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2. MATERIALS AND METHODS: DATA ANALYSIS 

All data analyses were performed using OriginPro (MA, USA) software.  

2.4. In situ high-pressure visible absorbance measurements 

High-pressure data were analysed using two approaches: 

The first approach was based on studying the HP-induced disappearance of the fine 

structure of the peak at 560 nm. To perform such analysis, it was necessary to determine the λstart 

of the beginning of the peak at 560 nm. λstart corresponded to the local minimum in the 2
nd

 

derivative spectrum. The specific area of the fine structure of the peak at 560 nm (As) in the 

basic spectra was determined in the interval between λstart and λend, where λend represented the 

end of the fine structure of the 560 nm band. The absorbance at λstart and λend was the same, and 

it has been used as a baseline to calculate As. The total area (At) was calculated similarly to As 

but without baseline subtraction. The relative area (Ar) is the ratio between As and At. The 

percentage of R-PE unfolding/dissociation was determined using the following equation: 

%𝑅−𝑃𝐸 𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔/𝑑𝑖𝑠𝑠𝑐𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =
𝐴𝑟0.1𝑀𝑃𝑎 − 𝐴𝑟𝑃

𝐴𝑟0.1𝑀𝑃𝑎
 (𝟏) 

where Ar0.1MPa and ArP represent the relative area of the 560 nm band at 0.1 MPa and a given 

pressure, respectively. The results were expressed as the percentage of unfolded/dissociated R-

PE as a function of pressure. The Gibbs free energy (ΔG at 0.1 MPa) and the apparent volume 

change of unfolding/dissociation (ΔV) were determined by fitting the pressure denaturation 

curves with the two-transition model using an equation adapted from (Minic, et al., 2020): 

%𝑅−𝑃𝐸 𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔/𝑑𝑖𝑠𝑠𝑐𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 = 100 − (
𝑎

1 + 𝑒−
𝛥𝐺𝐼+𝛥𝑉𝐼𝑥𝑃

𝑅𝑇

+
𝑏

1 + 𝑒−
𝛥𝐺𝐼𝐼+𝛥𝑉𝐼𝐼𝑥𝑃

𝑅𝑇

) (𝟐) 

where a and b represent a relative contribution of the first and second transition, 

respectively, while a+b=100. The pressure value at which one-half of proteins is 

unfolded/dissociated (50%) represents the half-denaturation/dissociation pressure (P1/2) of R-PE. 

The second approach was based on monitoring the HP-induced redshift of the 498 nm 

band. The centre of spectral mass of the 498 nm-band was calculated using the equation: 

𝜆 =
∑ 𝐴𝑗𝜆𝑗𝑗

∑ 𝐴𝑗𝑗
 (𝟑) 

where Aj is absorbance intensity at wavelength λj in the range from 490 to 510 nm.  

The percentage of protein unfolding/dissociation was determined using the following 

equation: 



%𝑅−𝑃𝐸 𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔/𝑑𝑖𝑠𝑠𝑐𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 =
𝜆𝑃 − 𝜆0.1𝑀𝑃𝑎

𝜆330𝑀𝑃𝑎 − 𝜆0.1𝑀𝑃𝑎
 (𝟒) 

where λP, λ0.1MPa, and λ330MPa represent the centre of spectral mass at a given pressure, 0.1 MPa 

and 330 MPa, respectively. The absorption at 330 MPa was used because the redshift transition 

of the 498 nm band was completed at this pressure. The results were expressed as the percentage 

of unfolded BLG as a function of pressure. The obtained curve was fitted into a one-transition 

model as described previously (Minic, et al., 2020): 

%𝑅−𝑃𝐸 𝑢𝑛𝑓𝑜𝑙𝑑𝑖𝑛𝑔/𝑑𝑖𝑠𝑠𝑐𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 = 100 −
100

1 + 𝑒−
∆𝐺0.1 𝑀𝑃𝑎+𝛥𝑉∗𝑃

𝑅𝑇

 (𝟓) 

2.5. Fluorescence measurements 

The binding of metal ions to R-PE was studied by the fluorescence quenching titration 

method using intrinsic fluorescence of R-PE at a constant concentration (0.59 nM) and various 

Zn
2+

 (0‒1 mM) and Cu
2+

 (0‒10 µM) concentrations. The change in fluorescence emission 

spectra was measured after precisely 1 min of adding each aliquot of metal ion to the protein 

solution. Emission of Cu
2+

/Zn
2+

 solutions without R-PE was subtracted to correct background 

fluorescence. 

To determine the type of quenching, Stern-Volmer's (SV) quenching constant was 

calculated according to the relationship (Lakowicz, 2006): 

𝐅𝟎

𝐅
= 𝟏 + 𝒌𝐪𝝉𝐨[𝐐] = 𝟏 + 𝑲𝐒𝐕[𝐐] (𝟔) 

where F0 and F are protein emission fluorescence at 573 nm without and with the addition of 

metal ion, respectively, kq is the quenching rate constant of the biomolecule, τo is the lifetime of 

the phycoerythrin without quencher (7.1x10
-9

 s) (Brody & Brody, 1961), [Q] is the 

concentration of Cu
2+

 or Zn
2+

, and KSV is SV quenching constant. KSV is equal to the slope of 

the SV plot. 

The association (binding) constant (Ka) for the R-PE: metal ion complex was calculated 

using the equation (Bia, et al., 2004): 

𝐥𝐨𝐠
𝐅𝟎 − 𝐅

𝐅
= −𝒏𝐥𝐨𝐠

𝟏

[𝐌] − [𝐏] 
𝐅𝟎 − 𝐅

𝐅𝟎

+ 𝒏𝐥𝐨𝐠𝑲𝐚 (𝟕) 

where [P] and [M] are the total concentrations of protein (R-PE), and metal ion (Cu
2+

 or Zn
2+

), 

respectively, and Ka is the binding constant. 

All experiments were performed in triplicate. Data were analysed using the Student's t-

test. A value of p < 0.05 was considered significant. 



2.6. CD spectroscopy measurements: Thermal unfolding of R-PE 

Thermal unfolding of R-PE was studied by measuring ellipticity at 222 nm. Experimental 

data were normalised between 0 and 100 % using the equation: 

𝑤 (% 𝑜𝑓 𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑 𝑅 − 𝑃𝐸) =
𝜃𝑠𝑡𝑎𝑟𝑡 − 𝜃𝑇

𝜃𝑠𝑡𝑎𝑟𝑡 − 𝜃𝑒𝑛𝑑
 (𝟖) 

where θstart, θend and θT, represents ellipticity in mdeg at 32 °C, 95 °C, and a given temperature, 

respectively. 

R-phycoerythrin unfolding data, obtained by far-UV CD spectroscopy, were fitted into a 

two-transition model, as described previously (Greenfield, 2006), with slight modifications: 

𝑦 =
𝑘1

𝑘1 + 1
∗ 𝑈1 +

4 ∗ 𝐶 ∗ 𝑘2 + 1 − √8 ∗ 𝐶 ∗ 𝑘2 + 1

4 ∗ 𝐶 ∗ 𝑘2
∗ 𝑈2 (𝟗) 

𝑘1 = 𝑒
(

𝐻1
1.987∗𝑇

)∗(
𝑇

𝑇𝑚1
−1)

 (𝟏𝟎) 

𝑘2 = 𝑒
(

𝐻2
1.987∗𝑇

)∗(
𝑇

𝑇𝑚2
−1)−ln(𝐶)

 (𝟏𝟏) 

In all parameters, 1 and 2 in subscripts correspond to the first and second transition 

during R-PE unfolding, respectively. 

C, k, T, Tm, and H represent R-PE concentration (7.5x10
-8

 M), unfolding constant, the 

variable temperature in Kelvin, melting temperature in Kelvin and enthalpy of unfolding in 

cal/mol, respectively. 

U1 and U2 represent a relative contribution of the first and second transition, respectively, 

while U1+U2=1. 

 

 

 

 

 

 

 

 

 



3. RESULTS 

 

Figure S1. The absorption spectra of 0.37 µM R-PE before and after treatment at 85 °C (optical 

pathlength 1 cm). 

 

Figure S2. The R-PE dissociation/unfolding curve with the corresponding fit (full red line) was obtained 

by monitoring the redshift of the PUB band at 498 nm. 

 

Figure S3. The absorption spectra of 0.37 µM R-PE before and after HP treatment at 450 MPa and 20 °C 

(optical pathlength 1 cm). 



 

Figure S4. Stern-Volmer plots of R-PE fluorescence quenched by Zn
2+

(A) and Cu
2+

(B) at pH 7.0 and at 

25 °C. 

 

Figure S5. (A) Quenching of synchronous fluorescence spectra (Δλ=10 nm) of R-PE by Zn
2+

 at pH 7.0 

and at 25 °C; (B) Synchronous fluorescence quenching based plots for determination of binding constants 

of Zn
2+

 to R-PE. 

 

 

 

 

 

 

 

 

 

 



REFERENCES  

Bia, S., Dinga, L., Tian, Y., Song, D., Zhou, X., Liu, X., & Zhang, H. (2004). Investigation of 

the interaction between flavonoids and human serum albumin. Journal of Molecular 

Structure, 703, 37-45. https://doi.org/10.1016/j.molstruc.2004.05.026 

Brody, S., & Brody, M. (1961). A quantitative assay for the number of chromophores on a 

chromoprotein; its application to phycoerythrin and phycocyanin. Biochimica et 

Biophysica Acta, 50, 348-352. https://doi.org/10.1016/0006-3002(61)90333-x 

Greenfield, N. J. (2006). Using circular dichroism collected as a function of temperature to 

determine the thermodynamics of protein unfolding and binding interactions. Nat Protoc, 

1(6), 2527-2535. https://doi.org/10.1038/nprot.2006.204 

Lakowicz, J. R. (2006). Principles of Fluorescence Spectroscopy. New York: Springer. 

https://doi.org/10.1007/978-0-387-46312-4 

Minic, S., Annighofer, B., Helary, A., Hamdane, D., Hui Bon Hoa, G., Loupiac, C., Brulet, A., 

& Combet, S. (2020). Effect of Ligands on HP-Induced Unfolding and Oligomerization 

of beta-Lactoglobulin. Biophys J, 119(11), 2262-2274. 

https://doi.org/10.1016/j.bpj.2020.10.019 

 

 

 

https://doi.org/10.1016/j.molstruc.2004.05.026
https://doi.org/10.1016/0006-3002(61)90333-x
https://doi.org/10.1038/nprot.2006.204
https://doi.org/10.1007/978-0-387-46312-4
https://doi.org/10.1016/j.bpj.2020.10.019

