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In the present study, the interaction between Perfluorohexadecanoic acid (PFHxDA) and human serum albumin (HAS) was
studied by fluorescence spectroscopy, molecular docking, dynamic simulation and circular dichroism (CD). The interaction
character and the effect on human serum albumin conformation were measured by simulating the physiological condition
(pH= 7.4). Experiments and simulation results revealed that PFHXDA molecules and HSA have regular fluorescence
quenching, and the quenching mechanism is static quenching and non-radiative energy transfer. Thermodynamic analysis
revealed the binding behavior was mainly governed by hydrophobic forces. Specific binding site experiments showed that
the binding site of PFHXDA was a site | of HSA. The results from the CD spectrum demonstrated that PFHXDA changed the
molecular conformation of HSA, which is consistent with the results obtained by molecular docking and dynamic

simulation.
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Human serum albumin (HSA) is the most abundant
protein in human plasma. Its non-glycosylated
single-stranded polypeptide contains approximately
585 amino acids and the molecular weight is
approximately 66 KD in plasma concentration of up
to 42 g/L, accounting for approximately 60% of total
plasma protein®. Its main roles in the human body
include combining and transporting endogenous and
exogenous small molecules, maintaining normal
osmotic pressure, inhibiting platelet aggregation and
anticoagulation and so on®3. Therefore, the interaction
between small molecules and HSA is of great
significance to pharmacology, toxicology, life
sciences, and environmental science.
Perfluorohexadecanoic acid (PFHxDA) is a long
chain of perfluorinated compounds that are applied
mainly in the field of semiconductor manufacturing
and intermediate products can be applied to fire
control, plating, and other chemical products®.
Because of the small fluorine atom radius (1.47A),
electronegativity (4.0), and other special character
that make the C-F bond highly polarized, there is
large bond energy (484 kJ/mol) and a high degree
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of thermal stability’. Research has shown that
perfluorinated compounds are characterized by
persistence and bioaccumulation in living things®.
They are found in higher quantities in living bodies
than are other known organochlorine pesticides,
dioxins, and other persistent pollutants. They enter the
body via water, food, respiration, and other intake
routes, and are difficult to excrete’. In addition,
perfluorinated compounds are a class of systemic
toxic environmental pollutants to organs that can cause
genetic toxicity, reproductive toxicity, neurotoxicity,
developmental toxicity and other toxic effects®.

In the present study, the interaction mechanism
between PFHxXDA and HSA was studied by
spectroscopy and computer simulation. The binding
conformation, binding site, stability, and secondary
structure of the two were analyzed in a simulated
human body environment.

Materials and Methods
Instruments and reagents

The instruments utilized in the present study
included a F-7000 FL Fluorescence Spectrophotometer
(Hitachi, Japan), TU-1901 dual-beam UV-visible
spectrophotometer (Beijing Puxi Device Works),
J-810 round dichroism  spectrometer (Japan
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Spectrophotometer Co., Ltd.), FA1104 electronic
analytical balance (China Jiangsu Taixing Electronic
Instrument Factory), and a PHS-3C precision pH
meter (Shanghai Leici instrument factory).

The reagents utilized in the present study included
trimethylol aminomethane-hydrochloric acid (Tris-HCI)
buffer solution concentration at 1.0 x 10~° mol/L, with
an adjusted pH of 7.4. HSA (purity > 97%, United
States Sigma-Aldrich) stock solution was prepared
at a concentration of 1.0 x 10 mol/L with the
above buffer solution. PFHXDA (purity > 95%,
Swiss AD Company) stock solution mixed with
Tris-HCI buffer solution prepared at a concentration
of 1.0 x 10 mol/L, shaken and maintained at
4°C in the dark. Other reagents were analytical
grade and experimental water was secondary distilled
water.

The analytical calculations were performed on a
RedHat Linux 6.4 system on a DELL server.
Molecular dynamics simulation was performed by
GROMACS 5.0 software, using molecular docking by
AutoDock software. The crystal structure of HSA
(code: 1N5U) was obtained from the protein database
(http://www.rcsb.org/pdb).

Experimental methods

Spectroscopy: Add 1 mL of 1.0 x 10° mol/L
concentration of HSA solution into a 10 mL
colorimetric tube, then use a pipette to add a certain
amount of PFHXDA solution, add Tris-HCI buffer
solution to the scale line, and shake. At set
temperatures of 291 K, 298 K, and 310 K undertake a
constant temperature reaction for 10 min. Measure the
emission spectrum at 300-500 nm wavelength with a
fluorescence spectrometer having a slit width of 5 nm.
The UV-visible absorbance spectra were recorded by
a TU-1901 absorption spectrophotometer against a
solvent as the reference in the wavelength range of
300-450 nm. The circular dichroism (CD) spectra
were recorded from 190 to 240 nm equipped with
1.0 cm quartz cells. For the CD studies, the
final concentration of HSA was 1.0 x 10° mol/L,
and the concentrations of the ligands were 0 and
2 x 10" mol/L. The secondary structure was determined
to apply CD Pro software by the CDSSTR method.

Molecular docking: Using ChemDraw software to
draw the small molecule PFHXDA, the MMFF94
force field was selected to minimize the energy
optimized structure. All ligands and water in the
IN5U structure were removed during the molecular
docking process and then hydrogen atom and charge

were added. The amino acid residue TRP214 was
selected as the flexible residue, the size of the
acceptor box was 70 x 70 x 70, and the lattice spacing
was 0.375 A. By combining the partial energy search
with the genetic algorithm, the semi-empirical
potential function was applied as the energy
scoring function to obtain 10 independent genetic
algorithms operations and create the ligand small
molecules and protein AN5U molecular docking. The
results obtained were utilized for molecular dynamics
modeling.

Molecular dynamics simulation: The dynamic
simulation of free state HSA and PFHXDA-HSA
complexes with 20 ns was carried out by the
GROMACS program. The topological parameters of
HSA were created and the topological parameters of
the ligands were built by the Dundee PRODRG 2.5
server (http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg).
Then, the complex was immersed in a cubic box (with
a Fourier grid of 70 x 70 x 70) of extended simple
point charge water molecules. To release the
conflicting contacts, energy minimization was first
performed using the conjugate gradient method of
1000 steps and then the steepest descent method for
1000 steps. Molecular dynamics simulation was
carried out by the regular system and the isothermal-
isobaric system. Finally, the molecular graphics and
analysis of the results were shown in LigPlus
software’.

Results and Discussion

Quenching mechanism of interaction between HSA and
PFHxDA

Fluorescence spectroscopy

The endogenous fluorescence of proteins is mainly
produced by tryptophan'. As can be seen from
(Fig. 1A), at 298K HSA had a strong fluorescence
peak at 352 nm. With an increase in PFHxDA
concentration, the fluorescence waveform of HSA
was invariable, and the fluorescence intensity showed
an obvious blue shift (approximately 2 nm) and a
decrease of approximately 124.801. This indicates
that the small molecules of PFHxDA enter the
hydrophobic cavity of HSA and interact with its
endogenous fluorescent amino acid groups, leading to
changes in the internal microenvironment of HSA and
the quenching of HSA fluorescence.
Determination of HSA fluorescence quenching mechanism and
quenching constant by PFHxXDA

Fluorescence guenching of proteins can be divided into
dynamic quenching, static quenching, and nonradiative
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Fig. 1 — (A) Fluorescence quench titration of HSA with increasing PFHXDA concentrations at 298 K cHSA=1.0 x 10~° mol/L,
cPFHxDA (1~10)=0,1,2,3,4,5,6,7,8,9 (><10’6 mol/L); and (B) The Stern-Volmer curves for the quenching of HSA by PFHxDA at

different temperatures

energy transfer according to different mechanisms™™.

Data was analyzed by the Stern-Volmer equation to
further determine the quenching mechanism of
PFHxDA and HSA:

FO/F =1+ KqTo[Q] =1+K,, [Q] (1)

where, F, and F are the fluorescence intensities of
HSA solution before and after adding PFHXDA,
respectively; [Q] is the concentration of the quencher
molecule; K, is the Stem-Volmer quenching constant;
K is the bimolecular dynamic quenching rate constant
controlled by the diffusion process; and z, is the average
life of the fluorescent molecules when the quencher is
added. The maximum dynamic quenching rate constant
for all types of quenchers on biological macromolecules
was 2.0 x 10" L/(mol-s). According to this value, static
quenching and dynamic quenching can be judged. If K; is
bigger than 2.0 x 10" L/(mol-s) then it is static
quenching, otherwise, it belongs to dynamic quenching.*
" The fluorescence quenching data at different
temperatures were analyzed by the Stern-Volmer
equation and the mechanism of fluorescence quenching
can be judged, as shown in (Fig. 1B).

As can be seen from (Table 1), the K, value of
PFHxXDA decreased as temperature increased and the K,
value of PFHXDA was greater than 2.0 x 10" L/(mol-s).
Analysis of data results showed that the fluorescence
guenching of HSA might be due to the complex reaction
between the small molecule quencher and the ground
state phosphor molecule HSA. Therefore, the quencher
enters the HSA cavity and changes the static quench of
the original HSA microenvironment.

Nonradiative energy transfer of HSA and PFHxDA

According to the Forster dipole-dipole nonradiative
energy transfer theory equation, we can obtain HSA

Table 1 — The fluorescence quenching constant of PFHxDA -
HSA interaction at different temperatures

PFCs TIK  Kg/(L/mol)  Kq/(L/(mol-s)) R
PFHXDA 291  3.37 x10° 3.37 x 10%° 0.9977
298  3.07 x 10° 3.07 x 10% 0.9985
310 2.70 x 10° 2.70 x 10% 0.9966
and PFHxDA energy transfer information®’*®:
E=1-F/F,=RS/(RS +r®) (2
RS =8.79 x10 ® K?N “*®J .03
J = F (e A'A1) /O F(1)AL) .. (4

In the equation, E is the energy transfer efficiency;
R is the distance between the ligand and the receptor;
Ry is the critical distance when the transfer efficiency
is 50%; K? is the spatial trend factor and is equal to
2/3; N is the refractive index of the medium, and the
average value of the refractive index of water and
organic matter is 1.336; @ represents the fluorescence
quantum yield of the protein, and the quantum yield
of tryptophan in HSA is approximately 0.15; and the
overlap of the fluorescence spectrum of the donor and
the absorption spectrum of the receptor is represented
by the letter J.

Figure 2 is an overlay of the UV-visible spectra of
PFHxDA and the fluorescence spectra of HSA, which
shows that the two maps have a certain degree of
coincidence. Based on equations 2-4, we can calculate
the overlapping integral of two spectral overlapping
regions J as 1.16 x 107 cm’-L/mol, the energy
transfer efficiency of 0.059 and the critical distance
Ry = 2.61 nm. From that, we obtained the binding
distance between PFHXDA and HSA tryptophan
residues r = 4.16 nm, which is less than 7 nm*°. The
results are consistent with the Forster nonradiative
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energy transfer conditions; therefore, the PFHxDA
and HSA interaction was via the static quenching and
nonradiative energy transfer in two ways leading to
fluorescence quenching.

The HSA secondary structure changes

The CD spectrum can predict the variation of the
secondary structure in the protein of the ultraviolet
region (190-240 nm)®.

As shown in (Fig. 3), the image waveform has a
groove at the wavelengths of 216 nm and 222 nm;
however, the waveform does not change significantly.
Obtained from the literature, a-helix main CD
characteristic absorption was at 208 nm and 222 nm,
and p-fold characteristic absorption was at 216 nm?®.
Based on analysis of graphical data by CD Pro
software after adding PFHxDA (Table 2), the a-helix
content of HSA increased from 31.7% to 40.1%;
however, the B-fold content decreased from 17.4% to
15.6%. This indicates that when PFHXDA enters
HSA, it interacts with HSA residues, which increases
the o-helix content in HSA, decreases the (-fold
content, drives the internal structure of the protein to
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Fig. 2 — The overlap of fluorescence emission spectrum of HSA
with the UV-vis absorption spectrum of PFHxDA. T = 298K,
CHSA = CPFHXDA = 1.0x10° mol-L-1
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Fig. 3 — The CD spectra of HSA and HSA-PFHXDA complex.
The molar ratio of HAS and PFHXDA was 5: 1

shrink and polymerize, and changes the secondary
structure of HSA.

Calculation of binding constant and number of binding sites of
PFHxDA and HSA

From the above data, PFHxDA and HSA
guenching mechanism were determined to be static
guenching and nonradioactive energy transfer. The
static quenching process can be analyzed by the static
guenching equation®:

lg(F, -F)/F =lg K, +nlg[Q] ... (5)

where F, is the initial fluorescence intensity of the
HSA solution; F is the fluorescence intensity of the
HSA solution after adding PFHXDA; Q is the
concentration of perfluorocarboxylic acid quencher;
K, is the binding constant of quencher with HSA and
n is the binding site number. From the linear
equations of log [(Fo-F) / F] and log [Q], it can be
concluded that the slope of the straight line is the
number of binding sites, and the intercept is log K..
Based on equation (5), the double logarithmic curve
of HSA fluorescence quenching of PFHXDA at
different temperatures was obtained. The number of
binding sites n and the apparent binding constant K,
were obtained from the slope and intercept of the
straight line (Table 3).

It can be seen from (Table 3), that the binding constant
of PFHXDA and HSA was above 1.0 x 10° L/mol, which
indicates that the complex produced by the reaction
had good stability. At the same time, it can explain
that PFHxDA can be stored and transported in HSA,
i.e., PFHXDA has a strong toxic side effect of proof.
The value of n was approximately equal to 1,
indicating that PFHXDA and HSA have only one
binding site. From the literature (6-8), thermodynamic
constants can determine the type of interaction

Table 2 — CD Pro software analysis results for HSA

secondary structure

CD Pro software/%
Helix Stand Turns  Unordered  Sum
HSA 317 17.4 17.7 33.1 99.9
HSA- 40.1 15.6 19.6 245 99.8

PFHXDA

Table 3 — The apparent binding constants K, and binding sites n
of PFHXDA - HSA at different temperatures

PFCs TIK K4/(L/mol) n R

PFHxDA 291 3.17 x 10° 1.0056 0.9966
298 2.80 x 10° 1.0174  0.9969
310 1.93 x 10° 1.1084 0.9981
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between small molecules of contaminants and
biological macromolecules??

In(K,/K,)= AH(UT, —1UT,)R ... (6)
AG =—RT InK )
AS =— (AG — AH)/T ... (8)

The AH < 0, AH > 0, and AS > 0 of the interaction
between PFHxXDA and HSA can be construed from
(Table 4). It can be deduced that the process
of interaction between PFHxDA and HSA is a
spontaneous process, and the interaction between
PFHxDA and HSA is mainly a hydrophobic force.
Competitive experiments of PFHxDA and HSA binding sites

A competitive experiment is an effective and quick
method for judging the binding and integration of
small molecules and proteins. HSA can be divided
into three functional areas, with each functional area
containing two sub-areas, A and B. In this section,
warfarin, and ibuprofen were utilized as fluorescent
probes to label HSA Site | and Site 11, respectively®*.

Table 4 — The thermodynamic parameters of PFHXDA - HSA
interaction at different temperatures

PFCs T/K  AH/(kJ/mol) AG/(kJ/mol) AS/(J/(molK)

PFHXDA 291 13.19 —24.69 130.2
298 —25.60

310 —26.87

189

The binding positions of PFHXDA and HSA can be
calculated from the experimental data. The results of
the competitive experiments can be calculated from
the modified Stern-Volmer equation:

R 1, 1 .. (9
F-F f f-K, [Q]

The f in the equation is the correction factor. Based on
equation (9), the change in the bound constant of warfarin
was relatively large, K, (blank, 1.86 x 10° L/mol)
and after addition of warfarin, K, (warfarin,
3.57 x 10" L/mol), the binding constant was reduced by
an order of magnitude. The binding constant of K,
(ibuprofen, 1.17 x 10° L/mol) also increased when
ibuprofen was added; however, this was smaller than
that of warfarin. Therefore, the experimental results
showed that PFHXDA was mainly bound to HSA site 1.

Molecular docking of PFHXDA and HSA

Molecular docking can theoretically study the
binding of small molecules to proteins and can show
two types of interactions®. Molecular docking was
performed using the semi-flexible software AutoDock®.
To visually understand the interaction between small
molecules and the surrounding residues of HSA, the
interaction between the ligand and the receptor was
simulated by molecular docking at the molecular
level. The docking results are shown in (Fig. 4).

|§j PFHXDA
(D)

Fig. 4 — Molecular docking results of PFHXDA and HSA. (A) HSA combined with PFHXDA,; (B) PFHXDA binds to the residues around
HSA site; (C) hydrophobic / hydrophilic action between PFHxXDA and HSA; and (D): The overlap of PFHxDA for all conformations in

10 docking simulations
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Fig. 5 — Dynamic Simulation of PFHxDA and HAS: (A) RMSD of free HSA and PFHXDA — HAS complex during the 20 ns MD
simulation; (B) RMSF of free HSA and PFHXDA — HAS complex; and (C) Time evolution of the protein of Gyration

As can be seen from the docking results in
(Fig. 4A), PFHXDA binds to HSA at the cavity of the
site | (warfarin site). In (Fig. 4B), we can roughly
understand the location of PFHXDA and residues near
site 1. At the same time, PFHxDA and ARG218
residues form hydrogen bonds with a hydrogen bond
distance of 2.067 A, which has an important effect on
the stability of the complex?’. As shown in (Fig. 4C),
the majority of the amino acid residues around
PFHXDA are hydrophobic amino acids (Leu 22,
Val 23, Leu 66, Phe 70, Pro 152, Leu 251, Ala 254,
Leu 283, and so on); therefore, there is a strong
hydrophobic interaction. This is consistent with the
previous thermodynamic narrative results. (Fig. 4D)
shows the overlap of PFHxDA for all conformations
in 10 docking simulations.

Molecular docking revealed that PFHXDA binds to
HSA at the site I, and the combination of small
molecules change the secondary structure of the original
HSA. The experimental results are highly consistent
with CD spectroscopy and competitive experiments.

Dynamics simulation experiments

Molecular dynamics simulation is an important tool for
understanding the physical basis of the structure and
function of biological macromolecules. The dynamics
simulation of free (HSA) and composite (PFHXDA-HSA)
molecules was carried out by GROMACS 5.0
software to analyze the combination?®. The
conformational change of the structure was analyzed
by calculating the parameters such as root mean
square deviation, root mean square fluctuation,
rotation radius (Rg), and so on**%,

Root mean square deviation was utilized to
describe the statistical value of the system constants
to measure the stability of the system. As (Fig. 5A)
shows, we performed a 20 ns simulation. It was
observed that based on the root mean square deviation
between PFHxDA-HAS and HSA, the complex

formed by PFHxDA-HSA was smaller than that of
HSA, which indicated that the complex formed by
PFHxDA-HSA was more stable.

Root mean square fluctuation can be utilized to
describe the fluctuation of the two systems relative to
the equilibrium position. As shown in (Fig. 5B),
HSA and PFHxDA-HSA at the position | (residues
196-297) had different fluctuation to other locations,
and small molecules combined with HSA resulted in a
change in the surrounding microenvironment. The
results obtained are in good agreement with the
molecular docking and CD spectra in the previous
section.

Rotation radius can be utilized to measure the
tightness of the molecular structure. As shown in
(Fig. 5C), the radius of rotation of the free HSA
molecule was relatively stable with respect to the
complex. The radius of the complex formed by
PFHXDA and HSA decreased rapidly with time and
was lower than that of the free HSA molecule after a
certain period. This indicates that the amino acid
structure of the constituent proteins was contracted
after the small molecule interacted with the protein,
which made the secondary structure of the HSA change,
further proving the accuracy of the CD spectrum.

Conclusion

In the present study, the stability, secondary
structure, and thermodynamics of complexes were
obtained from the specific binding sites by spectroscopy
(fluorescence spectroscopy, UV-vis spectra, and CD
spectroscopy) and computational simulations (molecular
docking and molecular dynamics simulation) function
and so on several aspects elaborated of the small
molecule PFHxDA and HSA interaction characteristics.
Experimental results demonstrated that PFHxDA
caused fluorescence quenching of HSA by static
guenching and nonradiative energy transfer. The CD
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spectrum results revealed that the secondary structure
of HSA changed. The results of the thermodynamics
analysis showed that the hydrophobic interaction and
electrostatic attraction were the main forces to
maintain the complex of PFHXDA and HSA, and the
formation of H-bonds decreased the hydrophilicity
and increased the hydrophobicity, thus stabilizing the
structures. The competition experiment showed that
the binding site of PFHXDA was a site | of HSA,
which was consistent with the result of molecular
docking, thus improving the accuracy of the experiment.
Finally, the various experimental methods utilized in
the present study provide more reference for the
toxicity of fluorinated organic compounds and
perfluorinated compounds.
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