*° Besides, the further shift in
position and decrease in intensity of base vibration of cytosine
demonstrated the existence of interaction between the planar
aromatic rings of PE and heterocyclic base pairs of ctDNA.* At
high PE concentration (r = 1/50, 1/25), observed changes for
the guanine band from 1710 to 1709 cm™), the adenine band
from 1610 to 1612 cm™, and the cytosine band from 1493 to
1495 cm™" could be related to PE interacting with G—C and
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Figure 9. (A) FT—IR spectra and difference spectra [(ctDNA + PE) —
PE solution] in the region of 1800—800 cm ™" for free ctDNA and PE—
ctDNA complex in an aqueous solution. (B) Intensity ratio variations
of several ctDNA in-plane vibrations as a function of different PE/
ctDNA molar ratios.

A~—T base pairs. Considering changes in position and intensity
of ctDNA vibration bands, the G—C base pairs were more
prone to perturbation and interacted with PE aromatic ring,
which was able to offer steric advantages for the molecular
interaction.*” In addition, the phosphate asymmetric stretching
and symmetric stretching shifted to lower frequency accom-
panied by intensity changes. According to the analysis of CD
spectra, the interaction led to alteration of the conformation of
normal DNA to a more highly wound form of B-DNA. The
conformation transformation caused differences in the state of
phosphate group, which induced the changes mentioned above.
The consistency of B-DNA marker peaks at 838 and 890—891
cm™! was perfectly corresponded to preservation of B-
conformation.

Molecular Modeling Studies. Molecular docking can
provide some insight into the interactions of macromolecules
with ligands and preferred binding mode with the help of a
variety of docking programs. To determine the preferred
binding sites on DNA, PE was docked to the DNA, and the
results are presented in Figure 10. Through the docking
method, 100 multimember conformational clusters correspond-
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Figure 10. (A) Docking pose of the energy-minimized structure of
PE—ctDNA complex. (B) Hydrogen bonds (dashed line) between PE
and base pairs. (C) Proportional distribution of hydrogen bond
formed between PE and different bases.

ing to the lowest free energy of binding were obtained after
performing, and the optimal geometry of the complex was
selected to discuss.

As shown in Figure 10A, the A ring of PE was capable of
inserting into the intermediate space of the two base pairs in a
parallel configuration, while the B ring of PE was ready to
obliquely intercalate into the space of two base pairs. Moreover,
two hydrogen bonds formed between G—C base pairs (Figure
10A, green line). Figure 10B clearly showed that the oxygen
atom O-20 of the PE molecule could form a hydrogen bond
with the hydrogen atom associated with N-1 of guanine (DG16
of A-chain) and oxygen atom O-12 of PE built a hydrogen
bond with H-41 attached to N-4 of cytosine (DC8 of B-chain).
Among the 100 conformational clusters, in 69% of the
geometries PE did not form any hydrogen bond with the
DNA, while 23% can form a hydrogen bond with guanine and
7% with cytosine (Figure 10C). However, only the remaining
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1% geometry showed PE built a hydrogen bond with adenine.
This docking result explained well that PE was prone to bind to
G—C base pairs of ctDNA, which verified the conclusion of
FT—IR analysis.

In conclusion, UV—vis absorption, fluorescence, CD, and
FT—IR spectroscopy, coupled with viscosity experiments, were
applied to investigate the binding between permethrin (PE)
and ctDNA with the aid of the chemometrics method, MCR—
ALS. The results suggested that the most probable mechanism
of ctDNA interaction with PE was intercalation, and PE most
likely bound to G—C base pairs of the DNA which was
corroborated by the docking studies. This binding induced a
more highly wound form of B-conformation of DNA. The
application of the MCR—ALS for the resolution of the
expanded UV—vis and fluorescence spectroscopic data matrix
produced the estimates of the pure spectra for PE and ctDNA,
which were in good accordance with the measured responses.
And importantly, the spectrum of the interaction product, PE—
ctDNA, was extracted. The concentration profiles for the three
reaction components (PE, ctDNA, and PE—ctDNA complex)
were also simultaneously obtained. The results showed
significant potential for investigating the mechanism of the
interaction of target DNA with small compounds at the
molecular level.
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