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Protein Preparation

Tth-lac was expressed in E. coli and purified following the published method [1] with slight 
modifications. To sum up, the plasmid was prepared by cloning the Tth-lac encoding region into 
the pET22b expression vector at NdeI digestion site. Tth-lac with a N-terminal 6 x His-tag was 
transformed into BL21(DE3) cells on a LB/Amp agar plate. Single colonies grown on the plate 
were inoculated in 5mL TB/Amp at 37˚C for 5-7 hours (starter culture), and the frozen stock was 
prepared for later use. The cells were pelleted and re-inoculated in 4-6L of TB/Amp/0.4% 
glycerol at 37˚C overnight. Protein expression was achieved after induction with IPTG at 37˚C 
for 7-8 hours. After the induction, cells were harvested by centrifugation and were kept at -20˚C 
until use. 

The frozen cell pellets were thawed and the cells were resuspended in 20mM Tris buffer at pH 8 
with the addition of protease inhibitors (Complete Mini Protease Inhibitor Cocktail Tablets, 
Pefabloc SC (AEBSF) and Benzamidine hydrochloride hydrate). The enzyme was released by 
sonicating the cells for an hour, and the sample was centrifuged to remove all the cell debris. The 
supernatant solution after centrifugation was further purified by heating to approximately 65˚C for 
20 min. At this temperature, the majority of other E. coli enzymes precipitate due to thermal 
denaturation, and Tth-lac remains in solution. All precipitates were removed by centrifugation. 
Since the recombinant Tth-laccase has an N-terminal 6 x His-tag, a nickel immobilized metal 
affinity column (IMAC) was used to bind the protein. Remnants of undesired E. coli proteins 
eluted first from the IMAC column with wash and load buffers. The Tth-laccase eluted with 
increasing concentration of imidazole in the elution buffer. After protein metalation, a cation 
exchange column (HiPrep SP HP 16/10 column) was used to remove additional impurities by 
selectively collecting the fraction of interest monitored by absorption at 280 and 605 nm. 

Circular Dichroism Spectra

Circular dichroism spectra of the protein samples under N2 were recorded on an Aviv model 430 
circular dichroism spectrometer from 260 to 190 nm to monitor conformational changes and/or 
thermal denaturation over the temperature range 20 to 65˚C. Measurements were made on 3 µM 
protein in 20 mM sodium phosphate buffer, pH 6.

Figure S1. Circular dichroism spectra of Tth-lac from 20 to 65˚C
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Synthesis of [Ru(NH3)4(bpy)](PF6)2

[Ru(NH3)4(bpy)](PF6)2 was synthesized and characterized following a published protocol (with 
slight modifications) [2]. Zinc amalgam was prepared with mercuric chloride (HgCl2) and mossy 
zinc;  [Ru(NH3)5Cl]Cl2 was purchased from STREM chemicals INC. All the procedures were 
performed under argon using Schlenk-line techniques. 

Estimation of the CuT1 Potential from Redox Equilibria

A 60 M wild-type Tth-laccase sample and four reducing equivalents of (240 uM) 
[Ru(NH3)4(bpy)](PF6)2 were separately deoxygenated by gentle vacuum/argon pump and backfill 
cycles and were then mixed together in a sealed quartz cuvette. The UV-Vis spectra of the mixed 
sample were monitored from 20 to 65˚C in the absorption regions at 366, 525 and 605 nm (the 
λmax values of Ru(NH3)4(bpy)](PF6)2 and the T1 copper, respectively). Equilibrium concentrations 
of CuT1

2+ and Ru2+ in the mixed sample were determined by least squares decomposition of the 
mixed spectrum into a linear combination of the two component spectra. The spectra of 
[Ru(NH3)4(bpy)](PF6)2 and the wild type protein were monitored separately at different 
temperatures to account for temperature dependent changes in the component spectra. 

[Ru(NH3)4(bpy)](PF6)2  CuT1 in Wild Type Protein

 λmax = 366nm (ε = 6380M-1cm-1) [2]
 λmax = 525nm (ε = 3950M-1cm-1) [2]

 λmax = 605nm (ε = 5020-1cm-1)

Figure S2. UV-vis spectra (20 to 65˚C) for deoxygenated samples of [Ru(NH3)4(bpy)](PF6)2 and 
of wild type Tth-lac.

Table S1. Temperature dependent equilibrium concentrations of Cu1+, Cu2+, Ru2+ and Ru3+

A525 = ԐRu525[Ru2+] + ԐCu525[Cu2+]
A605 = ԐRu605[Ru2+] + ԐCu605[Cu2+]
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Cu2+ + Ru2+ ⇌ Cu+ + Ru3+

   𝐾𝑒𝑞 =  
[𝐶𝑢 + ][𝑅𝑢3 + ]

[𝐶𝑢2 + ][𝑅𝑢2 + ]

     𝐾𝑒𝑞 = 𝑒𝑥𝑝{ ―∆𝐺°
𝑅𝑇 }

      ∆𝐺° =  ― 𝑅𝑇𝑙𝑛𝐾

∆𝐸° =  ―
∆𝐺°

𝐹 =  𝐸°(𝐶𝑢2 + / + ) ― 𝐸°(𝑅𝑢3 + /2 + ) 

Figure S3.  Equilibrium concentrations of [Ru2+], [Ru3+], [Cu2+] and [Cu+] were obtained from
global fitting of the redox titration data. Spectra of the wild type protein and 
[Ru(NH3)4(bpy)](PF6)2 obtained every 10 ˚C from 20 to 60 ˚C (also at 65 ˚C) monitor 
concentration changes at the different temperatures. 

Error Propagation

- All concentrations are in µM.
- [Cu2+]0 = initial concentration of Tth-lac
- [Cu2+] = final concentration of Tth-lac
- [Ru2+]0 = initial concentration of [Ru(NH3)4(bpy)](PF6)2]
- [Ru2+] = final concentration of [Ru(NH3)4(bpy)](PF6)2]
- lb uncertainty: lower bound uncertainty (95% confidence interval)
- ub uncertainty: upper bound uncertainty (95% confidence interval)



5 of 9



6 of 9

Thermodynamic Parameters

The reaction entropy can be described by the temperature dependence of the Gibbs function.

(𝛿∆𝐺°
𝛿𝑇 )

𝑝
=  ― ∆𝑆°

The reduction entropy can be described as a function of the temperature variation of E°.
      

o
rc

EnF S
T

ΔS°: determined from the slope of the plot of ΔE° versus temperature 
ΔH°: determined from the slope of the plot of ΔE°/T versus the inverse of temperature (1/T)
ΔS°rc(Cu2+/+) = ΔS° + ΔS°rc(Ru3+/2+) 

Table S2. Hydrophobicity of Residues within 8 Å from CuT1
(Hydrophobicity index for each amino acid residue was adopted from reference [3].)

Table S3. Polarity of Residues within 8Å from CuT1 
(Polarity index for each amino acid residue was adopted from reference [4].) 
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Figure S4. ΔS°rc vs. Hydrophobicity of Residues within 8Å from CuT1

Figure S5. E° of CuT1 vs. Hydrophobicity of Residues within 8Å from CuT1
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Figure S6. ΔS°rc vs Polarity of Residues within 8Å from CuT1

Figure S7. The correlation between reduction entropy (ΔS°rc, J mol-1K-1) and 
relative solvent accessible surface area (RSA)
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Table S4. The solvent accessible surface area (Å²) and the relative solvent accessible surface area 
(RSA) of copper ligands in blue copper proteins (calculated with FreeSASA software [5]).
(The maximum SASA values for blue copper ligands are: His = 216.0 Å², Cys = 148 Å², Met = 
203.0 Å² [6].)
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