Luwei Tian et al., doi.org/10.52568/001122/JCSP/44.05.2022 453

Imaging Serum Proteome Behavior in Process of Lead Transportation in Vivo:
A Fluorescence Spectroscopic Analysis Insight
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Summary: As a common heavy metal, Pb (I1) can react with biological macromolecules in the
human body and have an impact on human health, but there are few studies on its synergistic
interaction with a variety of proteins of different abundance. Pb (I1) binding with a synthetic model
protein system (bovine serum albumin (BSA) and bovine lactoferrin (BLF)) was characterized using
fluorescence spectroscopy and was described using a quantitative model. Pb (lI) quenched the
fluorescence of BSA-BLF, indicating that Pb (I1) interacted with the BSA-BLF protein system, and
was affected by single protein, mixed proteins and the solution microenvironment. A model was
constructed and an indicator of the interaction (Fp;) was derived to quantify the interactions. There
was a high correlation (R?=0.9182, p<0.001) between the Fp, and the Pb (1) concentration when the
interaction models were analyzed with a Taylor function. The effects of the solvent
microenvironment on BSA, BLF and BSA-BLF were evaluated using the lov (overall
microenvironmental influence factor). BLF was more easily affected by the solution
microenvironment with increasing concentrations than BSA, while BSA-BLF was less affected.

Keywords: Pb (I1), Mixed protein system, Molecular interaction, Fluorescence, Transport mechanism.
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Introduction

Metal ions are essential to mammalian life in
trace elements, as they play a key role in various
biological processes [1]. However, heavy metals have
become an increasing environmental pollutant due to
industrial development. Therefore, there is an increasing
interest in the interactions between heavy metal ions and
proteins, especially with the correlation of some metal
ions and degenerative cognitive diseases such as
Alzheimer's and Parkinson’s [2]. Exposure to Pb (I1)
poses potential risks to human health and ecosystem

[3,4]. Pb (II) is stable in water and can accumulate,
creating a hazardous environment. The influence of Pb
(I1) in water is a cumulative process of “dose-effect” on
the human body [5]. Blood lead content increases with
extended exposure, where it migrates within the body
and gradually damages the brain, kidney and red blood
cells. Chronic poisoning may result in mental
impairment and anemia when the concentration of lead
in blood exceeds 100 Ig-L™ [6,7]. Lead residues are a
wide-scale problem, and have been detected in human
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sera and blood globally [8,9].

Proteins are involved in various metabolic and
regulatory pathways that are vital for the survival of
biological cells, and these functional proteins are highly
susceptible to contaminants. In recent years, the
interactions between biomacromolecules and toxic
pollutants have become a topic of great interest [10].
The biological transport of heavy metal ions in body
fluid can involve an array of proteins [11]. Proteomics
can be used to study the effects of proteins in different
environments. However, an accurate and rapid risk
assessment of hazardous pollutants is urgently needed.
To date, most research on the interactions between
protein and heavy metal ions has focused on
high-abundance serum albumin in blood, rather than
low-abundance proteins [12]. Much research has
focused on single protein interactions with Pb (Il)
[13,14], and no research on the interactions between Pb
(1) with two or more proteins [15].

Of the blood proteins, serum albumins are the
most abundant. Serum albumins are the main soluble
protein constituents of the circulatory system and can
transport various compounds. Albumin is a vehicle for
important  biological ligands and a regulator of
metabolic processes and has an affinity for a wide
variety of substances [16, 17]. Lactoferrin is relatively
low-abundance blood protein [13], but also has critical
physiological functions. Lactoferrin transfers iron into
the cells and controls the level of free iron in the blood
and external secretions. It is a key component of the
immune system and participates in host defense,
including immune response, cell transcriptional
activation and antibacterial activity [18, 19]. BSA is a
66 kDa protein that is organized into three homologous
domains that are divided into nine loops. These loops
are linked by 17 cysteine disulfide bonds [20, 21] that
retain macromolecular rigidity in response to external
influences. BLF is a single polypeptide chain comprised
of 690 amino acids residues that fold into two globular
lobes - each containing one iron-binding site. Bovine
serum albumin (BSA) and bovine lactoferrin (BLF) are
well characterized and are suitable macromolecules to
represent a simple binary protein system for a lead
interaction study [22].

Albumins from different mammalian species
share many similarities in physicochemical properties
[23]. The interaction of lead with these serum proteins
could reveal binding and transport mechanisms and
further elucidate the toxicology of metal ions.
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Chromatographic methods have been widely
used to assess interactions between small molecules of
metal and proteins [24,25], while spectroscopic methods
such as fluorescence and UV spectroscopy have been
applied in recent years because they are rapid and
relatively easy to use [26,27]. Most previous studies
report the interaction of small molecules with a single
biological macromolecule [28-30], while significantly
fewer articles have been published on the use of
spectroscopic methods to study the interaction of metal
ions with binary protein systems. To better understand
the interaction between heavy metal ions and multiple
serum proteins, it is necessary to quantify changes of
protein conformation [31]. A simple and effective way
to quantitatively describe the interaction between lead
ions and biological macromolecules is necessary to
establish the binding mechanism between biological
macromolecules and heavy metal ions. The
investigation of the interaction between a heavy metal
and binary protein systems composed of high and low
abundance proteins in blood is a prospective topic in the
field of small molecule-protein interaction studies. To
our knowledge, the binding between Pb (Il) and
BSA-BLF has not been reported. In this research,
bovine serum albumin and bovine lactoferrin were used
as representatives of high and low-abundance proteins
in blood and the interactions between Pb (Il) and
BSA-BLF were investigated using fluorescence
spectroscopy [32].

Experimental
Reagents and chemicals

Bovine serum albumin and bovine lactoferrin
with a purity of 98% were purchased from
Sino-American Biotechnology (Shanghai, China). Stock
solutions of BSA and BLF (1.0x10° mol-L* (M)) and
Pb (1) (1.0x10° M) were prepared in Tris-HCI buffer
(0.1 M Tris, 0.1 M NaCl, pH 7.4), and BSA/BLF (from
0.1 to 1.0x10° M) and Pb (I1) (from 0.1 to 1.0x10°M)
were used as controls. Lead nitrate and all other reagents
were analytical grade. All aqueous solutions were made
using deionized water.

Fluorescence spectroscopy

All fluorescence spectra were measured using a
1 cm quartz cell using a F-7000 spectrofluorometer
(Hitachi, Co., Ltd., Tokyo, Japan). The fluorescence
emission spectra were recorded from 250 nm to 500 nm
with an excitation wavelength of 280 nm at 298 K, and
the excitation and emission slits were set at 2.5 nm.
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Correction of the internal filtration effect

The fluorescence inner filter effect refers to the
fact that the emission and absorption spectra of a
fluorescent substance overlap, which leads to reduced
intensity of the emission fluorescence [33]. The
background fluorescence of the buffer is subtracted, and
the inner-filter effect is eliminated according to the
following equation:

Fe = Fme(AﬁAz)/z @
where F. and Fn are the corrected and measured
fluorescence, respectively; A and A; are the sum of
protein and ligand absorption at the excitation and max
emission wavelengths, respectively. For Pb (11)-BLF, Pb
(IN-BSA, Pb (II)-BSA-BLF fluorescence spectra no
absorption was observed at the excitation wavelength of
280 nm. Therefore, inner filter effects are not considered
in this study.

Binding parameters analysis

To explore the bond strength of BSA-BLF and
Pb (1) complexes, the number of ligands binding with
BSA-BLF was determined using Lineweaver-Burk and
double logarithmic equations. Changes in protein
conformation and the interaction between the protein
mixture and Pb (II) were determined by curve fitting
analyses using different binding models. The term lom
(overall microenvironmental influence factor) was
proposed to depict the extent to which the protein was
affected by the microenvironment.

Development of the analytical model

To study the binding mechanism of the
BSA-BLF-Pb (Il) system, we proposed the parameter
Fp. Existing parameters describing the interaction
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between a protein and proteins have been confined to
single protein interactions. We developed a different
theoretical-based  perspective of the Pb (Il)
complexation by constructing three-dimensional
fluorescence diagrams. The Taylor level real rational
function data was obtained from the three-dimensional
models.

Results and Discussion
Interactions between Pb (II) and BSA-BLF

In vitro experiments are preferred as they can
be easily repeated and are less affected by the
environment. Nevertheless, in vivo experiments are
greatly influenced by the environment and exhibits low
repeatability. However, in vivo experiments will be
further investigated in our follow-up study, as far as the
current job being concerned in this paper, it was
involved the in vitro experiments, and the preliminary
results were provided.

It was shown in Fig. 1 that the emission spectra
of BSA and BLF have maxima at 343 nm and 333 nm
respectively. Titrating Pb (Il) into a BSA and BLF
solution gradually quenched fluorescence, indicating
that Pb (I1) interacted with the proteins. Quenching was
dependent on the concentration of Pb (II) [34]. There
was a small change in the microenvironment — as
indicated by a slight red-shift in maxima emission
wavelengths. BSA shifted from 343 nm to 345 nm and
BLF shifted from 333 nm to 338 nm as shown in Fig. 2.
Similarly, concentration-dependent  quenching  of
BSA-BLF fluorescence was observed with higher Pb (I1)
concentrations. This phenomenon also demonstrated
that Pb (Il) interacted with BSA-BLF. A small red-shift
of the maximum emission wavelength also indicated a
minor change in the microenvironment of BSA-BLF.
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The fluorescence emission spectra of BSA and BLF at different concentrations of Pb (I1). A: The

fluorescence emission spectra of BSA at different concentrations of Pb (I). B: The fluorescence
emission spectra of BLF at different concentrations of Pb (I). (1ex=282 nm, Zem=250-500 nm.
Cesa=CaLr=1.0x10"° M, cpp iy (x10° M), 1 to 11: 0, 0.25, 0.50, 1.00, 1.50, 2.00, 3.00, 4.00, 5.00, 6.00,

and 7.00).
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The fluorescence emission spectra of the BSA-BLF binary protein mixture system at different

concentrations of Pb (11). A: Fluorescence emission spectrum of BSA-BLF binary protein mixture
system when the concentration of BSA/BLF is 1:1. B: Fluorescence emission spectrum of BSA-BLF
binary protein mixture system when the concentration of BSA/BLF is 1:9. C: Fluorescence emission
spectrum of BSA-BLF binary protein mixture system when the concentration of BSA/BLF is 9:1.
(Aex=282 nm, Cgsa+CaLr=1.0x10"° M, cppany (x10° M), from 1 to 11: 0, 0.25, 0.50, 1.00, 1.50, 2.00,

3.00, 4.00, 5.00, 6.00, and 7.00).

According to the linear additive principle of
fluorescence intensity, the theoretical fluorescence
intensity (F) of the Pb (I1)-BSA-BLF system should
equal the sum of the F for Pb (II)-BSA and Pb
(I1)-BLF. When assessed as a single protein or binary
protein mixture system (Fig. 1 and Fig. 2), F o
an-ssa-eLr) did not equal the sum of F ey ai-ssay and F
b (n-eLR). This indicated that Fgsa-sLr) did not follow
the linear additive principle. This phenomenon may
be attributed to the interaction between Pb (Il) and
BSA-BLF, and is influenced by the interaction of
mixed proteins (BSA-BSA/BLF-BLF) and other
proteins. By comparing the theoretical F and
measured F of Pb (I1)-BSA-BLF, it can be concluded
that BSA-BSA, BLF-BLF, BSA-BLF interactions
had a significant influence on Pb (I1)-BSA-BLF. As
BSA-BLF did not follow the linear additive principle
of fluorescence, the interactions required further

analyses to quantify and verify the interaction
between protein and Pb (11).

Binding parameters of Pb (I1) to BSA-BLF

To analyze the interactions of BSA-BSA,
BLF-BLF and BSA-BLF, the binding parameters
were calculated for Pb (11)-BSA-BLF. Binding of Pb
(1) to BSA-BLF was further characterized by the
fluorescence spectroscopy. There are few established
theoretical equations for the quantifying a binary
protein system. We assumed that the BSA-BLF
binary protein mixture system bound with an
approximate intermolecular force (a number of
peptide chains shaped the supramolecular system
through reversible binding and entanglement effect).
Therefore, results are described using the
double-reciprocal plot and double-logarithmic plot,
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which are appropriate for single-protein systems [35].
The following formula was used to further describe

binding parameters:

(Fo-F) ' =Rt + KRQI™

where Fo and F are the fluorescence intensities before
and after the addition of Pb (1), respectively, [Q] is

O]
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the concentration of Pb (II) and K is the binding
constant. It was shown in Fig. 3 that formula was
used to determine K by linear regression of a plot of
(Fo-F)* against [Q]*. The values for the binding
parameters of BSA-Pb (lI), BLF-Pb (II) and
BSA-BLF-Pb (I1) are presented in Table-1.

| BSA- Ph(ll) (m)
oosf A ‘ BLE- Pb(l) () 00s L B BSA-BLF(1:9)- Pb(1) (o) s
BSA-BLF(1:9)- Phl) (<) BSA-BLF(1:2.33)- Ph(II) (%) P
BSA-BLF(1:2.33)- Pb(II) (+) BSA-BLF(1:1)- Ph(TI) (*) -
0.06 F BSA-BLF(1:1)- Phll) () 0.04 F BSA-BLF(2.33:1)- Ph{II) (&)
BSA-BLF(2.33:1)- Pb(ll) (a) )
BSABLFO:1)- Ph(Il) (A) c BSA-BLF(9:1)- Ph(IT)(A) e
0 S 003 F 7
< ) _
< s T -
= 002 b * - - — .
* /f‘-' - -
O
I =
0.01 F 2
1 . . . 0.00 . 1 ! L
0.0 0.1 0.2 0.3 0.4 0.0 0.1 02 0.3 0.4
1/[Q): X 10°%(L-mol ™) 1[Q]: *x10° (mol-L™")

Fig. 3:  Lineweaver-Burk plot for fluorescence quenching of BSA/BLF/BSA-BLF by Pb (Il). A:
Lineweaver-Burk plot for fluorescence quenching of BSA/BLF/BSA-BLF by Pb (11). B: Theoretical
Lineweaver-Burk plot for the fluorescence quenching of BSA-BLF by Pb (II). (pH=7.40, 1e=282
nm, CesaeLresa-eLF=1.0x10° M.

Table-1: The binding parameters of Pb (11) to BSA/BLF/BSA-BLF.

Solution System K (L-mol?) R? n R?
BSA-PDb (11) 2.34x10° 0.991 077 0.995
BLF-Pb (1) 5.77x10* 0.998 0.61 0.997

BSA-BLF (1:9)- Pb (1) 2.40x10* 0.994 041 0.994
BSA-BLF (1:2.33)- Pb (1) 1.88x10° 0.978 045 0.999
BSA-BLF (L:1)-Pb (1) 1.05x10° 0.982 051 0.995
BSA-BLF (2.33:1)-Pb (1) 1.53x10° 0.996 0.36 0.992
BSA-BLF (9:1)- Pb (1) 3.35x10° 0.9645 0.35 0.9987
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Fig. 4. Ig[(Fo-F)/F]-Ig[Q] double logarithmic plot of BSA/BLF/BSA-BLF by Pb (11). A: Ig[(Fe-F)/F]-1g[Q]

double logarithmic plot of BSA/BLF/BSA-BLF by Pb (I1). B: Theoretical 1g[(Fo-F)/F]-1g[Q] double
logarithmic plot of BSA/BLF/BSA-BLF by Pb (I1). (pH=7.40, 1&=282 nm, CgsaeLresa-sLr=1.0x10°

M).
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Based on the aforementioned assumption,
the value of n (derived from a double logarithmic
regression) is presented in formula 3:

l9l(Fo — F)/FI = lgK +nlg[Q] (3)

where Fo, F and K are the same parameters as in
formula 2 and [Q] is the concentration of Pb (I1). The
value of n can be determined from the slope of the
double logarithmic regression of Ig [(Fo-F)/F] versus
Ig [Q], based on formula 3 (Fig. 4).

The spectra indicated that Pb (1) did interact
with BSA-BLF, and was affected by BSA-BSA,
BLF-BLF and BSA-BLF interactions. The obtained
K values from the interaction between Pb (Il) and
BSA, BLF and BSA-BLF have an order of magnitude
of 10* L-mol, which means that the binging strength
is relatively high, indicating strong binding affinities.
This is further evidence that the binding interaction
between Pb (11) and BSA, BLF, and BSA-BLF occurs
[36,37]. K po any-sLry is slightly greater than K b (y-ssa)
according to the fluorescence data, indicating that
BLF is more susceptible to the microenvironment
than BSA. In other words, the extent of aggregation,
and the spatial structure of BLF, is more affected by
the solution properties [38]. This suggests that Pb (1)
interacted more strongly with BLF. BLF is more
“flexible”, while BSA is more “rigid”. The following
discussion is based on these conclusions. Also, K
a-ssa-sLr IS larger than K sa-po oy and K sLr-po (i,
except when there was a high BLF content relative to
BSA (i.e., Pb (I11)-BSA-BLF at a BSA:BLF ratio of
1:9), as shown in Table-1. With respect to Pb
(IN-BSA-BLF (1:9), the concentration of BLF is
higher than that of BSA, therefore theoretical K p
an-ssa-eLr) Values should be closer to K o ai-sLR).
However, values were closer to K gsa-po (). This may
be due to Pb (Il) more easily interacting with the
better-dispersed protein (BSA) as a higher proportion
of BLF molecules were likely to aggregate [21].
However, at greater BSA concentrations aggregation

with more soluble or flexible BLF may have occurred.

Therefore, interactions between BSA and BLF
weaken the interaction of Pb (I1)-BSA-BLF. As a
result, the BSA-BLF (1:1) system had the lowest
binding constants. Moreover, “rigid” BSA whose
conformation is not easy to change has a lower
tendency to aggregate and is more likely to bind with
Pb (1), leading to an increase of K @y 1)-ssa-eLr) With
increased BSA proportion (BSA/BLF= 2.33:1, 9:1).
With respect to the binding site, n @b ai-ssasLr) iS
smaller than n gsa-po aiy) @and n sLe-po ary) OVerall, which
may be due to the titration of Pb (Il) causing the
peptide chains of BSA and BLF to be more flexible
and the stability of the BSA-BLF system to decrease.
In addition, with BSA-BLF (1:1) as a reference, n
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first increased and then decreased. BLF aggregates
together, thus, it is difficult for Pb (1) to combine
with high concentrations of BLF. In contrast, BSA
dispersed with high concentrations of flexible BLF,
enabling Pb (I1) to easily react with BLF. BSA and
BLF also accumulate because of partial structural
domain overlap. It is difficult for Pb (I1) to enter the
overlapped domain, causing n @b (-BsasLr) 1O
decrease once again. This phenomenon is explored in
further detail below.

Table-2: The theoretical binding parameters of Pb
(1) to BSA-BLF complex.

Solution System K (L-mol%) R? n R?
BSA-BLF (1:9)-Pb (1) 207x10° 0982 035 0994
BSA-BLF (1:2.33)-Pb (I)  1.97x10°5 0978 040 0.999
BSA-BLF (1:1)-Pb (1) 1.08x10° 0989 049  0.999
BSA-BLF (2.33:1)-Pb (1)  146x10°5 0992 042 0.995
BSA-BLF (9:1)-Pb (11) 1.66x10°  0.970  0.46 _ 0.998

As the BSA-BLF in Table-2 is mixed in a
certain ratio, the respective BSA/BLF concentrations
are calculated theoretically. For example, when
BSA-BLF=1:9, the calculation shows that the
concentration of BSA is 1x10® M and the
concentration of BLF is 9x10® M. The corresponding
concentrations of BSA and BLF solutions were
prepared, and the fluorescence emission spectra were
recorded by adding Pb(ll) at a concentration of
1x10° M dropwise between 250 nm and 500 nm. The
experimentally obtained fluorescence intensities were
summed and brought into the equation to calculate
the theoretical data in Table-2.

The theoretical data in Table-2 is calculated
without considering the interaction of BSA-BSA,
BLF-BLF and BSA-BLF and other factors. Table-1 is
calculated directly from the experimental data. For
the BSA-BLF-Pb (1) ternary system (1:9, 1:2.33 and
1:1), the K values in Table-1 are less than those in
Table-2, while the other two groups (BSA:
BLF=2.33:1 and 9:1) exhibit the opposite relationship.
The reasons for this phenomenon are as follows:
firstly, BSA plays a "depolymerization" role for the
BLF which is at high concentrations of aggregation.
As a result, the higher the proportion of BLF, the
more dispersed BLF would be in the solution, thereby
enhancing fluorescence quenching by Pb (Il). The
condition facilitates the interaction between Pb (I1)
and BSA-BLF. Secondly, BLF can’t play a role of
"depolymerization™ role for BSA which is at high
concentration of aggregation, resulting in the
formation of overlapping domain between BSA and
BLF, which makes it difficult for Pb (1) to enter it.
As a result, the higher the proportion of BSA, the
more overlapping domains there are, the more
difficult it is for Pb (I1) to enter. If the Pb (1) enters
the overlapping domains, it binds very tightly with
BSA-BLF.
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of BSA/BLF/BSA-BLF in the absence of Pb (Il). A: The theoretical (dashed lines) and measured
(solid lines) fluorescence intensity of different concentrations of BSA and BLF in the absence of Pb
(11). B: The theoretical and real fluorescence intensity of different concentrations of the BSA-BLF
binary protein mixture system in the absence of Pb (I1).

Table-1 and Table-2 show that the actual
number of binding sites is higher than the theoretical
number. Addionally, the experimental binding
constant is less than the theoretical value for the
BSA-BLF binary protein mixture system (1.9, 1:2.33

and 1:1), while the other two groups
(BSA-BLF=2.33:1 and 9:1) exhibit the opposite
relationship.  Thus,  with increased BSA

concentrations (BSA-BLF=2.33:1 and 9:1), BSA
would have a dispersive effect on BLF [3]. This
phenomenon, which affects the interactions between
BSA and BLF, would affect the state of BLF in the
Pb (1)-BSA-BLF. As a result, BLF would be more
dispersed in the solution, thereby enhancing
fluorescence quenching by Pb (1) [21]. This
condition may facilitate the interaction of Pb (11) with
BSA-BLF. In addition, with an increased proportion
of BSA in the binary protein mixture system, it is
difficult for Pb (I) to enter the part of the domain
where the BSA and BLF molecules overlap.
Therefore, the actual number of binding sites of Pb
(I)-BSA-BLF is less than that for Pb (11)-BSA and
Pb (IN-BLF. In contrast, with increased BLF
(BSA-BLF=1:9, 1:2.33 and 1:1), BSA has a slight
aggregation, whereas BLF does not have the same
dispersive effect as BSA at high concentrations. The
actual binding constant of Pb (I1)-BSA-BLF is larger
than the theoretical values because Pb (Il) binds
better with BSA-BLF. The data in Table-1 and
Table-2 indicate that the theoretical binding
parameters of the Pb (I1)-BSA-BLF system differ
greatly from the actual binding parameters because of
the influence of the solution environment, which
involves the interaction of mixed proteins with

different abundance. These findings suggest that the
complex interactions of the BSA-BLF, BSA-BSA and
BLF-BLF system are important when analyzing the
Pb (11)-BSA-BLF interaction.

Analysis of the interaction of single protein in
BSA-BLF

Generally, fluorescence intensity
measurements of various proteins are affected by the
interaction between proteins in the system. To further
study the interactions between BSA and BLF in the
Pb (I1)-BSA-BLF system. Similarly, the fluorescence
value of BSA-BLF was used to plot the concentration
(cssa/CaLr), as shown in Fig. 5B.

Measured fluorescence of a protein is not
linearly related to its concentration (Fig. 5).
BSA-BLF are joined by hydrogen bonds or attracted
by electrostatic force [39,40]. Protein aggregation
lowered the fluorescence. Additionally, the BSA
fluorescence value was much closer to the theoretical
value than that of BLF, indicating that BLF is more
susceptible to aggregation by other solutes than BSA.
This result also confirmed our previous conclusion
that BLF was more flexible than BSA. As the protein
concentration gradually increases, BLF is likely to
aggregate and cause the experimental fluorescence
value to deviate from the theoretical value. In
contrast, the deviation of BSA is small because BSA
is more “rigid” and has a greater solubility in water.
In addition, for the BSA-BLF mixed protein system,
the experimental F is smaller than the theoretical sum
because it is influenced by BSA-BSA, BLF-BLF and
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BSA-BLF interactions. As shown in Fig. 5, the
experimental F of BSA-BLF deviated further from
the ideal state; the solution environment had a greater
influence on the proteins. Therefore, to quantitatively
depict the influence of the microenvironment on the
fluorescence effect of proteins, we calculated
parameter lom (overall microenvironmental influence
factor) [41] as follows:

lom = (31 = Im )/ 37 4)

where Jr is the integral of the value of the ideal
fluorescence and Jw is the integral of the value of the
experimental fluorescence.

The results revealed that lom@EsasLr
=0.1937<lom@esa)=0.2467<lom@eLr)=0.4369, this
finding was consistent with the previous conclusion
that BLF was more flexible. The lomesa-sLr) is less
than lomesa) and lomeLr), suggesting that BSA-BLF
is less easily affected by the solution environment
than BSA and BLF. Conversely, BLF is easily
affected by the microenvironment, as indicated by a
higher lomeLr. All data indicated that BSA-BLF was
less affected by the microenvironment than BSA and
BLF. This condition also contributed to the BSA-BLF
system having such complex interactions, including
BSA-BLF, BSA-BSA and BLF-BLF. The results of
the fluorescence spectrometry showed that Pb (II)
quenched the fluorescence of BSA-BLF, indicating
that Pb (Il) interacted with the BSA-BLF protein
system, and was affected by single protein, mixed
proteins and the solution microenvironment. The
same results were obtained for CD and ITC [42-44].

CD and fluorescence spectroscopy are both
spectroscopic tests, while ITC is an isothermal
titration calorimetric method. CD and ITC are only
side-effects of fluorescence spectroscopy, while our
study focuses on fluorescence spectroscopy, which
can determine excitation spectra, emission spectra,
etc., and can infer conformational changes of protein
molecules in the solution environment and changes in
the solution microenvironment. The fluorescence
spectroscopy is sensitive compared to other
spectroscopic and isothermal titration calorimetric
methods. In the following study, we will carry out
additional instrumental tests to gain a more
comprehensive understanding of the binding
mechanism of the Pb (11)-BSA-BLF ternary system.

In conclusion, interactions of the mixed
proteins with different abundance are influenced by
the microenvironment. The BSA-BLF system is not
only affected by the interaction between BSA and
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BLF but also by BSA and BLF themselves.

Fluorescence binding mechanism of Pb (II) and
BSA-BLF

Studies of the interactions between single
protein and ligands are being increasingly reported
[45]. When Pb (11) binds to a single protein, it goes
directly to the binding site of BSA or BLF. The
higher the protein concentration, the greater the
fluorescence burst per unit concentration of Pb (1)
for a single protein. When Pb (Il) binds to the
BSA-BLF binary protein  system, the Pb
(IN-BSA-BLF ternary system interaction is not the
sum of the Pb (I1)-BSA and Pb (lI)-BLF binary
system interactions. There are interactions between
BSA-BSA, BLF-BLF and BSA-BLF, and partial
structural domain overlap of BSA-BLF. It is difficult
for Pb (Il) to enter the overlapped domain. If the Pb
(1) enters the overlapping domains, it binds very
tightly with BSA-BLF. However, here experiments
were based on a binary protein and ligand interaction,
which is a notably more complex system. Therefore,
to study the interaction between BSA-BLF and Pb (1)
at various concentrations, we proposed parameter Fp
as an indicative factor of the extent of the interaction.

Foi = In(F/Ry) ®)

where F is the relative intensity of interaction
between the molecule and protein and Fo is the
relative intensity of interaction between molecules, a
three-dimensional fluorescence diagram between Fp,
and cepqny is presented (Fig. 6).
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Fig.6: A relationship diagram between Fp; and

Crb()-CesA, Ceb(-CeLr and Cep()-Cesa/CaLr.
A: Arelationship diagram between Fp and
Ceoai-Cesa. B: A relationship diagram
between Fp and and cepap-Cer. C: A
relationship diagram between Fp and
Ceoai-Cesa/CeLr.  (The concentration  of
protein ranges from 0.1x10° M to 1x10°
M, the concentration of Pb (Il) range from
1x10° M to 11x10° M).

To investigate  fluorescence as a
measurement of the interaction between Pb (Il) and
BSA-BLF, we constructed a three-dimensional
relationship of quenching (Fig. 6). The intrinsic
fluorescence of BSA and BLF was influenced by the

doi.org/10.52568/001122/JCSP/44.05.2022 461

concentrations of Pb (I1) and the individual proteins.
The degree of fluorescence quenching of the proteins
increased with increasing Pb (Il) concentration.
However, the value of Fpy did not increase linearly
with increasing BSA/BLF concentration. As shown in
Fig. 6A and Fig. 6B, of Fpigsa) increase changed
slightly, while the variation of Fpi@Lr increased
significantly, once again indicating that BLF is more
susceptible to the microenvironment than BSA.
Further confirming its fluorescence intensity, the Pb
(I1)-BSA-BLF system was affected by the interaction
and microenvironmental change of the proteins
(BSA-BSA/BLF-BLF). As shown in Fig. 6,
fluorescence quenching with BSA-BLF increased
with stronger Pb (1) concentrations. However,
Feiesa-eLr did not change significantly with the ratio
of two proteins - indicating that the BSA-BLF was
less affected by the microenvironment (Fig. 6C). This
finding was consistent with lom data.

Moreover, the three-dimensional
relationship of fluorescence quenching was
quantitatively  depicted based on different
concentrations of BSA/BLF, and different ratios of
BSA-BLF. After several iterations of data fitting, we
found a high correlation between Fp and the
concentration parameter estimation of Pb (II). A
review of the literature reveals that Taylor function is
applied to the analysis of fractional linear hybrid
systems [46-48]. In this manuscript, the interaction
between Pb (1) and BSA-BLF binary protein systems
was studied by means of fluorescence spectroscopy.
The Fp parameter was proposed. Based on
three-dimensional  fluorescence spectroscopy, a
three-dimensional fluorescence burst model with Pb
(1) concentration as the X-axis, BSA/BLF/BSA-BLF
concentration as the Y-axis and Fp as the Z-axis was
established. It is obvious that the relationship
between Fp  and Pb  (II)  concentration,
BSA/BLF/BSA-BLF concentration is no linear, so
this paper establishes the link by Taylor functions,
which provides a fast and effective way to study the
interaction between heavy metal ions and binary
protein mixed systems. The binary protein mixture
system was analyzed with a Taylor series of one real
rational function, using the following formula:

0.01135+0.03387[Q]—0.03369[P ]+ 0.02255[P ] —0.03008[Q]x [P]

Pl

T 1+0.12344[Q]- 2.13284[P]+ 0.00403[QF +1.32353[PF — 0.13307[Q]=[P]

(Taylor level real rational function of BSA and Pb (I1), correlation coefficient R?=0.8646, where [Q] is
the concentration of Pb (I1) at 1.0x10° M and [P] is the concentration of BSA at 1.0x10°5 M).
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0.16473—0.07264[Q]—0.92313[P]+ 2.24224[P +0.7289[Q]x [P]

FPI

~1-0.10907[Q]~13.69931[P] - 4.44568x10 °[QT +37.21382[P +1.09042[Q][P]

(Taylor level real rational function of BLF and Pb (l1), correlation coefficient R>=0.8874, where [Q] is
the concentration of Pb (I1) at 1.0x10°* M and [P] is the concentration of BLF at 1.0x10°5M).

6.59319x10'® — 2.48477x10'8[Q] + 1.43966x 101[P] + 5.19933x 10*[P? + 3.17625x 10°[Q] x [P]

P 1613074 1018]Q]+ 7.04102+ 101°[P] - 3.58029QP + 6.79979x 108[P + 1.06844x 102°[Q] x [P]

(Taylor level real rational function of BSA-BLF and Pb (11), correlation coefficient R>=0.9182, where
[Q] is the concentration of Pb (I1) at 1.0x10 M and [P] is the concentration of BSA-BLF at 1.0x10° M).

From these formulas, the interaction
between BSA-BLF binary protein mixture system
and Pb (Il) can be quantified using mathematic
formulas. However, the equation used to describe the
interaction is  highly complex. Once the
concentrations of the small molecule and the protein
are determined, the corresponding Fp can be found,
and the relative intensity between the small molecule
and the protein can also be calculated. A larger Fp
indicates a smaller interaction between the molecules.
For example, if the concentrations of BSA-BLF and
Pb (I1) are known, the relative fluorescence intensity
F of the two binding interactions can be found, and
the Fp of BSA-BLF-Pb (1) can also be found by
bringing it into the BSA-BLF-Pb (11) Taylor function.
The higher Fo indicates that BSA-BLF-Pb (II) is
influenced by BSA-BSA, BLF-BLF and BSA-BLF
interactions, which means that the Taylor function
obtained from the simulations can be used to
calculate the effect of intermolecular interactions on
the test. In general, the fluorescence value is affected
by the concentration of the protein, quencher and the
microenvironment of the solution. In addition, the
BSA-BLF system involves different concentration
ratios, and the model is useful for identifying
mechanisms of the interaction between ligands and
the binary protein mixture system.

Conclusions

This study proposes a new approach for
quantifying the interaction between heavy metal ions
and binary protein mixture system using fluorescence
spectroscopy. Here, the interaction between Pb (II)
and BSA-BLF was investigated. Spectroscopic data
was analyzed using Lineweaver-Burk and double
logarithmic equations to obtain the binding constant
and binding sites. A strong binding force was
observed between Pb (11) and BSA-BLF. In addition
to conventional methods, a new method with

corresponding  definitions, formulas and a
preliminarily theoretical model to describe the
interaction between BSA-BLF and Pb (Il) using
fluorescence. The challenge of this study was to
quantify the effect of the microenvironment on
fluorescence at different protein concentrations. We
proposed a definition of lom to quantitatively explain
how microenvironmental change affect fluorescence.
lom indirectly indicates conformational properties. In
addition, the theoretical binding parameters and
actual parameters of BSA-BLF-Pb (1) were
compared. This was to identify the areas of
interaction between BSA and BLF that were
influenced by the microenvironment, and that directly
competed with BSA-BLF’s interaction with Pb (II).
The effects of BSA-BLF on conformational changes
and microenvironmental factors were discussed, the
interaction between Pb (Il) and BSA-BLF based on
the distribution, free concentration and metabolic
mechanisms of Pb (l1), and the spatial conformation
of BSA-BLF. A three-dimensional model was
established to describe the fluorescence resulting
from interactions between BSA-BLF and Pb (II).
There was a strong correlation (R?=0.9182, p<0.001)
between Fp and the concentration parameter
estimation of Pb (II). The interaction between
BSA-BLF and Pb (Il) was also reasonable for the
Taylor series of one real rational function. These
innovative methods provide a fast and efficient
manner to study interactions between heavy metal
ions and binary protein mixture system.
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