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Methods

Crystallization, Data collection and refinement

[Rh2(μ-O2CCH3)4] and bovine pancreatic ribonuclease (RNase A) were purchased from Sigma 
Chemical Co. Crystals of RNase A were grown by hanging-drop vapor diffusion technique at 298 K 
mixing a protein solution containing 20 mg mL-1 with equal volumes of reservoir consisting of 22 % 
PEG 4K, 0.01 M sodium citrate pH 5.1. These crystals were then soaked in a solution of [Rh2(μ-
O2CCH3)4] dissolved in the reservoir (final concentration of [Rh2(μ-O2CCH3)4] = 0.005 M) for a week 
and then freezed with N2.
X-ray diffraction data were collected at 100 K from two distinct crystals at the XRD2 beamline of 
Elettra synchrotron, Trieste, Italy. Data sets were processed and scaled using the Mosflm [1]. Data 
collection statistics are reported in Table S1.
The structures were solved by molecular replacement method using the program Phaser [2] and 
molecule A from the PDB file 4OT4 [3], without water molecules and ligands, as starting model. The 
refinements were carried out with Refmac5.7 [4], model building and map inspections were 
performed using Coot [5]. 5% of the data was used for calculation of the R-free value. The final 
structures converged to Rfactor of 0.189-0.171 and to Rfree of 0.234-0.217. Refinement statistics are 
reported in Table S1. Structure validations were carried out using the PDB validation server [6]. 
Coordinates, structure factors and validation reports were provided to reviewers and Editor for the 
review process. Coordinates and structure factors were deposited in the Protein Data Bank (PDB 
codes 6XVX and 6XW0). Figures were prepared using Pymol [7]. 

UV-vis absorption and far UV-CD spectroscopy
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A Jasco V-650 UV–vis spectrophotometer was used to collect UV–vis absorption spectra of [Rh2(μ-
O2CCH3)4] under different experimental conditions. UV–vis spectra were recorded at room 
temperature in the 340–700 nm range every 1 nm at a scan rate of 400 nm/min. Spectra were 
recorded in 10 mM sodium citrate pH 5.1 and 10 mM ammonium acetate pH 6.8 using 0.5 mM 
[Rh2(μ-O2CCH3)4] in the absence and in the presence of RNase A (protein to metal molar ratio 1:3). 
Since [Rh2(μ-O2CCH3)4] binds the protein close to the side chain of His residues, UV-Vis spectroscopy 
has been also used to study its reactivity with increasing concentration of imidazole. A solution of 
0.5 mM [Rh2(μ-O2CCH3)4] was titrated with a solution of imidazole up to a final concentration of 0.5 
mM. Each spectrum has been registered after 5 minutes equilibration time under stirring at room 
temperature. 
Circular dichroism (CD) experiments were performed on a Jasco J-810 spectropolarimeter (JASCO 
Corp., Milan, Italy) at 25 °C. Quartz cells with path length of 0.1 cm were used in the far-UV region 
from 200 to 250 nm. Each spectrum was obtained averaging three scans, subtracting contributions 
from the corresponding references and converting the signal to mean residue ellipticity in units of 
deg/cm2/dmol. Spectra have been collected using protein samples obtained upon incubation of the 
protein with [Rh2(μ-O2CCH3)4] at a 1:3 molar ratio in 10 mM sodium citrate buffer at pH 5.1 and in 10 
mM ammonium acetate solution
 at pH 6.8. Other experimental settings were: 50 nm/min scan speed, 2.0 nm band width, 0.2 nm 
resolution, 50 mdeg sensitivity, and 4 s response. 

Electrospray ionization mass spectrometry (ESI-MS) experiments

Stock solution of [Rh2(μ-O2CCH3)4] was prepared in LC-MS grade water to a final concentration of 10-3 
M. Stock solutions of the protein was prepared in 2 mM ammonium acetate solution, pH 6.8, at 10-3 
M. Appropriate aliquots of these stock solutions were mixed and diluted with 2 mM ammonium 
acetate solution to a final protein concentration of 10-4 M and a protein-to-metal molar ratio of 1:3, 
1:2 and 1:1. The solutions were incubated up to 72 h at 37 °C.
Aliquots of the reaction mixtures were sampled after 24, 48 and 72 h and were diluted with 2 mM 
ammonium acetate solution at 10-7 M protein final concentration. 0.1% v/v formic acid was added 
just before infusion in the mass spectrometer.
The ESI mass spectra were acquired through direct infusion at 7 μl min-1 flow rate in a TripleTOF® 
5600+ high-resolution mass spectrometer (Sciex, Framingham, MA, U.S.A.), equipped with a 
DuoSpray® interface operating with an ESI probe.
The ESI source parameters were as follows: positive polarity, Ionspray Voltage Floating 5500 V, 
Temperature 0, Ion source Gas 1 (GS1) 40 L/min; Ion source Gas 2 (GS2) 0; Curtain Gas (CUR) 15 
L/min, Declustering Potential (DP) 100 V, Collision Energy (CE) 10 V, acquisition range 1000-3000 m/z.
For acquisition, Analyst TF software 1.7.1 (Sciex) was used and deconvoluted spectra were obtained 
by using the Bio Tool Kit micro-application v.2.2 embedded in PeakView™ software v.2.2 (Sciex).
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Figure S1. Time course UV-vis spectra of [Rh2(μ-O2CCH3)4] in 10 mM sodium citrate buffer pH 5.1 and in 10 mM ammonium acetate solution 
pH 6.8, monitored overtime (up to 24h) in the absence (panels A and C) and in the presence (panels B and D) of RNase A (protein to metal 
molar ratio 1:3). 
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Figure S2. Circular dichroism spectra of RNase A incubated for 24 h in the presence of [Rh2(μ-O2CCH3)4] in a protein to metal compound 
molar ratio 1:3. Spectra have been recordered in 10 mM sodium citrate buffer at pH 5.1(A) and in 10 mM ammonium acetate solution pH 
6.8 (B).



Figure S3. Hydrolysis of yeast RNA in 50 mM sodium acetate buffer at pH 5.0, according to the Kunitz method [8]. The variation of 
absorbance at 300 nm was followed as function of time upon addition of the protein to the RNA. Three different protein to metal 
molar ratios were tested: 1:5, 1:10 and 1:15. RNase A was incubated in the presence of [Rh2(μ-O2CCH3)4] for 24h at 20°C. Experiments 
were performed in triplicate and curves were obtained by averaging the three measurements.
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Figure S4. Details of the Rh binding sites in molecule B of the crystal of [Rh2(μ-O2CCH3)4]/RNase A adduct refined at 1.4 Å resolution. 
Close to the ND1 atom of the side chains of His119 and to the NE2 atom of His105 the electron density maps are well defined and 
indicate that the dirhodium center and the acetate ligands are retained upon the protein binding. 2Fo-Fc electron density maps are 
contoured at 5.0 σ (red) and 1.0 σ (blue).
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Figure S5. Details of the Rh binding sites in molecules A (panels A and B) and B (panels C and D) of the second crystal of [Rh2(μ-
O2CCH3)4]/RNase A adduct, which has been refined at 1.8 Å resolution. The dirhodium center is retained and the side chains atoms 
NE2 of His105 or ND1 of His119 coordinate at the axial coordination site. In molecule B, close to the side chain of His105, the 
electron density map is not well defined. The dirhodium center binds the NE2 atom of the His at the axial coordination site, but the 
Rh ligands cannot be clearly identified. Solvent molecules could have replaced the acetate ions. In the model the octahedral 
coordination of the Rh centers is not completed due to lack of interpretable electron density. 2Fo-Fc electron density maps are 
contoured at 5.0 σ (red) and 1.0 σ (blue).



Figure S6. UV-vis absorption spectra of 0.5 mM [Rh2(μ-O2CCH3)4] titrated with imidazole. Titration has been carried out using imidazole to 
dirhodium compound molar ratio from 1:10 up to 1:1.



Figure S7. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:3 in 2×10-3 mol 
L-1 ammonium acetate solution, pH 6.8 and recorded after 24 h of incubation at 37 °C.



Figure S8. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:3 in 2×10-3 mol 
L-1 ammonium acetate solution, pH 6.8 and recorded after 48 h of incubation at 37 °C.



Figure S9. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:3 in 2×10-3 mol 
L-1 ammonium acetate solution, pH 6.8 and recorded after 72 h of incubation at 37 °C.



Figure S10. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:2 in 2×10-3 
mol L-1 ammonium acetate solution, pH 6.8 and recorded after 24 h of incubation at 37 °C.



Figure S11. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:2 in 2×10-3 
mol L-1 ammonium acetate solution, pH 6.8 and recorded after 48 h of incubation at 37 °C.



Figure S12. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:2 in 2×10-3 
mol L-1 ammonium acetate solution, pH 6.8 and recorded after 72 h of incubation at 37 °C.



Figure S13. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:1 in 2×10-3 
mol L-1 ammonium acetate solution, pH 6.8 and recorded after 24 h of incubation at 37 °C.



Figure S14. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:1 in 2×10-3 
mol L-1 ammonium acetate solution, pH 6.8 and recorded after 48 h of incubation at 37 °C.



Figure S15. Deconvoluted ESI MS of RNase A (10-7 mol L-1) treated with [Rh2(µ-O2CCH3)4] in a protein:metal ratio = 1:1 in 2×10-3 
mol L-1 ammonium acetate solution, pH 6.8 and recorded after 72 h of incubation at 37 °C.



Table S1. Data collection and refinement statistics for the adducts of RNase A with dirhodium tetraacetate
PDB code 6XVX 6XW0
Data-collection
Space group C2 C2
Unit cell parameters
a (Å) 100.43 99.66   
b (Å) 32.75  32.44 
c (Å) 72.69   68.02
 (°) 90.38 92.92        
Molecules per asymmetric unit 2 2
Observed reflections 114647 88585
Unique reflections 43787 19347
Resolution (Å)             72.69-1.40 67.93-1.80 

(1.42-1.40) (1.84-1.80)
Completeness (%)          93.4 (91.3) 94.9 (92.9)
Rmerge     0.066 (0.259) 0.099 (0.256)
I/σ(I)            8.5 (2.4) 8.8 (3.4)
Multiplicity             2.6 (2.2) 4.6 (4.4)
CC1/2 0.990 (0.861) 0.990 (0.854)
Mosaicity 0.33 1.5
phaser LLG 4896 3644
TF Z-score 52.7 50.8
Wilson B-Value (Å2) 12.6 16.6
Refinement
Resolution (Å)            72.69-1.40 67.93-1.80
number of reflections in working set 41439 18326
number of reflections in test set 2317 993
R factor/Rfree (%)       0.189 (0.234) 0.171 (0.217)
Non-H atoms used in the refinement 2385 2306
Number of protein atoms 2004 1931
Average B-factor (Å2) 20.6 23.3
Occupancy of Rh atoms close to His119A 0.60 0.70
Occupancy of Rh atoms close to His119B 0.70 0.70
Occupancy of Rh atoms close to His105A 0.60 0.60
Occupancy of Rh atoms close to His105B 0.60 0.60
B-factor of Rh atoms close to His119A (Å2) 17.1/22.3 29.8/36.3
B-factor of Rh atoms close to His119B (Å2) 18.6/24.3 21.1/28.3
B-factor of Rh atoms close to His105A (Å2) 20.1/29.3 24.3/30.8
B-factor of Rh atoms close to His105B (Å2) 18.5/28.0 20.1/36.5
RMS deviations for bond lengths (Å) 0.012 0.009
RMS deviations for angles (°) 3.857 1.627
Estimated overall coordinate errors 0.075 0.161
Ramachandran values (%)
Preferred regions/allowed regions(%) 96.1/2.9 97.1/2.4
Outliers 2 (0.98%)* 1*

*Ser16A and Ala20B in the first structure and Ser16A in the second structure are located in the loop constituted by residues 16-
22, which is highly disordered and not well defined in many structures of RNases.



Table S2. Selected bond lengths (Å) and angles (°) for the dirhodium centre coordinated to the side chains of His105 and His119 in 
the second crystal of dirhodium etracetate/RNase A adduct (1.8 Å resolution), compared with the values observed in the crystal 
structure of the dirhodium teracetate dihydrate33.

In the adduct in Rh2(μ-O2CCH3)4
**

His119 His119 His105 His105
Rh-Rh (Å) 2.45 2.39 2.41 2.30 2.39
Rh-O(acetate)* (Å) 2.17 1.96 1.88 - 2.04
Rh-N (Å) 2.20 2.22 2.19 2.12 -
Rh-Owat (Å) 2.32 2.66 - 2.58 2.31
O(ac)-Rh-O(wat)* (°)      94.1      92.6 -                          - 91.9

          89.18<x<94.78
O(ac)-Rh-N*

 (°) 94.0       93.4       92.3      - -
Rh-Rh-N (°)       177.8       177.4        174.7      174.7 -
Rh-Rh-O(ac)

* (°)    86.9      87.8        86.6      -                     88.07

*average values. Standard deviations for the distances are in the range 0.14-0.25 Å. Standard deviations for the angles are in the range 1.°-12.5°
** from F. A. Cotton, B. G. Deboer, M. D. Laprade, J. R. Pipal and D. A. Ucko. The crystal and molecular structures of dichromium tetra-acetate dihydrate and dirhodium 

tetra-acetate dihydrate. Acta Cryst. B 1971, 27, 1664-1671.


