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Materials and Methods 

Chemicals were purchased from Sigma-Aldrich otherwise stated. 13C-labeled Met and ε-13CH3 labeled 

Met were purchased from Cortecnet. 

Protein expression and purification 

Selectively labeled samples on the Met residues were obtain by overexpression in E. coli cells by 

addition of the corresponding labeled Met after induction with IPTG and expression for 4 h at 37°C or 

overnight at 30°C. Cells then were harvested and the proteins were purified following previously 

optimized protocols.1,2 

For crystallization, Tt3Lh variant was purified with an N-terminal His6 tag using a His-Trap column (GE 

Healthcare). The tag was then cleaved with Thrombin protease (Sigma) for 12 h followed by size 

exclusion chromatography to remove the protease and the Tag.   

Protein NMR spectroscopy 

NMR experiments were carried out on a Bruker Avance II Spectrometer operating at 600.13 MHz (1H 

frequency). 1H and 1H-13C HMQC/HSQC spectra were acquired with a triple-resonance (TXI) probehead 

and direct 13C acquisition NMR spectra were acquired with a broadband observe (BBO) probehead tuned 

at the proper frequency. 

1D 1H spectra were acquired with spectral windows of 48 to 360 kHz using presaturation, PASE and 

SuperWEFT schemes (total recycle times around 100 ms and 10 ms for H2O and D2O samples, 

respectively). 2D 1H-1H NOESY spectrum were acquired using a phase-sensitive NOESY sequence with 

solvent presaturation in 99.9% D2O samples. The spectral window was set to 36 kHz and mixing times 

ranged between 4 to 20 ms. 1H, 13C HMQC experiments were acquired on spectral widths ranging from  

48 to 360 kHz in the 1H dimension (1024 points) and 36 to 100 kHz in the indirect dimension (32 points). 

The delay for coherence transfer was set to 2 ms, and the relaxation delay was set to 30 ms. 1H,13C 

HMQC experiments on ε-13CH3 Met samples were acquired using a spectral window of 6 kHz in the direct 

dimension and 12 kHz in the indirect dimension. The delay for magnetization coherence transfer was set 

to 1.67 ms, optimized for the detection of the paramagnetic signal.  

1D 13C NMR spectra were acquired using an excitation pulse of 6.9 μs at 12.6 W using inverse-gated 

decoupling. The carrier frequency was set to 800, 200, or -450 ppm depending on the group of signals 

being studied. Spectral window and delays also varied in each experiment, which resulted in total 

recycle times of approximately 20 ms for the acquisition of signals around 1000 and -450 ppm, and 

approximately 100 ms for those near the diamagnetic region. No further signals were detected when 

the carrier was moved to different frequency offsets. 

Signal assignment of the spectra of Tt3LAt was done based on a set of different homonuclear and 

heteronuclear spectra. Intra-residual signal connectivities were made by 1H-1H NOESY experiments in 

10% and 99.9% D2O with mixing times between 4 and 20 ms. 13C signals were assigned by means of  
1H,13C HMQC spectra tailored to the paramagnetic nature of the resonances, as already reported.  



Analyses of the chemical shifts and their temperature dependences were performed as described 

previously.2-5  

Determination of contact shifts 

The contact contributions (δcon) to the chemical shifts (Tables 1 and S3) were calculated from: 

                                 

Diamagnetic chemical shifts (δdia) were obtained by saturation transfer difference experiments in 

samples containing ~10% reduced protein, by addition of substoichiometric amounts of sodium 

ascorbate to the fully oxidized sample. Signals were irradiated for ~50 ms at a power of ~5 mW. 

Pseudocontact shifts (δpc) were estimated using: 
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where µ0 is the vacuum permeability, µB is the Bohr magneton, S is the electronic spin (1/2 for the 

oxidized CuA center), kB is Boltzmann’s constant, T is the temperature in Kelvin, r is the module of a 

vector r connecting the nucleus and the averaged coordinates of both copper ions, θ is the angle 

between the z component of the g tensor and the r vector, and g| and g⊥ are the parallel and 

perpendicular values of the axial g tensor. Distances and angles were obtained from the corresponding 

crystal structures. g| and g⊥ were obtained from the EPR spectra of each protein in X band (frequency = 

9.4 MHz), 4K (data not shown). This approach is valid for systems with null or small spin-orbit coupling, 

such as the present one. Magnetic axes were defined as described by Neese and co- workers.6 The 

pseudocontact shift proved to be small in all cases (Table S3), as expected. 

Protein crystallization, data collection and structure determination  

Crystallization screenings were carried out using the sitting-drop vapor diffusion method and a Gryphon 

(Art Robbins Instruments) or a Mosquito (TTP Labtech) nanoliter-dispensing crystallization robot. 

Crystals of hTt3L grew after 1 day from an 80 mg/ml protein solution, by mixing equal volumes of 

protein solution and mother liquor (100 mM Hepes, 1.6 M (NH4)2SO4, 0.1 mM NaCl, pH 7.5), at 18 ºC. 

Similarly, crystals of Tt3LAt grew after 3 days from a 75 mg/ml protein solution, using 100 mM Hepes, 

1.5 M LiSO4, pH 7.5, as mother liquor. In both cases, single crystals were cryoprotected in mother liquor 

containing 30% glycerol as cryoprotectant and flash-frozen in liquid nitrogen. X-ray diffraction data were 

collected at the synchrotron beamline ID23-1 (ESRF, Grenoble, France), at 100 K, using wavelengths of 

1.367875 Å and 1.382671 Å (to confirm the presence and location of the copper ions). Diffraction data 

were processed using XDS3 and scaled with Aimless7 from the CCP4 program suite.8  

The crystal structures of Tt3Lh and Tt3LAt were solved by molecular replacement using the program 

Phaser9  and the atomic coordinates of the soluble subunit II from Cytochrome c oxidase from Thermus 

thermophilus (PDB ID code 2CUA, chain A) as search probe10. The structures were refined by iterative 

cycles of manual model building with Coot11  and refinement with Phenix.refine12,13. Copper atoms were 



manually placed in mFo–DFc sigma-A-weighted electron density maps employing COOT and the resulting 

models were refined as described above. The final structures were validated through the Molprobity 

server (http://molprobity.biochem.duke.edu)14. They contained more than 97% of residues within 

favored regions of the Ramachandran plot, with no outliers. Figures were generated and rendered with 

Pymol version 2.0 (Schrödinger, LLC). Atomic coordinates and structure factors were deposited in the 

Protein Data Bank under the accession codes 6PTY (Tt3Lh) and 6PTT (Tt3LAt). 

Computational methods 

The initial structure of oxidized Tt CuA was obtained from PDB ID code 2CUA and was relaxed through an 

equilibration process which consisted of an energy minimization followed by a slow heating from 0 K to 

300K (400 ps). Starting from these equilibrated structures, 20 ns long production MD simulations in 

explicit water were performed at 1 atm and 300 K using the Berendsen barostat and thermostat, 

respectively. Periodic boundary conditions and Ewald sums were used to treat long-range electrostatic 

interactions and a 12 Å cut-off was used for computing direct interactions. In order to to keep bonds 

involving hydrogen atoms at their equilibrium length, the SHAKE algorithm was used. All simulations 

were performed with the PMEMD module of the AMBER16 package15-17. The Amber ff14SB force field 

was used for all residues but the Cu site, whose parameters where developed using the MCPB.py model 

in AmberTools17 18. Snapshots of each system were slowly cooled to 0 K (200 ps) in order to obtain the 

initial structures for the QM/MM simulations. These were performed at the DFT level using the SIESTA19 

code with the QM/MM implementation Hybrid20. For all atoms, basis sets of double zeta plus 

polarization quality were employed with cut-off and energy shift values of 150 Ry and 25 meV. All 

calculations were performed under the spin-unrestricted approximation using the generalized gradient 

approximation functional proposed by Perdew, Burke, and Ernzerhof (PBE) 21. The scaled position link 

atom method was used to treat the interface between the QM and MM sections. Due to the fact that 

the carbonyl ligand is involved in a backbone amide bond, a large QM subsystem was required in order 

to assure stability. This QM section included both copper atoms and the aminoacids shown in Table S1. 

The rest of the protein and water molecules were treated classically using the Amber force field. All 

atoms included in the MD simulation were included in the QM/MM system and geometry optimization 

was performed at the QM/MM level for both proteins. Finally, single point QM calculations at the DFT 

level were performed on the optimized QM section using Gaussian0922 in order to obtain spin densities. 

The mixed triple-zeta/double zeta (TZVP) basis set was used for Cu and S atoms, while the 6- 31G* basis 

set were used on all the other atoms. Atom contributions to molecular orbitals were computed with the 

software Chemissian. 
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Figure S1. Temperature dependence of the contact shift of nuclei assigned to Met160 in Tt CuA

 

.   



 

 

Figure S2. 1H NMR spectra of non-labeled wild-type TtCuA and the variants Tt3Lh and Tt3LAt. All spectra 

were recorded in phosphate buffer, 50mM, pH 6.0. 

  



 

Figure S3. 13C NMR spectra of wild-type TtCuA and the mutant proteins Tt3Lh and Tt3LAt. All spectra 

were recorded in phosphate buffer, 50mM, pH 6.0. 

 

  



 

 

Figure S4. 1H, 13C HMQC spectra of 13C-Met labeled samples of the different CuA variants: TtCuA (blue), 

Tt3Lh (red) and Tt3LAt (green). All spectra were recorded in phosphate buffer, 50mM, pH 6.0. 

  



 

Figure S5. 1H, 13C HMQC spectra of ε-13CH3 labeled samples of the different CuA variants: TtCuA (blue), 

Tt3Lh (red) and Tt3LAt (green). The purple and orange circles indicate the position of the ε-CH3-Met on 

TtCuA and the chimera variants, respectively. All spectra were recorded in phosphate buffer, 50mM, pH 

6.0. 

  



 

Figure S6. 1H-1H NOESY experiments for all three CuA variants recorded with 20 ms mixing time. Colors 

correspond to TtCuA (blue), Tt3Lh (red) and Tt3LAt (green). All spectra were recorded in phosphate 

buffer, 50mM, pH 6.0. 

 



  

Figure S7.  (A)  Overall structure of the two chimeric proteins overlapped with wild type CuA. Tt CuA is 

indicated in green, Tt3Lh in orange, and Tt3LAt in cyan. Below the structures, the sequence alignment of 

the three proteins in the replaced loops is shown. Metal ligands are highlighted in yellow in the 

sequences. (B) Metal-ligand and metal-metal distances in the CuA sites in all three variants. Distances 

corresponding to the two molecules in the asymmetric subunits are indicated.  

  



Table S1. Calculated (QM) atomic spin densities and atomic electron density contributions to molecular 

orbitals for TtCuA. 

Nucleus δcon Spin density σu* πu 

Copper ions   

CuM  0.20507 0.14 0.13 

CuO  0.2557715 0.12 0.06 

His 114   

Cϒ 196.35 -0.00086   

Cδ2 266.41 0.00068   

Cε1  -0.00193   

Nδ1  -0.00006   

Nε2 74.03 0.01486 0.01 0.01 

Hδ2 21.1 0.00018   

Hε1  0.00037   

Hε2 4.22 0.00023   

Cys 149   

Sϒ  0.22248 0.26 0.30 

Cα 233.7 0.00108   

Cβ -409.84 -0.01009 0.01 0.01 

Hα -6.25 -0.00014   

Hβ2 259.44 0.00655 0.01 0.01 

Hβ3 232.45 0.00387   

Cys 153   

Sϒ  0.24574 0.25 0.21 

Cα 824.49 0.00530 0.01  

Cβ -509.99 -0.01063   

Hα 22.32 0.00033   

Hβ2 280.32 0.006 0.01 0.01 

Hβ3 108.06 -0.00005 0.01  

His 157   

Cϒ 177 -0.00068   

Cδ2 335.35 0.00128   

Cε1 -104.42 -0.00355   

Nδ1  0.0004   

Nε2  0.03536 0.02  

Hδ2 24.75 0.00044   

Hε1 19.3 0.00059   

Hε2  0.00042   

Met 160   

Sδ  0.01583 0.055 0.09 

Cα  -0.00002   

Cβ 0 0.00003   

Cϒ -7 0.00007   

Cε -12.43 -0.00088   

Hα  0.0   

Hβ2 1.21 0.0   

Hβ3 1.05 -0.00006   

Hϒ2 16.71 0.00132   

Hϒ3 5.31 -0.00011   

Hε 3.46 0.00024   



 

 

Table S2. QM subsystems used in the QM/MM simulations of Tt CuA. 

Tt CuA QM residues QM section 

HIS114 imidazole ring 

CYS149 S, C, C and corresponding H 

atoms 

ASN150 carbonyl 

GLN151 Complete aminoacid 

TYR152 Complete aminoacid 

CYS153 Complete aminoacid 

HIS157 imidazole ring 

ASN159 carbonyl 

MET160 Complete aminoacid 

PHE161 Complete aminoacid 

 

  



Table S3. Observed chemical shifts (δobs) for the paramagnetically shifted signals on each of the analyzed 

CuA variants, indicating the contribution of the diamagnetic (δdia), pseudocontact (δpc) and contact (δcon) 

shifts. 

 TtCuA Tt3Lh Tt3LAt 

Nucleus δobs δdia δpc δcon δobs δdia δpc δcon δobs δdia δpc δcon 

His 114 

Cϒ 331.2 135.5 -0.65 196.35 321.00 135.5
†
 -0.41 185.91 309 135.5

†
 -0.53 174.03 

Cδ2 386.2 120.2 -0.41 266.41 306.00 120.2
†
 -0.33 186.13     

Hδ2 27.46 6.66 -0.24 21.1 28.01 6.66
†
 -0.17 21.58 28.5 6.76 -0.18 21.92 

Hε2 15.5 11.78 -0.5 4.22 20.81 11.78
†
 -0.47 9.5 21.1 11.78

†
 -0.52 9.84 

Nε2 239.7 165 -0.67 74.03 240.00 165.0
†
 -0.62 75.62 237 165

†
 -0.68 72.68 

Gly 115 

NH -5.2 10.1 -0.4 -14.9 -3.82 10.1 -1.05 -12.87 -3.71 9.7 -0.39 -13.02 

Cys 149 

Cα 294.6 59.9 -1 233.7 539.0 59.9 -1.01 480.11 535 60.14 -1.08 475.8 

Cβ -379 32.3 -1.46 -409.84 -390.0 32.3 -1.02 -421.28 -390 32.42 -1.27 -421.15 

Hα -2.9 4.41 -1.06 -6.25 -2.67 4.41 -1.16 -5.92 -2.79 4.3 -1.17 -5.92 

Hβ2 262 3.32 -0.76 259.44 293.3 3.32 0.71 289.27 295 3.2 0.15 291.65 

Hβ3 237 3.05 1.5 232.45 222.3 3.05 1.53 217.72 219 3.2 1.45 214.35 

Cys 153 

Cα 881 56.5 0.01 824.49 832.0 56.5 -0.17 775.67 837 58.1 -0.16 779.06 

Cβ -475 34.5 0.49 -509.99 -500.0 34.5 1.24 -535.74 -500.0 34.1 1.05 -535.15 

Hα 27.55 4.54 0.64 22.32 43.72 4.54 0.49 38.69 43.8 5.0 0.48 38.32 

Hβ2 283 3.08 -0.43 280.32 222.0 3.08 0.62 218.3 194 3.0 0.34 190.66 

Hβ3 117 2.89 6.05 108.06 167.6 2.89 8.8 155.91 164 3.0 8.47 152.53 

His 157 

Cϒ 312.2 136.5 -1.33 177 321.0 136.5
†
 -1.35 185.85 325 136.5

†
 -1.34 189.84 

Cδ2 353.6 119 -0.75 335.35 521.0 119.0
†
 -0.73 402.73 343 119.0

†
 -0.72 224.72 

Cε1 33.9 140.6 -2.28 -104.42 123.0 140.6
†
 -1.98 -15.62     

Hδ2 31.6 7.31 -0.46 24.75 24.7 7.31
†
 -0.46 17.85 24.5 7.3 -0.46 17.66 

Hε1 24.2 7.38 -2.48 19.3 14.75 7.38
†
 -2.07 9.44 14.62 7.38

†
 -1.84 9.08 

Met 160 

Cβ 32.93 30.1 2.83 0 32.9 29.8 3.0 0.1 33 29.9 3.47 -0.37 

Cϒ 31.3 36.4 1.9 -7 35.5 36.4
†
 1.92 -2.82 34 36.4

†
 2.24 -4.64 

Cε 12.5 25.8 -0.87 -12.43 14.5 25.8
†
 -0.99 -10.4 12.2 25.8

†
 -0.92 -12.68 

Hβ2 
6.67* 

2.64 2.82 1.21 
6.9* 

2.72 4.3 -0.12 
6.8* 

2.64
†
 1.1 3.06 

Hβ3 1.41 4.21 1.05 1.6 4.69 0.61 1.14
†
 3.44 2.22 

Hϒ2 20.73 2.52 1.55 16.71 19.8 2.52
†
 1.44 15.88 19.54 1.4 1.74 16.4 

Hϒ3 7.8 1.56 0.93 5.31 8.76 1.56
†
 0.97 6.23 8.7 2.54 1.15 5.01 

Hε 4.54 1.91 -0.83 3.46 3.26 1.91
†
 -0.95 2.3 3.2 1.8 -0.93 2.33 

*Observed chemical shift for one of the geminal protons. Geminal proton lies among the diamagnetic region and cannot be 

resolved. 
†
Diamagnetic Chemical shift based on the assignment of TtCuA (BMRB entry 5819) 

  



Table S4. Data collection and refinement statistics 

 Tt3LAt (PDB ID 6PTT) Tt3Lh (PDB ID 6PTY) 

Data collection   

Wavelength (Å) 1.367875  1.367875 

Space group P212121 P212121 

Cell dimensions  

   a, b, c (Å) 51.33, 73.73, 79.14 51.63, 70.96, 77.42 

   , β,   () 90.00, 90.00, 90.00 90.00, 90.00, 90.00 

Resolution (Å) 43.07 - 1.84 (1.88 - 1.84) a 42.95 - 1.98 (2.03 - 1.98) 

Rmerge 0.078 (0.438) 0.058 (0.309) 

I / I 16.1 (3.0) 17.5 (3.0) 

CC(1/2) 0.990 (0.896) 0.998 (0.981) 

Completeness (%) 98.2 (99.5) 99.1 (98.5) 

Redundancy 4.1 (4.1) 5.0 (4.8) 

Refinement  

Resolution (Å) 43.07 - 1.84 (1.91 - 1.84) 42.95 - 1.98 (2.08 - 1.98) 

No. reflections 26,058 (2,556) 20,141 (2,749) 

Rwork / Rfree 16.97/21.37 19.82/23.83 

No. atoms  

   Protein 1,896 1,894 

   Cu 4 4 

   Sulfate - 5 

   Glycerol - 6 

   Water 250 229 

B-factors  

   Protein 26.29 28.76 

   Cu 30.39 43.09 

   Sulfate - 50.80 

   Glycerol - 29.79 

   Water 38.80 37.78 

R.m.s. deviations  

   Bond lengths (Å) 0.02 0.004 

   Bond angles () 1.19 0.68 

 

*One protein crystal was employed for structure determination. Values in parentheses are for highest-

resolution shell. 
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