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o Toxicity of Pb?* to phycocyanin is
assessed in vitro.

e Fluorescence quenching process of
phycocyanin by Pb?* is static.

e Pb%* affect the Tyr residues more
than the Trp residues.

o Pb?* affect the phycocyanin skeleton
and its secondary structure.
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This work reports the influence of lead (Pb®>*) on fluorescence characteristics and protein structure of
phycocyanin molecules experimentally in vitro. The fluorescence intensity decreases with the increasing
concentration of Pb%>* from 0 to 5 x 10~° mol L™, showing the fluorescence quenching of phycocyanin by
Pb?*. The quenching process is suggested to be static regarding the calculation results and the experi-
mental results of time-resolved fluorescence decay profiles. The synchronous fluorescence spectra show
that the effect of Pb%* on the Tyr residues of phycocyanin is more significant than the Trp residues. The
forming of aggregation by the interaction of Pb*" with phycocyanin molecules is suggested from the
results of resonance light scattering spectra. The UV—Vis spectra of the protein skeleton of phycocyanin
have a red-shift of about 10 nm with increasing the Pb%* concentration from 0 to 5 x 10~ mol L},
indicating a change in the protein skeleton and its secondary structure. With the increasing Pb’>* con-
centration, the two negative peaks (209 nm and 218 nm) on circular dichroism spectra become smaller,
showing a decrease of the a-helix structure. These results may give people a deeper understanding of
that how the heavy metal (Pb®*) can affect the chemo-physical properties of phycocyanin.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

During the past decades, lead (Pb®") is recognized as one of the
main environmental pollutants from industry (Zhang et al., 2012;
More et al., 2017). As a result of river inputs the oceans have been
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polluted for years, and the bioaccumulation and chelation of lead
by marine organisms keep the concentration of lead at high
pollution levels (do Sul and Costa, 2014; Burnett and Patterson,
2015; Raspor et al,, 2015). There have been many works in toxi-
cology, marine biology and ecology reported on the toxicity of lead
to the marine organisms, regarding DNA damage, enzyme inhibi-
tion, and so forth (Tao et al.,, 2000; Tang et al., 2013; Peng et al.,
2015).

In the marine ecosystem, cyanobacteria is an important phylum
of microorganism that has phycocyanin protein in their living cells.
Phycocyanin is a natural protein with red fluorescence from cya-
nobacteria for the photosynthetic apparatus, converting the solar
energy into their chemical energy (Patel et al., 2005). The phyco-
cyanin contains phycocyanobilins (linear tetrapyrrole molecules
with florescent property) and cysteine amino acid residues
(Kannaujiya et al., 2016). The energy transitions of pi-pi* within the
florescent molecules are related with the photoluminescence
characteristics (Stoll et al., 2009). Since the interactions of heavy
metal ions with phycocyanin protein lead to the fluorescence
quenching of phycocyanin (Saha et al., 2011; Bhayani et al., 2016),
the phycocyanin fluorescence in the cyanobacterial cells can be
used as bioindicator for monitoring heavy metals in drinking water
regarding the high sensitivity and responding speed (Jusoh et al.,
2017).

Some studies of cyanobacteria have reported the toxicity of Pb%+
on phycocyanin. For Synechocystis sp. (Arunakumara and Zhang,
2009), the phycocyanin content decreased with increasing Pb%*
concentration. 29.34% inhibition of phycocyanin were observed
when the Synechocystis sp. cells exposed to 6 mg/L Pb%*. Their
result agreed with the report by Gelagutashvili (2007) that the
fluorescence of phycocyanin decreased with increasing Pb?* con-
centration, due to high affinity of phycocyanin-Pb%*" resulting in
fluorescence quenching. However in another work, 5 mg/L Pb%*
stimulated the growth of cells of Spirulina sp. while no much in-
fluence was observed on the pigment contents at this low con-
centration of Pb®* (Arunakumara et al., 2008). Yet no specific
research has focused on the toxicity of Pb®" to phycocyanin at
molecular level experimentally. In this work, an overall study is
carried out to assess the influence of Pb>* on fluorescence char-
acteristics and protein structure of phycocyanin molecules in vitro.
The results may give people a deeper understanding of that how
the heavy metal (Pb?") can affect the chemo-physical properties of
phycocyanin.

2. Materials and methods
2.1. Materials

The phycocyanin, isolated from Spirulina platensis (Arthrospira
platensis), has a molecular weight of ~120,000 Da at pH of 6.5—8.0
and was purchased from Zhejiang Binmei Biotechnology Co. Ltd.,
China. Monosodium orthophosphate (NaH;PO4...2H,0) and diso-
dium hydrogen phosphate (Na;HPO4...12H,0) were obtained from
Sinopharm Chemical Reagent Co. Ltd. And were used to prepare the
phosphate buffer saline (pH = 7.0). Lead (II) nitrate (Pb(NO3);) was
obtained from Sigma-Aldrich, China. All chemicals were analytical
reagent grade.

2.2. Fluorescence characteristics

Phycocyanin samples with volume of 10 mL were prepared by
mixing the phosphate buffer saline, phycocyanin and Pb(NOs);
solution for 25 min. The fluorescence spectra of the phycocyanin
samples with Pb?* concentrations of (x10~® mol L=1) 0, 0.5, 1, 2.5, 5,
7.5,10, 17.5, 25, 45 and 50 were measured at 298 K and 308 K. The

concentration of phycocyanin samples was 5.0 x 10~ mol L! and
the pH of solutions was 7.0. The samples were placed in the F4600
Fluorescence Spectrometer (Hitachi, Japan) for analysis. The exci-
tation wavelength was set at 278 nm with emission wavelength
range set at 280—530 nm. The slit width was 5 nm and the voltage
was 400 V. The results were plotted using the Stern-Volmer
equation (Fo/F = 1 + Ksy [Q]) for dynamic quenching (Geethanjali
et al., 2015) and modified Lineweaver-Burk equation (lg (Fo—F)/
F = IgK + nlg [Q]) for static quenching (Fu et al., 2016) to calculate
the values of Kgy, K and n. In the equations, Fy and F are the fluo-
rescence intensities in the absence and presence of Pb?*; Kgy is the
quenching constants; Q is the concentration of Pb?*; K is the
binding constant; n is the number of binding site. The time-
resolved fluorescence decay profiles were measured for the
phycocyanin samples with the Pb*" concentrations of
(x10°¢ mol L=1) 0, 6, 9 and 50 to further confirm whether the
fluorescence quenching is dynamic or static (Gu et al., 2017).

The synchronous fluorescence spectra of phycocyanin samples
with the Pb?* concentrations of (x10~® mol L~1) 0, 0.5, 1, 2.5, 5, 7.5,
10, 17.5, 25 and 50 were measured at A\ of 60 nm (for Tyr emission
spectra) or 15 nm (for Trp emission spectra) (Bobone et al., 2014).
The concentration of phycocyanin was 5.0 x 1077 mol L™! The
temperature was 298 K. The pH was 7.0. The excitation wavelength
was set at 278 nm with emission wavelength range set at
280—530 nm. The slit width was 5 nm and the voltage was 400 V.
The Fo/F values were plotted with the Pb?* concentrations for the
synchronous fluorescence spectra of phycocyanin samples at AA of
60 nm or 15 nm.

The resonance light scattering (RLS) spectra of phycocyanin-
Pb?* solution, phycocyanin solution, Pb** solution and pure water
were measured at 298 K to identify if the solutes were well-mixed
in solution (Pasternack and Collings, 1995). The concentration of
phycocyanin and Pb?>* were 50 x 107 mol L' and
5.0 x 107® mol L7, respectively. The pH is 7.0. The excitation
wavelength was set at 228 nm with emission wavelength range set
at 220—800 nm. The slit width was 2.5 nm and the voltage was
400 V.

2.3. Effect on the molecular structure of phycocyanin protein

The phycocyanin samples with volume of 10 mL were prepared
by mixing the phosphate buffer saline, phycocyanin and Pb(NO3),
solution for 25 min. The UV—Vis spectra of phycocyanin samples
with the Pb?* concentrations of (x10~® mol L1 0, 0.5, 1, 2.5, 5, 7.5,
10, 17.5, 25 and 50 were measured using the UV—Vis spectropho-
tometer (Shimadzu UV-2450, Japan). The temperature was 298 K.
The concentration of phycocyanin samples was 5.0 x 10~/ mol L™
and the pH of solutions was 7.0. The scan range was set at
190—800 nm to study the effect of Pb?>* on protein structure of
phycocyanin, including protein skeleton (200—250 nm), Phe res-
idue (260—300 nm), disulfide bond (300—450 nm) and tetrapyrrole
(550—650 nm). The slit width was 1 nm.

The circular dichroism (CD) spectra of phycocyanin samples
with the Pb?* concentrations of (x10~® mol L=1) 0, 1, 2.5, 5 and 10
were measured using the CD Spectrometer (Jasco J-810, Japan). The
scan range was set at 190—260 nm to study the change in a-helix
structure (204—228 nm) of the phycocyanin protein.

3. Results and discussion
3.1. The interaction mechanism of Pb*>* with phycocyanin
The binding interaction of Pb?* with phycocyanin is investi-

gated by fluorescence, time-resolved fluorescence, synchronous
fluorescence, and RLS techniques.
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Fig. 1. Fluorescence spectra of the phycocyanin samples with Pb?* concentrations of (x10-® mol L~') 0, 0.5, 1, 2.5, 5, 7.5, 10, 17.5, 25, 45 and 50 (from sub-a to sub-k) at 298 K (a) and

308 K (b); Concentration of phycocyanin is 5.0 x 10~/ mol L~'; pH is 7.0.

Fig. 1 show the fluorescence spectra of phycocyanin samples
with Pb%* concentrations of(xlO*6 mol Lfl) 0,05,1,2.5,5,75,10,
17.5, 25, 45 and 50 at 298 K (Fig. 1a) and 308 K (Fig. 1b). Overall, the
peaks of these fluorescence spectra locate at 335 nm. The adding of
Pb%* does not shift the peaks significantly. However, the fluores-
cence intensity decreases with the increasing concentration of Pb%*
from 0 to 5 x 10~ mol L™, showing the fluorescence quenching of
phycocyanin by Pb%". At 298 K the fluorescence intensity of
phycocyanin decreased from about 2600 to 2100 (A = —500), while
at 308 K the fluorescence intensity decreased from about 2300 to
2100 (A = —200), suggesting a static quenching phenomenon for
the following reasons (Gu et al., 2017). Static quenching happens
when the quencher binds with the fluorophore, where high tem-
perature limits the binding force and quenching degree. Dynamic
quenching happens when the quencher and fluorophore collide,
where high temperature provides more energy for the collision
resulting in more loss of fluorescence intensity. In addition, when
the concentration of Pb2* is lower than 1 x 107> mol L™}, the Kg
values of Stern-Volmer equation (Fig. 2a) for dynamic quenching
are calculated to be 15.6 x 10 mol~'L (collisional quenching con-
stant: 15.6 x 10" mol~'s~'L) at 298 K and 4.32 x 10° mol~'L
(collisional quenching constant: 4.32 x 10" mol~'s~'L) at 308 K.
When the concentration of Pb?* is higher than 1 x 10~ mol L],
the Ksy values are calculated to be 2.14 x 10% mol~'L (collisional
quenching constant: 214 x 10" mol~'s7'L) at 298 K and
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152 x 10> mol 'L (collisional quenching constant:
152 x 10" molflsflL) at 308 K. However, these collisional
quenching constants are much larger than the maximum collision
quenching constant which is 0.2 x 10" mol~'s~'L for biomolecules
(Rasoulzadeh et al., 2010), suggesting that the Pb?* quenching
process is not dynamic. Calculated by the modified Lineweaver-
Burk equation (Fig. 2b) for static quenching, the n values are 1.05
(at 298 K) and 1.01 (at 308 K) when the concentration of Pb%™ is
lower than 1 x 107> mol L™, while the n values are 0.28 (at 298 K)
and 0.55 (at 308 K) when the concentration of Pb?* is higher than
1 x 107> mol L™, For a static quenching process, the lifetime of
excited fluorophore was not affected by the quencher (Chi et al.,
2016, 2017). Fig. 3 show the time-resolved fluorescence decay
profiles of phycocyanin samples with different Pb>* concentration.
The lifetimes of phycocyanin samples were 3.39 ns, 3.41 ns, 3.43 ns
and 3.39 ns, respectively, when the Pb?t concentrations were
(x10°% mol L1) 0, 6, 9 and 50. These similar values of the fluo-
rescence lifetimes agree with that the Pb%* quenching process is
static. The binding of Pb?* to phycocyanin may involve four kinds of
forces, namely hydrogen bonding, van der Waals (VDW) in-
teractions, hydrophobic force and electrostatic force. The relation-
ship between molecular interactions and thermodynamic
parameters has been reported in literature (Ross and Subramanian,
1981; Aki and Yamamoto, 1989): When AS and AH are negative
there are hydrogen bonding and VDW interactions between
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Fig. 2. The Stern-Volmer plot (a) and the Lineweaver-Burk log-log plot (b) of fluorescence quenching by Pb?** for phycocyanin samples at 298 K and 308 K; Concentration of

phycocyanin is 5.0 x 10~ mol L~*; pH is 7.0.
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Fig. 3. Time-resolved fluorescence decay profiles of phycocyanin samples with the Pb?* concentrations of (x10~6 mol L~1) 0 (a), 6 (b), 9 (c) and 50 (d) at 298 K; Concentration of

phycocyanin is 5.0 x 10~7 mol L~; pH is 7.0.

molecules; When AS and AH are positive there is hydrophobic force
between molecules; When AS is positive but AH is negative there is
electrostatic force. Table 1 listed the thermodynamic parameters
for the phycocyanin-Pb®* interactions with different Pb** con-
centration at 298 K and 308 K. Overall, the AG values are negative
showing that the quenching process is spontaneous. When the
concentration of Pb%* is lower than 1 x 10> mol L™, there are
hydrogen bonding and VDW interactions between Pb** and
phycocyanin molecules at 298 K or 308 K (AH<0, AS<0, AG<O0).
When the concentration of Pb?* is higher than 1 x 107> mol L™/,
there is hydrophobic force between Pb%*" and phycocyanin mole-
cules (AH>0, AS>0, AG<O0).

The synchronous fluorescence spectra are used to study the
change in amino acid residues of phycocyanin molecules. Fig. 4a
shows the synchronous fluorescence spectra of phycocyanin sam-
ples for Trp emission spectra at AX of 60 nm. With increasing the
concentration of Pb?*, the fluorescence intensity of phycocyanin
decreases from 2700 to 2500 (A = —200) and the Fy/F value de-
creases from 1.00 to 0.93 (A = —0.07, Fig. 4b). Fig. 4c shows the
synchronous fluorescence spectra of phycocyanin samples for Tyr

Table 1
Thermodynamic parameters for the phycocyanin-Pb?* interactions.

T(K)  AH(K]J-mol ™)

AS(J-mol'K™!)  AG(KJ-mol ™)
C(Pb*H)<1 x 107> 298  —124.55 —333.440 —25.19
mol L~ 308 -21.85
C(Pb**)>1 x 107> 298  140.61 482.52 -3.18
mol L’ 308 —-8.01

emission spectra at A\ of 15 nm. With the increasing Pb>* con-
centration, the fluorescence intensity of phycocyanin largely de-
creases from 1400 to 900 (A = —500) and the Fo/F value decreases
from 1.00 to 0.67 (A = —0.33, Fig. 4d). Therefore the effect of Pb%*
on the Tyr residues of phycocyanin is more significant than the Trp
residues.

Fig. 5 shows the RLS spectra of phycocyanin-Pb?* solution,
phycocyanin solution, Pb?* solution and pure water. If the RLS in-
tensity of mixture would be larger than the sum of the intensities of
each solution, otherwise there would be aggregation of molecules
(Pasternack and Collings, 1995). From Fig. 5, it can be seen that the
RLS intensity (670) of phycocyanin-Pb?* solution is larger than the
sum (580) of the intensities of each solution, meaning that the

interaction of Pb?t and phycocyanin molecules can form
aggregation.

3.2. Change in the molecular structure of phycocyanin protein

Fig. 6a shows the UV—Vis spectra of phycocyanin samples with
the Pb%* concentrations of (x10~% mol L=1) 0, 0.5, 1, 2.5, 5, 7.5, 10,
17.5, 25 and 50. The UV—Vis spectra have four main peaks, locating
in the range of 200—250 nm for protein skeleton, 260—300 nm for
Phe residue, 300—450 nm for disulfide bond and 550—650 nm for
tetrapyrrole. Fig. 6b shows the UV—Vis spectra of the protein
skeleton of phycocyanin that the spectra have a red-shift of about
10 nm with increasing the Pb*" concentration from 0 to
5 x 107> mol L}, indicating a change in the protein skeleton and its
secondary structure (Wu et al., 2007). Fig. 6c—e show the UV—Vis
spectra of the Phe residue, disulfide bond and tetrapyrrole of
phycocyanin, respectively. No significant red-shift or blue-shift of
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the spectra is observed with increasing the Pb®* concentration.
Therefore the change in the protein skeleton and its secondary
structure of phycocyanin is suggested to be a main reason to the
fluorescence quenching by Pb?+.

Fig. 7 show the circular dichroism spectra of phycocyanin
samples with the Pb** concentrations of (x10 ® mol L=1) 0,1, 2.5, 5
and 10 in the wavelength range of 190—-260 nm (Fig. 7a) and
204—228 nm (Fig. 7b) for a-helix structure of protein (Lu et al.,
2007). The negative peaks of a-helix structure locate at 209 nm
and 218 nm. With the increasing Pb2t concentration, the two
negative peaks become smaller, showing a decrease content of the
a-helix structure. The change in the secondary structure of
phycocyanin protein may due to interactions between Pb%* with
the amino acid residues of phycocyanin skeleton, resulting in
possible loss of functions of phycocyanin (Melo et al., 1997).

4. Conclusions

This work studied the influence of Pb?>* on fluorescence char-
acteristics and protein structure of phycocyanin molecules experi-
mentally in vitro. The fluorescence intensity decreased with
increasing the concentration of Pb?* from 0 to 5 x 10> mol L™,
showing the fluorescence quenching of phycocyanin by Pb>*. The
quenching process was suggested to be static regarding the calcu-
lation results and the experimental results of time-resolved
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fluorescence decay profiles. The synchronous fluorescence spectra
showed that the effect of Pb%* on the Tyr residues of phycocyanin
was more significant than the Trp residues. The interaction of Pb%*
with phycocyanin molecules can result in the forming of aggrega-
tion analyzed by the resonance light scattering spectra. The UV—Vis
spectra of the protein skeleton of phycocyanin had a red-shift of

about 10 nm with increasing the Pb?* concentration from O to
5 x 107> mol L}, indicating a change in the protein skeleton and its
secondary structure. With increasing the Pb** concentration, the
two negative peaks (209 nm and 218 nm) on circular dichroism
spectra became smaller, showing a decrease of the a-helix

structure.
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