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ABSTRACT: Triazole fungicides, one category of broad-spectrum fungicides, are widely applied in agriculture and medicine.
The extensive use leads to many residues and casts potential detrimental effects on aquatic ecosystems and human health. After
exposure of the human body, triazole fungicides may penetrate into the bloodstream and interact with plasma proteins. Whether
they could have an impact on the structure and function of proteins is still poorly understood. By using multispectroscopic
techniques and molecular modeling, the interaction of several typical triazole fungicides with human serum albumin (HSA), the
major plasma protein, was investigated. The steady-state and time-resolved fluorescence spectra manifested that static type, due
to complex formation, was the dominant mechanism for fluorescence quenching. Structurally related binding modes speculated
by thermodynamic parameters agreed with the prediction of molecular modeling. For triadimefon, hydrogen bonding with Arg-
218 and Arg-222 played an important role, whereas for imazalil, myclobutanil, and penconazole, the binding process was mainly
contributed by hydrophobic and electrostatic interactions. Via alterations in three-dimensional fluorescence and circular
dichroism spectral properties, it was concluded that triazoles could induce slight conformational and some microenvironmental
changes of HSA. It is anticipated that these data can provide some information for possible toxicity risk of triazole fungicides to
human health and be helpful in reinforcing the supervision of food safety.
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■ INTRODUCTION

Triazole fungicides are applied as agrichemicals to prevent
fungal growth on fruits, vegetables, cereals, and seeds and on
residential and commercial turf as well as in pharmaceutical
applications for the treatment of topical and systemic fungal
infections.1,2 The widespread use of triazoles has generated
extensive concerns regarding their possible exposure to and
detrimental effects on aquatic ecosystems3 and human health.
Some members of this class have been observed to be
hepatotoxic,3,4 tumorigenic,5 endocrine disrupting,2 and able to
affect gene expression6 in a series of toxicological studies.
Recently, many triazole fungicides (e.g., triadimefon, imazalil,
myclobunatil, propiconazole) have been found in excess
residues in agricultural products such as tea, beverages, litchi,
cabbage, and pea. After exposure to these substances, potential
biological toxicity risks to the human body exist. It is known
that the distribution, free concentration, and metabolism of
various small molecules are affected by the ligand−protein
interactions in the bloodstream.7 When these fungicides
penetrate into the bloodstream, they may bind to plasma
proteins and subsequently induce some alterations of the
protein structure and function. As yet, only a few studies have
been carried out to examine the toxic effects of triazoles at the
protein level,8 and information about the possible impact on
plasma proteins is still limited. Food safety remains a public
issue all over the world, and thus some efforts should be taken
to fill the data gap.
Human serum albumin (HSA) is the principal extracellular

protein most abundant in blood plasma, corresponding to a

concentration of 42 mg/mL.9 It exhibits several crucial
physiological and pharmacological functions, maintaining
osmotic blood pressure, buffering pH, and serving in the
transportation and distribution of a variety of substances such
as fatty acids, amino acids, hormones, and pharmaceuticals.
HSA is a heart-shaped globular protein comprising 585 amino
acid residues in a single polypeptide chain stabilized by 17
disulfide bridges. It consists of three homologous domains (I−
III), each of which can be divided into two subdomains (A and
B).10,11 Two high-affinity binding sites, namely Sudlow’s sites I
and II, are located within specialized hydrophobic cavities in
subdomains IIA and IIIA, respectively. The single tryptophan
residue in HSA is Trp-214 in the subdomain IIA (site I),12

which offers an advantage to study the ligand binding process
by intrinsic fluorescence.
Spectroscopic techniques have become popular methods for

revealing protein−ligand interactions and structural character-
ization of proteins because of their high sensitivity, rapidity,
reproducibility, and convenience.7 They allow nondestructive
measurements of substances in low concentration under
physiological conditions.8 The objective of the present work
was to explore the interaction mechanism of typical triazole
fungicides with HSA. Multispectroscopic approaches were
adopted to determine the binding properties and the effects
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of complexation on the protein structure and to characterize
the main acting forces. Our results showed that certain triazoles
significantly caused the fluorescence quenching of HSA and
aroused conformational and microenvironmental changes of
the protein. The binding mode was further elucidated by
molecular docking at the atomic level. These results may
provide basic data for clarifying the binding mechanisms of
triazoles with HSA and be helpful for food security and human
health when triazole is applied as an antifungal agent.

■ MATERIALS AND METHODS
Chemicals and Reagents. All of the tested triazole fungicides

(Table 1 and Table S5 of the Supporting Information) with purity
>96% were purchased from Dr. Ehrenstorfer Co. (Germany). The
stock solutions were prepared in absolute ethanol. Human serum
albumin (purity = 96−99%) was purchased from Sigma-Solarbio Co.
(Beijing, China) and was used without further purification. HSA
solution (1.5 μM) was prepared in Tris-HCl buffer (0.2 M Tris, 0.1 M
NaCl, pH 7.40) and conserved in the dark at 4 °C. Phosphate buffer
(0.02 M, pH 7.40) was used in circular dichroism measurements to
avoid the influence of chloride ions. Other chemicals and reagents
used in this study were all of analytical grade. Milli-Q water (18.2 MΩ,
Millipore, Bedford, MA, USA) was used throughout the experiments.
Fluorescence Measurements. Fluorescence spectra measure-

ments were performed on an F-2500 spectrofluorophotometer
(Hitachi, Japan) equipped with a 1.0 cm quartz cell and a thermostat
bath. A 3 mL solution containing HSA with the fixed concentration of
1.5 μM was titrated by successive additions of triazole fungicides
(experimental concentration varied from 3.0 to 30.0 μM). The
excitation wavelength was set at 280 nm, and the emission was
recorded from 300 to 500 nm. All experiments were measured at three
different temperatures (296, 303, and 310 K).
Synchronous fluorescence spectra were made on the F-2500

spectrofluorometer at room temperature. The scanning interval
between excitation and emission wavelength (Δλ) was stabilized at
15 and 60 nm, respectively, and the emission was recorded in the
range of 250−350 nm.

To evaluate existing inner filter effects, absorbance measurements
were performed at excitation and emission wavelengths of albumin.
Observed fluorescence values were corrected by the equation13

= +F F e A A
cor obs

( )/2280 334 (1)

where Fcor and Fobs represent the corrected and observed fluorescence
intensities and A280 and A334 are the sums of the absorbance of protein
and ligand at the excitation and emission wavelengths, respectively.

Fluorescence lifetimes were measured from time-resolved intensity
decay by time correlated single-photon counting (TCSPC) method,
using a Jobin-Yvon FluoroMax-4 spectrometer (Horiba, Japan). A
picosecond diode laser (NanoLED-280) as the light source at 280 nm
was applied to selectively excite HSA, and the emission was monitored
at 334 nm. The fluorescence decay was acquired with 1024 channels
and a peak preset of 10000 counts. DAS6 software was used to
deconvolute the fluorescence decays and calculate the lifetimes.

Three-dimensional fluorescence spectra were obtained on the Jobin-
Yvon FluoroMax-4 spectrometer. The initial excitation wavelength was
set at 200 nm with increments of 4 nm, and the emission wavelength
was recorded from 200 to 500 nm with increments of 2 nm. The scan
rate was set to 200 nm min−1.

Circular Dichroism (CD) Studies. CD measurements were
performed on a Jasco J-815 CD spectrometer (Japan Spectroscopic,
Japan) in a 1.0 cm path length cell at room temperature under
constant nitrogen flush. The spectra of HSA in the presence of triazole
fungicides were recorded in the range of 200−260 nm with a scan rate
of 50 nm min−1. Three scans were accumulated for each spectrum,
taking the average as the final data. The HSA secondary structure
based on CD data was computed using Jasco Secondary Structure
Estimation (SSE) software.

Molecular Docking. The crystal structure of HSA in complex with
R-warfarin (entry code 1H9Z, Brookhaven Protein Data Bank)14 was
chosen as the template. The protein structure was carefully checked for
atom and bond type correctness assignment. All solvent molecules and
ligands were removed, and explicit hydrogen atoms were computa-
tionally added at appropriate geometry; this procedure did not change
positions of heavy atoms.15 The triazole fungicides were automatically
docked into HSA using Gold suite 5.0.16 Fifty genetic algorithm (GA)
runs were performed to search the binding conformations of each

Table 1. Chemical Structures of Four Triazole Fungicides
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ligand with default parameters. The binding energies were scored by
GoldScore and rescored by CHEMPLP, respectively. On the basis of
the scores and visual inspection, the most possible poses were selected
for structural analysis.

■ RESULTS AND DISCUSSION
Fluorescence Quenching of HSA upon Addition of

Triazole Fungicides. Fluorescence spectroscopy is an
effective method to study the interactions between small
molecule ligands and biomacromolecules. The representative
spectra of HSA in the absence and presence of triazole
fungicides are shown in Figure 1 and Figures S1 and S2 of the

Supporting Information. It can be seen that the fluorescence
intensity of HSA decreases regularly with the increasing
concentration of triazoles, which is called the fluorescence
quenching effect. The maximum emission wavelength of HSA is
almost unchanged, suggesting the small molecules are likely to
interact with HSA via a hydrophobic region located inside the
protein.17 Triadimefon, imazalil, myclobutanil, and penconazole
(Table 1) displayed distinct quenching phenomenon among
the eight tested fungicides and thus were chosen for further
analysis.
A variety of molecular interactions can induce fluorescence

quenching, including ground state complex formation, excited
state reactions, energy transfers, and collisional processes
among others. Generally, the quenching mechanisms are
classified into dynamic quenching and static quenching,
which can be distinguished by their different dependences on
temperature and viscosity or preferably by lifetime measure-
ments.7 Dynamic quenching mainly depends on diffusion, so
quenching constants of the fluorescent complexes are expected
to increase with a rise in temperature, and the maximum scatter
collision quenching constant of the biomolecule by all kinds of
quenchers (limiting diffusion constant, Kdif) is 2.0 × 1010 L
mol−1 s−1.13,18 On the contrary, the increase of temperature is
likely to result in decreased stability of complexes; thus, values
of static quenching constants will be lower.19

The possible quenching mechanism can be described by the
Stern−Volmer equation20,21

τ= + = +F F K K/ 1 [Q] 1 [Q]0 q 0 SV (2)

where F0 and F are the fluorescence intensities of protein in the
absence and presence of quencher, respectively. Kq is the

quenching rate constant of the biomolecule, τ0 is the average
lifetime of the biomolecule without quencher (about 10 ns for
most biomolecules),22 [Q] is the concentration of quencher,
and KSV is the Stern−Volmer constant.
The curves of F0/F versus [Q] at three different temper-

atures are presented in Figure 2 (e.g., myclobutanil), and the

corresponding Kq and KSV are summarized in Table S1 of the
Supporting Information. The Kq value is much greater than Kdif,
and the KSV value is inversely correlated with the temperature,
implying that the quenching mechanism of HSA by triazole
fungicides is not initiated by dynamic collision but proceeds
from static quenching.

Identification of Binding Parameters. On the basis of
the above conclusion, the association constant (KA) and the
number of binding sites (n) can be calculated by the
Lineweaver−Burk equation13 and Scatchard equation

−
= +

F F F
K

F
1 1

[Q]0 0

D

0 (3)

where KD is the dissociation constant and F0, F, and [Q]
represent the same quantities as given for eq 1.
The Lineweaver−Burk double-reciprocal plot is constructed

by the relationship of 1/(F0 − F) versus 1/[Q] (Figure S3-A of
the Supporting Information, e.g., myclobutanil), and from the
linear regression equation of curves, association constants (KA
= 1/KD) can be obtained (Table S2 of the Supporting
Information).
The Scatchard equation is used to estimate the number of

binding sites involved in the binding interaction; it is described
as11,13

−
= +⎜ ⎟⎛

⎝
⎞
⎠

F F
F

K nlog log log[Q]0
A

(4)

where KA represents the association constant, n is the number
of binding sites, and the meanings of F0, F, and [Q] are the
same as for eq 1.
Figure S3-B of the Supporting Information displays the plots

of log (F0 − F)/F versus log[Q] for the interaction between
HSA and triazole fungicides (e.g., myclobutanil) at various
temperatures. KA and n obtained from the plots are listed in
Table S3 of the Supporting Information.

Figure 1. Effect of myclobutanil on the fluorescence spectra of HSA.
c(HSA) = 1.5 μM. Lines 1−11: c(myclobutanil) = 0, 3.0, 6.0, 9.0, 12.0,
15.0, 18.0, 21.0, 24.0, 27.0, 30.0 μM, respectively; λex = 280 nm; λem =
334 nm; pH = 7.40; T = 296 K.

Figure 2. Stern−Volmer plots for fluorescence quenching of the
HSA−myclobutanil system at different temperatures. c(HSA) = 1.5
μM; c(myclobutanil) = 0−30.0 μM; λex = 280 nm; λem = 334 nm; pH
= 7.40; T = 296, 303, and 310 K.
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The results show that the association constants calculated by
both equations are in good agreement. The trend of decreasing
KA values with increasing temperature is similar to that
observed with the KSV values, thus further supporting static
quenching as the dominant mechanism for the HSA−triazole
fungicide systems. The number of binding sites in HSA
approximates to 1, indicating that only one site is reactive to
triazole fungicides in the experimental concentration range.
Thermodynamic Parameters and Acting Forces. The

interaction forces between small molecules and biomolecules
mainly include four types: hydrogen bonding; hydrophobic
interaction; ionic, electrostatic interaction; and van der Waals
force. The thermodynamic parameters, free energy change
(ΔG), enthalpy change (ΔH), and entropy change (ΔS) of the
binding reaction can provide evidence for clarifying interaction
modes. If ΔH does not change significantly over the
temperature range studied, it can be regarded as a constant,
and then the values of ΔH, ΔS, and ΔG are estimated from the
van’t Hoff equation

= −Δ + ΔK H RT S Rln / /A (5)

Δ = Δ − ΔG H T S (6)

where KA is the association constant at temperature T and R is
the universal gas constant.
Nemethy and Scheraga23 and Ross and Subramanian24,25

have characterized the signs and magnitudes of the
thermodynamic parameters associated with various individual
kinds of interaction that might take place in the protein
association processes. That is, for ΔH > 0 and ΔS > 0, the
contributions to these changes mainly arise from hydrophobic
interactions; for ΔH < 0 and ΔS < 0, van der Waals forces and
hydrogen bond formation play major roles, whereas for ΔH ≈
0 and ΔS > 0, electrostatic forces are suggested as more
important.26

The calculated ΔH, ΔS, and ΔG are summarized in Table 2.
The ΔG value is negative, indicating that the binding process is
spontaneous. For triadimefon, the values of both ΔH and ΔS
were negative, which suggested the main acting force would be
hydrogen bonding and/or van der Waals force. It seems
understandable when considering the chemical structure. The
carbonyl group is a neutral acceptor group for hydrogen
bonding; the ether link in the main chain might show some
different properties compared to the other three and can also

potentially form a hydrogen bond. For imazalil, myclobutanil,
and penconazole, ΔS values were found to be positive, whereas
ΔH values were negative. Binding of the ligand to the protein
would lead to the burial of solvent-accessible surface or solvent
release from the surface; thus, the system undergoes a favorable
entropic change. In this view, the positive ΔS values are
supposed to provide evidence for hydrophobic interactions in
the binding phenomenon between HSA and these three
fungicides, whereas the electrostatic interaction could not be
excluded. Meanwhile, the negative ΔH values may account for
the involvement of hydrogen bonding in this interaction, as N
atoms on the triazole ring can easily form hydrogen bonds with
amino acid residues such as arginine (Arg). As to imazalil
particularly, both the ΔS and ΔH values are lower, perhaps
implying that the binding process is predominately enthalpy
driven, and hydrophobic interaction would be relatively weaker.
This can also be explained by the differences in chemical
structure; imazalil has only two N atoms in the triazole ring,
and the ether link in the side chain may influence its
lipophilicity, electrostatic potential, and contacts with surround-
ing amino acid residues. Besides, triazoles contain aromatic
rings; therefore, π−π stacking with amino acid residues such as
tryptophan (Trp), tyrosine (Tyr), and histidine (His) in HSA is
also reasonable.

Synchronous Fluorescence Spectroscopy. The molec-
ular environment in the vicinity of a fluorophore was studied by
synchronous fluorescence spectroscopy. In this method, the
sensitivity associated with fluorescence is maintained, whereas
several advantages are offered, such as spectrum simplification,
spectral bandwidth reduction, and avoiding different perturbing
effects.13 When the wavelength differences (Δλ) of excitation
and emission were fixed at 15 and 60 nm, respectively, the
spectrum would provide the characteristic information of
tyrosine (Tyr) and tryptophan (Trp) residues in a protein,
respectively.27 The representative synchronous fluorescence
spectra of HSA are shown in Figure 3. The maximum emission
wavelengths of tyrosine and tryptophan residues remain
unchanged during the interaction, suggesting that the polarity
around these two residues is retained. However, compared with
tyrosine residues, a stronger fluorescence quenching of
tryptophan residues is observed on the addition of triazoles,
which indicates that the binding site of triazoles is nearer
tryptophan.

Table 2. Association Constants (by Lineweaver−Burk Equation) and Thermodynamic Parameters for the Interaction between
Triazole Fungicides and HSA

T (K) KA (L mol−1) ΔG (kJ mol−1) ΔH (kJ mol−1) ΔS (J mol−1 K−1)

triadimefon 296 3.96 × 103 −20.38 −43.27 −77.13
303 2.81 × 103 −20.01
310 1.79 × 103 −19.30

imazalil 296 8.62 × 103 −22.30 −19.55 9.29
303 7.14 × 103 −22.35
310 6.02 × 103 −22.43

myclobutanil 296 8.79 × 103 −22.35 −13.28 30.71
303 7.97 × 103 −22.63
310 6.90 × 103 −22.78

penconazole 296 8.47 × 103 −22.26 −14.24 27.14
303 7.52 × 103 −22.48
310 6.54 × 103 −22.64
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The result is in agreement with several reported experimental
observations. The intrinsic fluorescence of HSA comes from
three fluorophores, phenylalanine (Phe), tyrosine (Tyr), and
tryptophan (Trp). Phenylalanine has a very low quantum yield,
and the fluorescence of tyrosine is significantly quenched if it is
ionized or near an amino group, a carboxyl group, or a
tryptophan. Thus, a change in the intrinsic fluorescence
intensity was mainly due to tryptophan residues when small
molecules bound to HSA.28 Trp-214 is the only tryptophan

residues in HSA and is buried deep in subdomain IIA, where a
large hydrophobic cavity exists and small hydrophobic
molecules can penetrate and bind. Therefore, it can be inferred
that the primary binding site of triazole fungicides is likely to be
subdomain IIA (site I), which prefers to accept bulky
heterocyclic anions.9,29,30

Fluorescence Lifetime Analysis. This approach is based
on the fact that the fluorescence lifetime of tryptophan, the
major endogenous fluorophore in albumin, is highly sensitive to
the protein conformation. According to the theory of
Lakowicz,21 fluorescence quenching process can be preferably
distinguished by time-resolved fluorescence measurements
immediately. The fluorescence decay patterns of HSA are
shown in Figure S4 of the Supporting Information, and the
calculated lifetimes and corresponding amplitudes are pooled in
Table 3. The decay profiles are well fitted into a biexponential
function, and the relative fluorescence lifetimes are τ1 = 2.08 ns
and τ2 = 6.41 ns of HSA, whereas in the maximum
concentration of triadimefon, imazalil, myclobutanil, and
penconazole, the lifetimes are slightly increased to be τ1 =
2.11/2.11/1.91/2.14 ns and τ2 = 6.45/6.35/6.51/6.34 ns.
Although HSA has only one tryptophan residue, it is known to
display multiexponential decays. The heterogeneity of
fluorescence lifetime has partly been ascribed to its local
environment in the protein matrix, that is, the position of other
amino acid residues adjacent to tryptophan.31 Obviously, the
lifetimes and their amplitudes differed, which suggested that the
tryptophan microenvironment might undergo some alteration.
We have not tried to assign the individual components, and the
average lifetime was chosen to acquire a qualitative analysis.15,32

The results show a negligible difference, indicating that
fluorescence quenching caused by triazole fungicides in low
concentrations is an essentially static mechanism. This
observation coincides with the previous conclusions based on
fluorescence spectroscopy and, additionally, these small
molecules are likely to bind in the proximity of Trp-214 and
arouse some microenvironmental changes.

Conformational Analysis of HSA after Triazole Bind-
ing. The binding of triazole fungicides to HSA induced
fluorescence quenching; whether the secondary structure was
affected remains unclear. Here, we utilized the methods of

Figure 3. Effects of myclobutanil on the synchronous fluorescence
spectra of HSA: (A) Δλ = 15 nm (tyrosine); (B) Δλ = 60 nm
(tryptophan). c(HSA) = 1.5 μM. Lines 1−5: c(myclobutanil) = 0, 7.5,
15.0, 22.5, 30.0 μM, respectively; pH = 7.40; T = 298 K.

Table 3. Fluorescence Lifetimes of HSA in the Absence and Presence of Triazole Fungicides

[QHSA]/[QTF] τ1 (ns) τ2 (ns) A1 A2 τ (ns) χ2

HSA 2.08 6.41 0.295 0.705 5.13 1.09

triadimefon 1:5 1.94 6.35 0.274 0.726 5.14 1.14
1:10 1.96 6.37 0.282 0.718 5.13 1.19
1:20 2.11 6.45 0.307 0.693 5.12 1.16

imazalil 1:5 2.05 6.27 0.272 0.728 5.12 1.13
1:10 2.04 6.28 0.276 0.724 5.11 1.08
1:20 2.11 6.35 0.291 0.709 5.12 1.22

myclobutanil 1:5 1.92 6.41 0.282 0.718 5.14 1.17
1:10 1.85 6.36 0.275 0.725 5.12 1.15
1:20 1.91 6.51 0.301 0.699 5.13 1.12

penconazole 1:5 1.99 6.27 0.267 0.733 5.13 1.17
1:10 1.95 6.31 0.270 0.730 5.13 1.09
1:20 2.14 6.34 0.285 0.715 5.14 1.14
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three-dimensional (3D) fluorescence and CD spectroscopy to
explore the conformational changes of HSA.
Three-Dimensional Fluorescence Spectroscopy. 3D

fluorescence spectroscopy has been commonly applied for
studying the interaction between small molecules and proteins
in recent years. It can extensively reflect the fluorescence
information of the protein, if there is a shift at the excitation or
emission wavelength around the fluorescence peak, or the
appearance of a new peak, or the disappearance of an existing
one,26 and all these pieces of evidence can help tell the
characteristic conformational changes and make the inves-
tigation more scientific and credible.10 Figure 4 and Figure S5

of the Supporting Information present the three-dimensional
fluorescence spectra of free HSA and the HSA-triazole
fungicide systems, and the corresponding parameters are
collected in Table S4 of the Supporting Information. Peak a
(λex = λem) is the Rayleigh scattering peak, and peak b (2λex =
λem) is the second-order scattering peak, both common in all
spectra. Peak 1 (λex = 280 nm, λem = 334 nm) mainly exhibits
the intrinsic fluorescence of Trp and Tyr residues involving π→
π* transition, reflecting the changes in the tertiary structure of
HSA. Peak 2 (λex = 232 nm, λem = 338 nm) relates to the
fluorescence spectral behavior of polypeptide backbone
structures and signifies the changes in the secondary structure
of HSA.33 Peak 3 represents the characteristic fluorescence of
triazoles. From the figures, the fluorescence emission intensity

of peak 1 decreased upon the addition of triazole fungicides,
revealing that the hydrophobic microenvironment near Trp and
Tyr residues has been altered.17 Similarly, the fluorescence of
peak 2 also turned out to be somewhat lower, which implied
that binding of triazoles probably induced minor destabilization
of HSA and a slight unfolding of the polypeptide backbone,
resulting in conformational changes that increase the exposure
of some hydrophobic regions that had been buried before.34 All
of these results indicate that these triazole fungicides have
interacted with HSA and would lead to conformational and
microenvironmental changes in the protein.

CD Response of HSA to Triazoles. Secondary structure is
always associated with the biological activity of proteins. CD
spectroscopy is a powerful and sensitive analytical technique
used to investigate the various aspects of protein structure in
aqueous solution and help better understand the interactions
between protein and small molecules. As Figure 5 and Figure

S6 of the Supporting Information show, the CD curve of free
HSA displays two negative bands in the far-UV region at 208
and 222 nm assignable to π→π* and n→π* transfers, which are
typical of the α-helical structure of protein.35 The ellipticity of
HSA decreases slightly with the increase in concentration of
triazoles, indicating some loss of α-helical content in HSA. The
secondary structure components were calculated on the basis of
raw CD data to quantitatively analyze the conformational
changes. Free HSA has 51.7% α-helix, in the presence of
triadimefon, imazalil, myclobutanil, and penconazole, the
proportions lessen to 50.7, 49.9, 49.6, and 50.0%, respectively,
at a molar ratio of 1:10. This may suggest that triazoles are able
to interact with the amino acid residues of the polypeptide
chain of HSA, partially destroy the hydrogen bonding
networks,17 evoke some degree of protein destabilization,15,35

and adopt a more open conformation and better exposure of
hydrophobic cavities.26 Besides, the CD spectra before and after
addition of triazoles are similar in shape, without any significant
shift of the peaks, further confirming that α-helix is still the
predominant conformation of HSA in this experimental system.
All of the above analysis revealed that the binding of triazoles
could cause slight conformational and some microenvironmen-
tal changes of HSA. Furthermore, the loss of α-helix partly
resulted in better exposure of triazoles to hydrophobic regions,
so it seems that hydrophobic interaction would play a more
important role in stabilizing imazalil, myclobutanil, and

Figure 4. Three-dimensional fluorescence spectra of free HSA (A) and
HSA in complex with myclobutanil (B). c(HSA) = 1.5 μM;
c(myclobutanil) = 30.0 μM; pH = 7.40; T = 298 K.

Figure 5. CD spectra of the HSA with increasing concentration of
myclobutanil. c(HSA) = 1.5 μM; c(myclobutanil) = 0, 7.5, 15.0 μM;
pH = 7.40; T = 298 K.
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penconazle with HSA than triadimefon, which evidently
coincides with the thermodynamic results.
Molecular Docking. The crystal structure of HSA

complexed with R-warfarin was used as the initial template
for molecular docking. The superimposition of the crystal and
docked pose of R-warfarin gives a rmsd of 1.27 Å (Figure S7 of
the Supporting Information), indicating that the applied
docking procedure is reliable. Figure 6 and Figures S8 and S9
of the Supporting Information display the best binding modes
of triazole fungicides to HSA and the lipophilicity and
electrostatic potential of the ligand binding pocket in
subdomain IIA (site I) of HSA, respectively.
All four of these fungicides were located deep in the

hydrophobic cavity surrounded by the following amino acid
residues: Lys-199, Ser-202, Phe-211, Trp-214, Ala-215, Arg-
218, Leu-219, Arg-222, Phe-223, Leu-238, His-242, Ile-290,
Ala-291, and Val-293. Log P (Table S5 of the Supporting
Information) represents the lipophilicity of a compound.
According to the fluorescence quenching results, generally a
higher value of Log P always led to better binding affinity,
supporting the importance of hydrophobic interactions to a
certain extent, but the interaction cannot be presumed to be
exclusively hydrophobic in nature, as there were several ionic as
well as polar residues in the vicinity of the bound ligands, which
would contribute to stabilizing the molecule via electrostatic
interaction and hydrogen bonding, and the triazole ring was
opposite a partially hydrophilic part. The electrostatic potential
of the binding pocket was further investigated. It can be seen
that it was almost positively charged, implying potential
electrostatic interactions to certain electronegative atoms such

as O, N, and Cl. TopoPSA (Table S5 of the Supporting
Information) features the electrostatic properties of a molecule,
but there was no correlation, which means that TopoPSA did
not show any capability to discriminate binding affinity in this
experimental system. For triadimefon, five hydrogen bonds
were predicted from the conformation as follows: the oxygen
atom of the hydroxyl with Arg-218, the oxygen atom of the
ether link, and the nitrogen atoms of the triazole ring with Arg-
222. However, for imazalil, myclobutanil, and penconazole, the
binding modes were quite alike: two hydrogen bonds were
formed between each molecule and Arg-222 and, in addition,
the aromatic ring displayed parallel π−π stacking with Trp-214.
The docking results agreed well with the thermodynamic

analysis and illustrated that these triazole fungicides could
interact with HSA in subdomain IIA (site I), similar to the
previously reported propiconazole.8 Hydrophobic and electro-
static interactions are pervasive among the four fungicides with
the protein. Hydrogen bonding plays a vital role in the binding
process of triadimefon to HSA. Imazalil, myclobutanil, and
penconazole share a similar binding mode. That is, hydro-
phobic interactions make a predominant contribution, hydro-
gen bonding and π−π stacking do exist, and the ether link in
the branched chain of imazalil may influence its interaction to
proximate amino acid residues to make the hydrophobic
contacts comparably weaker. These conclusions provided a
good structural basis to explain the fluorescence quenching
phenomenon of HSA in the presence of triazole fungicides.
To sum up, the present study investigated the interaction of

several typical triazole fungicides with HSA by multispectro-
scopic methods and molecular modeling. The four triazoles,

Figure 6. Binding modes of triadimefon (A), imazalil (B), myclobutanil (C), and penconazole (D) to HSA. The secondary structure of the protein is
shown, and the important neighboring amino acid residues are labeled. The ligand structure is represented in a cyan stick format, hydrogen bond is
indicated by a red dashed line, and π−π interaction by a yellow dashed line.
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triadimefon, imazalil, myclobutanil, and penconazole, can
interact with HSA in vitro under simulative physiological
conditions. Fluorescence quenching of HSA by triazoles could
be attributed to a static mechanism in the range of experimental
concentration, and the calculated thermodynamic parameters
offered evidence of structurally related binding modes, which
were in accordance with the molecular docking results.
Synchronous fluorescence suggested that the most probable
binding site was subdomain IIA (site I) where Trp-214 was
located, which was also predicted by computational modeling.
Furthermore, binding of triazoles led to slight conformational
and some microenvironmental changes of HSA via fluorescence
lifetime measurements, 3D fluorescence, and CD. Knowledge
of their binding to HSA, the major plasma protein, is beneficial
to understand the effects on protein function and the
mechanisms of interaction during transportation and deposition
in blood. This may provide some information or potential data
basis for clarifying the dynamics of toxicity of triazoles to
human body and is thus valuable in reinforcing the supervision
of food safety.
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