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Abstract
The pollution of heavy metals is a severer problem for the ecosystems in waters. The toxicity of Cd2+ on phycocyanin (PC) is
studied in molecular level in this work. The fluorescence quenching of PC is observed by the adding Cd2+ from 0 to 500 ×
10−7 mol L−1. From the theoretical calculation and the time-resolved fluorescence decay profiles, the fluorescence quenching of
PC by Cd2+ is found to be static. The synchronous fluorescence spectra are used to study the change in amino acid residues of PC
molecules, indicating that the effect of Cd2+ on the Trp of PC is more significant than the Tyr. The UV-Vis absorbance of
tetrapyrrole decreases from 0.26 to 0.23 cps with increasing Cd2+ concentration, suggesting that Cd2+ affects the light adsorption
and the photosynthesis function of PC. The circular dichroism spectra reveal that adding Cd2+ also changes the secondary
structure (α-helix) of PC.
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Introduction

The water pollution of heavy metals has been a severer prob-
lem worldwide. In the eastern Beibu Bay of South China Sea,
the contaminations of Zn, Cr, Pb, Cd, Cu, Hg and As were
observed (Dou et al. 2013). In the southwestern South Atlantic
Ocean, toxic heavy metals including Cd, As, Ag and Au were
found in animal tissues (Cáceres-Saez et al. 2013). In the Red
Sea, the contaminations of Cu, Zn, Pb, Cd, Fe and Mn were
found in fish (El-Moselhy et al. 2014). Also, heavy metals
with certain concentrations were found in rivers (Squadrone

et al. 2013) and lakes (Li et al. 2013), resulting in a high risk of
ecosystems in the waters.

Phycocyanin (PC), used for photosynthesis, is a very im-
portant protein in ecosystems, since many microorganisms in
oceans, rivers and lakes are using PC for the conversion of
solar energy to their chemical energy (French and Young
1952). The PC contains phycocyanobilin, which is a linear
tetrapyrrole molecule with colour and fluorescence (Roda-
Serrat et al. 2017). Since the heavy metal ions can easily bind
with PC leading to fluorescence quenching, PC can be used as
a biosensor for the detection of heavy metals (Hou et al. 2017;
Mahato et al. 2012).

Cd2+ is a typical hazardous heavy metal in waters
(Cardoso et al. 2013; Tang et al. 2017). The hazardous pol-
lutants or high salinity can largely affect the bioactivity of
organisms in the waters (Tan et al. 2017b; Tan and Li 2016).
The Cd2+ with a concentration of 21 μg/mL has been report-
ed to inhibit the growth (50%) of cyanobacteria (Dixit and
Singh 2015). Evidence also shows that Cd2+ has higher tox-
ic i ty than Pb2+, Cu2+ and Cr3+ to the growth of
cyanobacteria (Soeprobowati and Hariyati 2014). Another
study of cyanobacteria has reported that the PC content de-
creases with increasing Cd2+ concentration. Forty-three per-
cent inhibition of PC content was observed when the con-
centration of Cd2+ was 6 mg/L (Arunakumara and Zhang
2009). Yet no specific research has focused on the toxicity
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of Cd2+ to PC at molecular level experimentally. The influ-
ence of Cd2+ on fluorescence characteristics and protein
structure of phycocyanin molecules has been studied
in vitro in this work. The results show the binding of Cd2+

to PC biomolecules experimentally. This work provides the
information for the related future works and may also ben-
efit the understanding of the in vivo toxicity of Cd2+ to the
marine organisms.

Materials and methods

Chemicals

The phycocyanin (PC) from Spirulina platensis was pur-
chased from Binmei Biotech Co. Ltd., China. The PBS buffer
with pH of 7.0 was prepared using NaH2PO4 · 2H2O and
Na2HPO4 · 12H2O from Sinopharm Chemical Reagent Co.
Ltd., China. CdCl2 was purchased from Sigma-Aldrich,
China. All chemicals were analytical reagent (AR) grade.

Fluorescence characteristics

Ten millimetres of PC samples were prepared by mixing the
PBS buffer, PC and CdCl2 solution for 15 min. The fluores-
cence spectra of the PC samples with Cd2+ concentrations of
(×10−7 mol L−1) 0, 5, 10, 25, 50, 75, 100, 175, 250, 450 and
500 were measured at 298 and 308 K. The concentration of
PC samples was 5.0 × 10−7 mol L−1 and the pH of solutions
was 7.0. The samples were placed in the F4600 fluorescence
spectrometer (Hitachi, Japan) for analysis. The excitation
wavelength was set at 278 nm with emission wavelength
range set at 280–530 nm. The slit width was 10 nm and the
voltage was 400 V. The results were plotted using the Stern-
Volmer equation (F0/F = 1 +KSV [Q] = 1 +Kqτ0[Q]) for dy-
namic quenching (Geethanjali et al. 2015) and modified
Lineweaver-Burk equation (lg(F0–F)/F = lgK + nlg[Q]) for
static quenching (Fu et al. 2016) to calculate the values of
KSV, K and n. In the equations, F0 and F are the fluorescence
intensities in the absence and presence of Cd2+, KSV is the
quenching constant, Kq is the quenching rate constant, τ0 is
the lifetime of fluorophore (~ 10−8 s),Q is the concentration of
Cd2+, K is the binding constant and n is the number of binding
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Fig. 1 Fluorescence spectra of the PC samples with Cd2+ concentrations
of (×10−7 mol L−1) 0, 5, 10, 25, 50, 75, 100, 175, 250, 450 and 500 (from
sub-a to sub-k) at 298 K (a) and 308 K (b). The Stern-Volmer plot (c) and

the Lineweaver-Burk log-log plot (d) of fluorescence quenching by Cd2+

for PC samples at 298 and 308 K
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site. The time-resolved fluorescence decay profiles were mea-
sured for the PC samples with the Cd2+ concentrations of
(×10−7 mol L−1) 0, 100 and 500 to further confirm whether
the fluorescence quenching is dynamic or static (Gu et al.
2017).

The synchronous fluorescence spectra of PC samples with
Cd2+ concentrations of (×10−7 mol L−1) 0, 5, 10, 25, 50, 75,
100, 175, 250, 450 and 500 were measured at Δλ of 60 nm
(for Trp emission spectra) or 15 nm (for Tyr emission spectra)
(Bobone et al. 2014). The concentration of PC was 5.0 ×
10−7 mol L−1. The temperature was 298 K. The pH was 7.0.
The excitation wavelength was set at 278 nm with emission
wavelength range set at 265–325 nm. The slit width was 5 nm
and the voltage was 400 V. The F0/F values were plotted with
the Cd2+ concentrations for the synchronous fluorescence
spectra of PC samples at Δλ of 60 or 15 nm.

The resonance light scattering spectra of water, Cd2+ solu-
tion, PC solution and PC-Cd2+ solution were measured at
298 K to identify if the solutes were well-mixed in solution
(Pasternack and Collings 1995). The concentration of PC and
Cd2+ were 5.0 × 10−7 and 5.0 × 10−6 mol L−1, respectively.
The pH was 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.

Effect on the molecular structure of PC protein

Ten millimetres of PC samples were prepared by mixing the
PBS buffer, PC and CdCl2 solution for 15 min. The UV-Vis
spectra of PC samples with the Cd2+ concentrations of
(×10−7 mol L−1) 0, 5, 10, 25, 50, 75, 100, 175, 250, 450 and
500 were measured using the UV-Vis spectrophotometer
(Shimadzu UV-2450, Japan). The temperature was 298 K.
The concentration of PC samples was 5.0 × 10−7 mol L−1

and the pH of solutions was 7.0. The scan range was set at
190–800 nm to study the effect of Cd2+ on protein structure of
PC, especially the tetrapyrrole (500–700 nm) for photosynthe-
sis. The slit width was 1 nm. The circular dichroism (CD)
spectra of PC samples with the Cd2+ concentrations of
(×10−7 mol L−1) 0, 10, 25, 50, 100 were measured using the
CD spectrometer (Jasco J-810, Japan). The scan range was set
at 190–260 nm to study the change in α-helix structure (200–
230 nm) (Chi et al. 2016) of the PC protein.

Results and discussion

Fluorescence quenching by Cd2+

Fluorescence quenching has been used as a method to study the
molecular interactions (Chi et al. 2017b, c). The fluorescence
spectra of PC-Cd2+ samples are showed in Fig. 1a (at 298 K)
and Fig. 1b (at 308 K) with different Cd2+ concentration. The

Table 2 Results calculated from the modified Lineweaver-Burk
equation with different Cd2+ concentration at 298 and 308 K

T (K) K (mol−1 L) n R

C (Cd2+) ≤ 1 × 10−6 M 298 4357 0.85 1

308 48,780 1.05 1

C (Cd2+) ≥ 1 × 10−6 M 298 1.67 0.28 0.99977

308 1.17 0.28 0.99947
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Fig. 2 Time-resolved fluorescence decay profiles of PC samples with the Cd2+ concentrations of (×10−7 mol L−1) 0 (a), 100 (b), 500 (c) at 298 K

Table 1 Results calculated from
the Stern-Volmer equation with
different Cd2+ concentration at
298 and 308 K

T (K) Ksv (10
3mol−1 L) Kq(10

11mol−1 s−1 L) R

C (Cd2+) ≤ 1 × 10−6 M 298 35.5 35.5 0.9999

308 24.1 24.1 0.99982

C (Cd2+) ≥ 1 × 10−6 M 298 1.36 1.36 0.99784

308 0.97 0.97 0.99826
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peaks of the fluorescence spectra locate at 335 nm. The adding
of Cd2+ from 0 to 500 × 10−7 mol L−1 does not shift these peaks
but decrease the fluorescence intensity, showing the fluores-
cence quenching of PC by Cd2+. At 298 K, the fluorescence
intensity of PC decreased from about 2400 to 2150 (Δ = −
250), while at 308 K, the fluorescence intensity decreased from
about 2150 to 2000 (Δ = − 150). Unlike dynamic quenching
where the quencher and fluorophore collide, static quenching
happens when the quencher binds with the fluorophore where
high temperature limits the binding force and quenching degree
(Gu et al. 2017). The Stern-Volmer plot (Fig. 1c) and the
Lineweaver-Burk log-log plot (Fig. 1d) are generated based
on the fluorescence spectra, and the calculated results are
showed in Tables 1 and 2. The Ksv and Kq are smaller at high

temperature (Table 1).When the concentration of Cd2+ is lower
than 1 × 10−6 mol L−1, the Kq values are 3.55 ×
1012 mol−1 s−1 L at 298 K and 2.41 × 1012 mol−1 s−1 L at
308 K. When the concentration of Cd2+ is higher than 1 ×
10−6 mol L−1, the Kq values are 1.36 × 1011 mol−1 s−1 L at
298 K and 9.7 × 1010 mol−1 s−1 L at 308 K. However, these
quenching rate constants are much larger than the maximum
quenching rate constant which is 0.2 × 1011 mol−1 s−1 L for
biomolecules (Rasoulzadeh et al. 2010), again showing that
the Cd2+ quenching process is static. Calculated by the modi-
fied Lineweaver-Burk equation for static quenching (Table 2),
the n values are 0.85 (at 298 K) and 1.05 (at 308 K) when the
concentration of Cd2+ is lower than 1 × 10−6 mol L−1, while the
n values are 0.28 at 298 and 308 K when the concentration of

Table 3 Thermodynamic
parameters for the PC-Cd2+

interactions

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

C (Cd2+) ≤ 1 × 10−6 M 298 184.27 687.98 − 20.75
308 − 27.63

C (Cd2+) ≥ 1 × 10−6 M 298 − 27.14 − 86.81 − 1.27
308 − 0.40

Fig. 3 Synchronous fluorescence spectra of PC samples with the Cd2+

concentrations of (×10−7 mol L−1) 0, 5, 10, 25, 50, 75, 100, 175, 250, 450
and 500 (from sub-a to sub-j) atΔλ of 60 nm (a) or 15 nm (b); F0/F plot

for the synchronous fluorescence spectra of PC samples atΔλ of 60 nm
for Trp and 15 nm for Tyr (c). Resonance light scattering spectra of water,
Cd2+ solution, PC solution and PC-Cd2+ solution (d)
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Cd2+ is higher than 1 × 10−6 mol L−1. For a static quenching
process, the lifetime of excited fluorophore will not be signifi-
cantly affected by the quencher (Chi et al. 2017a). Figure 2
shows the time-resolved fluorescence decay profiles of PC
samples with different Cd2+ concentration. The lifetimes of
PC samples were 3.55, 3.52 and 3.53 ns, respectively, when
the Cd2+ concentrations were (×10−7 mol L−1) 0, 100 and 500.
These values of the fluorescence lifetimes are similar, agreeing
that the Cd2+ quenching process is static. The binding force of
Cd2+ to PC is related with the thermodynamic parameters (Aki
and Yamamoto 1989; Ross and Subramanian 1981). Table 3
listed the thermodynamic parameters for the PC-Cd2+ interac-
tions with different Cd2+ concentration at 298 and 308 K. The
negative ΔG values show that the quenching process is spon-
taneous. When the concentration of Cd2+ is lower than 1 ×
10−6 mol L−1, there is hydrophobic force between Cd2+ and
PC molecules (ΔH > 0, ΔS > 0, ΔG < 0) at 298 or 308 K.
When the concentration of Cd2+ is higher than 1 ×
10−6 mol L−1, there are hydrogen bonding and VDW interac-
tions between Cd2+ and PCmolecules (ΔH < 0,ΔS < 0,ΔG <
0). Therefore the Kq and n values are different under different
Cd2+ concentration. Based on the force calculations, it is pos-
sible to model themolecular interactions via molecular docking
in the future works (Tan et al. 2017a, c).

The synchronous fluorescence spectra are used to study
the change in amino acid residues of PC molecules.
Figure 3a shows the synchronous fluorescence spectra of
PC samples for Trp emission spectra at Δλ of 60 nm.
With increasing the concentration of Cd2+, the fluores-
cence intensity of PC largely decreases from 2700 to
2400 (Δ = − 300) with peaks at 278 nm. Figure 3b shows
the synchronous fluorescence spectra of PC samples for
Tyr emission spectra at Δλ of 15 nm. With increasing the
concentration of Cd2+, the fluorescence intensity of PC
decreases from 1000 to 950 (Δ = − 50) with peaks at
282 nm. The F0/F values calculated from the synchronous
fluorescence spectra were plotted in Fig. 3c. The F0/F
value for Trp residue decreases from 1.00 to 0.92 (Δ =
− 0.08) with increasing Cd2+ concentration, while the F0/
F value for Tyr residue decreases from 1.00 to 0.95 (Δ =
− 0.05), indicating that the effect of Cd2+ on the Trp res-
idue of PC is more significant than the Tyr residue.
Figure 3d shows the resonance light scattering spectra of
water, Cd2+ solution, PC solution and PC-Cd2+ solution.
The fluorescence intensity (~ 1600 cps) of PC-Cd2+ solu-
tion is similar to the sum of the fluorescence intensities of
Cd2+ and PC, suggesting a good mixing of molecules in
solution (Pasternack and Collings 1995).
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Fig. 4 UV-Vis spectra of PC samples with the Cd2+ concentrations of
(×10−7 mol L−1) 0, 5, 10, 25, 50, 75, 100, 175, 250, 450 and 500 (from
sub-a to sub-j) in the wavelength range of 190–800 nm (a), 200–250 nm

(b) and 500–700 nm for tetrapyrrole (c). The changes in peak position and
absorbance of tetrapyrrole with increasing the Cd2+ concentration (d)
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Change in the molecular structure of PC protein

Figure 4a shows the UV-Vis spectra of PC samples with the
Cd2+ concentrations of (×10−7 mol L−1) 0, 5, 10, 25, 50, 75,
100, 175, 250, 450 and 500. The UV-Vis spectra of PC have
four peaks, locating at 210 nm for protein skeleton, 270 nm for
Phe residue, 350 nm for disulfide bond and 620 nm for tetra-
pyrrole. From the local large map (Fig. 4b), there is a slight
decrease in the intensity for the peaks at about 210 nm, show-
ing the effect of Cd2+ on the protein skeleton of PC. The
detailed change in the protein structure is discussed in the next
part with circular dichroism spectra. Figure 4c shows that the
UV-Vis (light) absorbance of tetrapyrrole decreases from 0.26
to 0.23 cps (Fig. 4d) with increasing Cd2+ concentration. As
the tetrapyrrole of PC contributes to photosynthesis, Cd2+ is
suggested to affect the light adsorption and the photosynthesis
function of PC.

Figures 5 shows the circular dichroism spectra of PC sam-
ples with the Cd2+ concentrations of (×10−7 mol L−1) 0, 10,
25, 50, 100 in the wavelength range of 190–260 nm (Fig. 5a)
and 200–230 nm (Fig. 5b) for the α-helix structure of PC (Lu
et al. 2007; Tan et al. 2018). The negative peaks of the α-helix
structure locate at 208, 214 and 221 nm. With increasing the
Cd2+ concentration, these negative peaks become smaller,
showing a decrease of the α-helix structure. The change in
the secondary structure of PC protein may due to interactions
between Cd2+ with the amino acid residues of PC, leading to
function loss of PC (Melo et al. 1997).

Conclusions

The effect of Cd2+ on phycocyanin (PC) was studied in this
work. The fluorescence quenching of PC was observed by the
adding Cd2+. From the theoretical calculation and the time-
resolved fluorescence decay profiles, the fluorescence
quenching of PC by Cd2+ was found to be static that more

fluorescence quenching was observed at relatively low tem-
perature. The synchronous fluorescence spectra were used to
study the change in amino acid residues of PC molecules,
indicating that the effect of Cd2+ on the Trp of PC was more
significant than the Tyr. The resonance light scattering spectra
confirmed a goodmixing of PC and Cd2+ in solution. The UV-
Vis absorbance of tetrapyrrole decreased with increasing Cd2+

concentration, suggesting that Cd2+ affected the light adsorp-
tion and the photosynthesis function of PC. The circular di-
chroism spectra showed that adding Cd2+ changed the second-
ary structure (α-helix) of PC.
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