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Crystallization procedures 

RNase A crystals were obtained at 20 °C as previously described [1]. Briefly, crystals were grown 
by the hanging drop vapor diffusion method by mixing 1µL of 20 mg/mL unbuffered protein with 
1µL of reservoir solution containing 20% PEG4K and 20 mM sodium citrate buffer pH 5.5. 
Crystals appeared within 5-7 days. Crystals were soaked in a saturated solution of AziRu containing 
22% PEG4K in the same buffer. After a few hours, crystals changed their colour to yellow and then 
to brown. The soaking produced cracks on the crystal surface that did not prevent data collection 
(Figure S1). 
 

Data collections, structure solution and refinements 

1.65 Å resolution X-ray diffraction data were collected from ruthenated RNase A crystals at the 
CNR Institute of Biostructure and Bioimages, Naples, Italy, using a Saturn944 CCD detector 
equipped with CuKα X-ray radiation from a Rigaku Micromax 007 HF generator. Data were 
collected on one single crystal flash-frozen in a supercooled nitrogen gas produced by an Oxford 
Cryosystem Cryostream and maintained at 100 K during the data collection. 1 µl of 50% glycerol 
solution was added as cryoprotectant to the drop the crystal was grown in. Data were processed and 
scaled using HKL2000 [2]. Details of data collection statistics are reported in Table S2. Crystals 
contain two molecules in the asymmetric unit. For reference, the two molecules in the asymmetric 
unit are designated A and B. 
The structure was analyzed by the difference Fourier technique, using the PDB file 1JVT [3] as the 
starting model. The refinement was carried out using CNS [4]; model building and map inspections 
were manually performed using O [5]. Several rounds of refinement, energy minimization, 
individual temperature factor refinement and manual model building were performed. Water 
molecules, AziRu moieties and multiple conformations of the protein residue side chains were 
inserted into the model at positions corresponding to peaks in the Fo–Fc electron density maps. 
Refinement statistics were reported in Table S2. The r.m.s. deviations of the bond distances and 
angles from the target values are 0.005 Å and 1.86°, respectively. 100% of protein residues fall into 
core or allowed regions of the Ramachandran plot as defined by Procheck [6]. Coordinates and 
structure factors have been deposited in the Protein Data Bank (PDB code 4L55). 
 
Raman microscopy 

Raman  microscopy spectra on RNase A crystals were collected at the Department of Chemical 
Sciences of University of Naples ‘Federico II’, using an apparatus described elsewhere [7]. Raman 
spectra of AziRu powder were collected as reference as well. The excitation line was 645 nm, with 
a power at the sample of 2 mW. Spectra resolution was 4 cm-1, exposure time 100s. 

 

RNase catalytic assay 

The activity of RNase A and of its complex with an excess of AziRu towards yeast RNA was 
determined by the spectrophotometric assay of Kunitz [8], as previously done in other works [9-10], 
using 0.5 mg/ml of RNA in 0.050 M sodium acetate/acetic acid buffer, pH 5.2, at 25°C. Enzyme 
concentration was 0.5 µg/ml. Specific activity values were calculated as Kunitz units/mg protein. 
Spectrophotometric measurements were performed with a Jasco spectrophotometer. After 24 h of 
incubation with a large excess of AziRu, the protein is almost completely inactivated. 
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Table S1. X-ray structure of ruthenated-proteins deposited in the Protein Data Bank* 

 
PDB 

code 
Protein Ru containing ligand 

Resolution 

(Å) 

Ruthenium 

coordination 

Coordinating 

Atoms  

Reference 

2XJW 

 
Lysozyme fac-Ru(CO)3Cl 1.67 octahedral 

NE2(His15), 

2CO, 3H2O 

[11] 

1T3P 

 
Lysozyme RuCl2(cymene) 1.60 tetrahedral 

NE2(His15), 

2Cl-, C(arene) 

[12] 

3MNN 

 
Histone H4 Ru ion 2.50 tetrahedral 

OE2(Glu63), 

NZ(Lys59), 

C(arene), P 

[13] 

1JZE 

 
Azurin Ru(bpy)2(im) 1.60 octahedral NE2(His83), 5N 

[14] 

1JZF 

 
Azurin Ru(tpy)(phen) 1.50 octahedral NE2(His83), 5N 

[14] 

1JZG 

 
Azurin Ru(tpy)(phen) 1.40 octahedral NE2(His83), 5N 

[14] 

1JZH 

 
Azurin Ru(tpy)(bpy) 1.70 octahedral NE2(His83), 5N 

[14] 

3FXS 

 
Thermolysin Ru ion 1.55 octahedral 

NE2(His142), 

OE2(Glu143), 

OE2(Glu166), 

3H2O 

[to be 

published] 

3M1J 

 

Carbonic 

anhydrase 2 
Ru ion 1.80 octahedral 

ND1(His64), 

O(Asn62), 

4H2O 

[15] 

3DD3 

 

Glutathione 

S-transferase 

P 

Ru(eta6-benzene) 2.25 tetrahedral 

SG(Cys101A), 

SG(Cys101B), 

C (arene), 

H2O 

[16] 

3M0B 

 

Methyl-

accepting 

chemotaxis 

protein 

Ru (mesoporphyrin 

IX) 
2.00 octahedral 

NE2(His102), 

4N, CO 

[17] 
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3O7R 

 

Ferritin light 

chain 
Ru ion 1.90 octahedral 

NE2(His114), 

OE2(Glu130), 

SG(Cys126), 

3H2O 

[18] 

3O7S 

 

Ferritin light 

chain 
Ru ion 1.73 octahedral 

NE2(His114), 

SG(Cys126), 

4H2O 

[18] 

1BEX 

 
Azurin Ru(bpy)2(im) 2.30 octahedral NE2(His83), 5N 

[19] 

4J1A Lysozyme 

sodium trans-

(dimethylsulfoxide)-

pyridine 

tetrachlorido-

ruthenate(III) 

1.79 octahedral 

ND1(His15), 

OD1(Asp17), 

3H2O, Cl 

[20] 

4J1B Lysozyme 

sodium trans-

(dimethylsulfoxide)-

pyridine 

tetrachlorido-

ruthenate(III) 

1.66 octahedral 

ND1(His15), 

OD1(Asp17), 

4H2O 

[20] 

 
*This represents  the entire dataset of solved protein structures with Ru bound to the protein via a coordinative bond with at least one residue side 
chain. 
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Table S2. Data collection and refinement statistics for all analyzed crystals. 

PDB code 
4L55 

Crystal colour Yellow/brown 

Data-collection temperature (K) 100 

Data reduction  

Space group C2 

Unit-cell parameters  

a (Å), b (Å), c (Å); β (°) 

 

100.10, 32.53, 72.48; 90.41 

Molecules per asymmetric unit 2 

Observed reflections 78519 

Unique reflections 27646 

Resolution (Å) 50.0-1.65 (1.68-1.65) 

Completeness (%) 96.4 (78.8) 

Rmerge† 0.099 (0.401) 

I/σ(I) 52.3 (14.7) 

Multiplicity 3.9 (1.9) 

Refinement  

Number of reflection used (I>2σ) 24260 

Number of reflection in the working set 23075 

Number of reflection in the test set 1185 

R factor/Rfree (%) 0.203/0.245 

Number of protein atoms 1988 

Number of Aziru moieties 2 

Number of water molecules 232 

Occupancy of AziRu moieties 0.5 

Average B-factor for main chain atoms 25.89 

Average B-factor for side chain atoms 27.15 

Average B-factor for Ru atoms 39.53 

Average B-factor for solvent atoms 32.35 

Ramachandran values (%) 
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Most favoured/ Allowed  

Generously allowed/ Disallowed 

86.4/13.6 

0/0 

R.m.s.d. bonds(Å) 0.005 

R.m.s.d. angles (°) 1.86 

Values in parenthesis correspond to the last resolution shell. 
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Figure S1. Hydrolysis of yeast RNA by RNase A in the absence (■) and in the presence (●) of 

10 mM AziRu 
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Figure S2 Crystal of RNase A upon soaking in saturated solutions of AziRu. The crystals 

changed from colourless to yellow/brown in 2-5 days. 
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Figure S3. Full view of the asymmetric unit of Ru-metallated RNase A crystals 
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A                  B 

 

 

Figure S4. Anomalous electron density maps contoured at 3.0 σ in molecule A (A) and 

molecule B (B) 
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Figure S5. Schematic representation of RNase A inhibition by AziRu. The active site of RNase 

A is constituted by multiple subsites that bind the phosphate (pink circles), base (green, cyan, 

yellow squares), and ribose (orange pentagons) components of RNA. Subsites of the 

ribonucleolytic center of RNase A are represented in the figure: B1 and B2 are base-binding 

sites, P0, P1 and P2 are phosphate-binding sites. The major residues that constitute each 

subsite are also indicated. AziRu binds in the P1 subsite. 
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Figure S6. Cu
2+

 binding site in the active site of RNase A (PDB code 1AQP) [21]. Residues 

belonging to a symmetry related molecule are depicted in cyan.  
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