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Protein interactions of dirhodium tetraacetate: 
a structural study 

 

Giarita Ferraro,a† Alessandro Pratesi,b† Luigi Messoria* and Antonello Merlinoc* 

The interactions between the cytotoxic paddlewheel dirhodium complex [Rh2(μ-O2CCH3)4] and the model protein bovine 
pancreatic ribonuclease (RNase A) were investigated by high-resolution mass spectrometry and X-ray crystallography. 
Results indicate that [Rh2(μ-O2CCH3)4] extensively reacts with RNase A. The metal compound binds the protein via 
coordination of the imidazole ring of a His side chain to one of its axial site, while the dirhodium center and the acetato 
ligands remain unmodifed. Data provide valuable information for the design of artificial dirhodium-containing 
metalloenzymes.

Introduction 
Dirhodium(II) complexes of general formula [Rh2(O2CR)4]L2 (R=CH3-, 
CH3CH2-, etc.; L=solvent) contain a Rh(II)–Rh(II) unit (bond length = 
2.39 Å), four bridging equatorial carboxylato ligands arranged in a 
lantern-like fashion around the metal centers, and two possible 
donor ligands (L) at the axial coordination sites. These molecules 
have attracted considerable attention from the scientific 
community1-7, since they are efficient catalysts for a variety of 
important reactions8-13, such as C−H insertion into aliphatic and 
aromatic C-H bonds, X-H insertion (X=N, O, S), aromatic 
cycloaddition, decomposition of ethyl diazoacetate1, hydrosilylation 
of alkynes 11-12 and oxidation of alcohols13. 
The paddlewheel dirhodium tetracetate complex ([Rh2(μ-O2CCH3)4], 
Figure 1) has been also considered as a promising catalyst for 
photochemical hydrogen evolution14 and as a potential anticancer 
compound, since it exhibits an appreciable carcinostatic activity, 
though lower than cisplatin2-4, 15-17. Analogous compounds were 
found to be effective against Ehrlich ascites 2-4, 15-17, L1210 tumors 6-

7, sarcoma 180 and P388 leukemia18, but the appearance of severe 
toxic side effects prevented their further evaluation. Although the 
origin of the antitumor activity of dirhodium carboxylates is not 
known, plausible cellular targets are single-stranded and double 
stranded DNA18, amino acids19-20, peptides21-22 and proteins23-29. In 
this frame, though several studies on the interactions of [Rh2(µ-
O2CCH3)4] with peptides and proteins have been reported in the 

literature23-29, the mode of binding of the dirhodium center to 
proteins has not been elucidated yet. 
The reaction of [Rh2(μ-O2CCH3)4] with glutathione, Cys and its 
derivatives produces Rh(III)-Rh(III) complexes and oligomeric species 
containing dinuclear Rh(III)-Rh(III) units (with a Rh….Rh distance of 
3.1 Å)20. The interaction with a few peptides induces the formation 
of stable adducts where Asp or Glu side chains replace the acetate 
units21-22. A similar mode of binding, where Asp side chains replace 
the acetate ligands, was observed in the interaction of a diruthenium 
tetracetate compound with hen egg white lysozyme (HEWL)30. 
Binding of [Rh2(μ-O2CCH3)4] to human serum albumin occurs via 
metal compound decomposition, oxidation of Rh(II) to Rh(III) and 
binding of Rh(III) to His residues26. The reaction of [Rh2(μ-O2CCH3)4] 
with metallothionein leads to formation of adducts showing 
displacement of the acetato ligands and coordination of Cys residues 
to the dirhodium center29. 
Based on these arguments, we have investigated here the interaction 
of [Rh2(μ-O2CCH3)4] with the model protein bovine pancreatic 
ribonuclease (RNase A) from the structural point of view. 

 

Figure 1. Typical paddle-wheel structure of [Rh2(µ-O2CCH3)4] unit. 
Axial donor ligands (L) are shown. 
 
The reactivity of [Rh2(μ-O2CCH3)4] with RNase A has been first 
studied in solution by UV-vis absorption spectroscopy, circular 
dichroism and electrospray ionization mass spectrometry. 
UV-vis absorption spectra of [Rh2(μ-O2CCH3)4] recorded in sodium 
citrate and ammonium acetate solutions indicate a different 
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behaviour of [Rh2(μ-O2CCH3)4] in the absence and in the presence of 
the protein. In both solutions, in the absence of the protein, the 
spectral profile of the metallodrug shows two peaks in the visible 
region, at 448 and 586 nm and a shoulder at 340 nm. The band at 
448 nm has been assigned to Rh2(π*) → Rh–O(σ*) transitions of the 
tetraacetate ligands; the band at 586 nm has been assigned to 
Rh2(π*) → Rh2(σ*) transition of the metal–metal single bond. The 
spectra do not experience any change during 24 h (Figures S1A and 
S1B). This indicates that the compound is stable under the 
investigated solution conditions. On the contrary, in the presence of 
RNase A, the overall spectral profile is significantly different when 
compared to that reported in the absence of the protein (Figures S1B 
and S1C). There is a blue shift of λmax from 448 nm to 442 nm and 
from 586 nm to 570 nm and the appearance of a new peak at 410 
nm. The appearance of this new peak could be attributed to ligand-
to-metal charge transfer band due to the coordination of a new 
ligand. The changes in λmax clearly indicate that a reaction between 
the protein and the metal compound occurs. The blue shift of the 
Rh2(π*) → Rh–O(σ*) transition band indicates that the protein binds 
the complex and that the Rh–Rh single bond is still intact after 
protein binding. 
CD spectra of the protein incubated for 24 h with [Rh2(μ-O2CCH3)4] in 
1:3 protein to metallodrug molar ratio are reported in Figure S2. CD 
spectra of RNase A in the presence of [Rh2(μ-O2CCH3)4] show a 
reduction of molar ellipticity, although the overall spectral features 
suggest that RNase A remains folded in the presence of the metal 
compound. Enzymatic activity studies offer further evidence that 
[Rh2(μ-O2CCH3)4] binds RNase A; indeed the dirhodium compound 
affects significantly the catalytic properties of the protein (Figure S3). 
Subsequently, electrospray ionization mass spectrometry (ESI MS) 
experiments were carried out at different time intervals after mixing 
(24 h, 48h, 72h), following a well-established protocol.31,33 In Figure 
2 the ESI mass spectrum recorded after 24h of incubation at 37 °C is 
reported (for the other incubation times and metal to protein ratios, 
see SI). From inspection of the spectrum it may be inferred that 
[Rh2(μ-O2CCH3)4] binds RNase A forming several Rh-protein adducts 
of different nature and stoichiometry. A summary of the metallic 
fragments that are found associated to the protein is reported in 
Table 1. RNase A binds [Rh2(μ-O2CCH3)4], naked Rh ions and a 
dirhodium centre with 2-4 Ac ligands. A large fraction of the protein 
remains unlabelled in the presence of the metal compound. 
Notably, a complex pattern of adducts was previously reported for 
ESI MS spectra registered upon reacting [Rh2(μ-O2CCH3)4] with 
metallothionein29. 

 

 

 

 

 

 

 

 

Figure 2. 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 at pH 6.8 and recorded after 24 
h of incubation at 37 °C. 

 

Table 1. ESI MS assignment. 

Peaka Mass, Daa Adduct type 
a 13681.307 RNase A 
b 13780.246 RNase A+ sulfate/phosphate 
c 13878.228 RNase A+ (sulfate/phosphate)2 
d 14003.102 RNase A+ Rh2(Ac)2 
e 14101.080 RNase A+ Rh2(Ac)2 + sulfate/phosphate 
f 14203.912 RNase A+Rh + Rh2(Ac)2 + 

sulfate/phosphate 
g 14264.931 RNase A+Rh + Rh2(Ac)3 + 

sulfate/phosphate 
h 14324.943 RNase A+Rh + Rh2(Ac)4 + 

sulfate/phosphate 
i 14422.892 RNase A+2Rh + Rh2(Ac)4 + 

sulfate/phosphate 

a Peaks in Table 1 refer to Figure 2. Ac=acetato ligand. The presence of 
sulfate/phosphate ions bound to [Rh2(μ-O2CCH3)4]/RNase A adducts is not 
surprising since these ions are bound to the commercial sample of the protein. 
Peaks of RNase A+ sulfate/phosphate ions are found also in the ESI MS spectra of 
the metal-free protein. 

Afterward, the formation of [Rh2(μ-O2CCH3)4]/RNase A adducts was 
investigated at solid state by X-ray crystallography. Crystals of [Rh2(μ-
O2CCH3)4]/RNase A adducts were obtained by soaking experiments: 
crystals of RNase A (space group C 1 2 1, with two protein molecules 
in the asymmetric unit) were grown by the hanging drop vapor 
diffusion method using a protein concentration of 20 mg mL-1 and a 
reservoir solution of 22% PEG4000 and 10 mM sodium citrate at pH 
5.1, and then soaked for 7 days in a solution consisting of the 
reservoir at which the metal compound was added to a final 
concentration of 0.005 M. X-ray diffraction data on two distinct 
crystals were collected at 1.4 and 1.8 Å resolution at the XRD2 
beamline of Elettra synchrotron in Trieste, Italy. Details of data 
collections and refinements are reported in Supporting info. The two 
structures are very similar to each other. The overall structure of the 
protein, reported in Figure 3, is not significantly affected by the 
interaction with the metal compound. Root mean square deviation 
of Cα atoms from the structure of the metal-free protein (PDB code 
1JVT) is within the range as 0.38-0.58 Å. The most significant 
differences in the structure of RNase A upon reaction with [Rh2(μ-
O2CCH3)4] are located close to the Rh binding sites, at level of the side 
chains of His105 and of His119 in both protein molecules present in 
the asymmetric unit. In both binding sites, the imidazole ring of the 
His side chain coordinates the dirhodium centre at the axial 
coordination site34 (Figure 3). Close to His119 side chain, in the 
protein active site, the electron density maps are very well defined 
and unambiguously indicate that the compound retains the 
dimetallic centre and the acetato ligands upon protein binding 
(Figure 4A, Figures S4A, S5A and S5C). A water molecule occupies the 
remaining axial position. In molecule A, one acetate ion is not far 
from the side chain of Lys7, while the others are close to a number 
of solvent molecules. In molecule B, one acetato ligand and the axial 
water molecule are in contact with the Nz atom of the side chain of 
Lys7, while another acetate is in contact with the Nz atom of Lys91 
of a symmetry related molecule. Close to the side chains of His105 of 
molecule A, electron density maps for the ligands are well defined 
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and in agreement with what observed in the protein active site 
(Figure 4B, Figures S4B and S5B). In molecule B the electron density 
maps are less well defined (Figure S4B), but in the second crystal it is 
not sufficiently well defined to assign Rh ligands (Figure S5D). This 
could suggest the possibility of a replacement of at least two acetate 
ligands with solvent molecules (Figure S5D). 
Refinements point out that in the structure of the [Rh2(μ-
O2CCH3)4]/RNase A adduct the Rh atoms have high occupancy 
(occupancy 0.6-0.7 and B-factors in the range 17—29 Å2), indicating 
a relevant degree of protein metalation. Details on the dirhodium 
moiety geometry are reported in Table 2. 
These structures represent a rare example of an adduct formed in 
the reaction of a protein with a Rh compound. A search in the Protein 
Data Bank reveals that there are only 7 proteins, whose structures 
have been solved in the presence of Rh compounds and that there 
are four examples of protein adducts with Rh atoms bound to the 
side chain of a His residue. 
To provide an additional evidence of the relevance of adduct 
obtained by the crystallographic studies, crystals of the adducts have 
been dissolved and the catalytic activity of the obtained solution has 
been studied in comparison with that observed for a related solution 
obtained dissolving a similar amount of crystals of the native protein. 
This experiment confirms that the crystallographic adduct presents a 
catalytic activity significantly lower than that of the native protein. 
To verify if the binding of [Rh2(μ-O2CCH3)4] to imidazole occurs also 
in solution, under the experimental conditions used to grow protein 
crystals, UV-Vis absorption spectra of the compound upon titration 
with increasing amounts of imidazole were collected (Figure S6). A 
gradual shift of the band at 584 nm up to 566 nm, accompained by 
an increase in the absorbance of the shoulder at 353 nm, has been 
observed. This observation supports the binding of the dirhodium 
compound to the imidazole. 
Axial binding to the dirhodium centre and replacement of the acetato 
ligands were previously found in the products of the reaction of 
[Rh2(μ-O2CCH3)4] with methionine, although in this case formation of 
monometallic Rh centres is also observed20,34. Z. Ball and coworkers 
proposed that a His residue coordinates at the axial position of the 
dirhodium centre in the rhodium(II) conjugates of the Lyn SH3 
domain, but in this adduct two acetato ligands are replaced by the 
side chains of two Glu residue side chains35. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Overall structure of the two molecules in the 
asymmetric unit of the crystal of the adduct formed in the 
reaction of dirhodium tetraacetate with RNase A solved at 1.4 Å 
resolution. Rh atoms are in green. 
 
 

A 
 
 
 
 
 
 
 
 
 
 
 
 

B 

Figure 4. Details of the Rh binding sites in molecule A of the 
crystal of [Rh2(μ-O2CCH3)4]/RNase A adduct solved at 1.4 Å. The 
dirhodium center is retained and the side chains of His105 (A) 
or His119 (B) coordinate at the axial coordination site. 2Fo-Fc 
electron density maps are contoured at 5.0 σ (red) and 1.0 σ 
(blue). 
 
Table 2. Selected bond lengths (Å) and angles (°) for the 
dirhodium centre coordinated to the side chains of His105 and 
His119, compared with the values observed in the crystal 
structure of the dirhodium tetracetate dihydrate36. 

 In the adduct in Rh2(μ-
O2CCH3)436 

 His119A His119B His105A His105B  
Rh-Rh 
(Å) 

2.34  2.37 2.42  2.42 2.39 

Rh-
O(acetate)* 
(Å) 

2.09  2.11 2.06  2.13 2.04 

Rh-N (Å)
  

2.16 2.27 2.20  2.18   

Rh-Owat 

(Å) 
2.24 2.28 2.29 2.28 2.31 

O(ac)-Rh-
O(wat)* 

(°) 

93.7 93.9  94.4 92.5 91.9  
89.2<x<94.8 

O(ac)-Rh-
N* (°) 

90.9 91.9 91.1 93.3  

Rh-Rh-N 

(°) 
177.1 175.4 176.3 176.6  

Rh-Rh-
O* (°) 

90.1 88.0 88.9 87.3 88.1 
87.8<x<88.3 

*average values.  Standard deviations for the distances are in the range 0.04-0.14 

Å. Standard deviations for the angles are in the range 2.5°-12.7° 

In conclusion, we have analysed the interaction of [Rh2(µ-O2CCH3)4] 
with the model protein RNase A. Our combined 
crystallographic/spectrometric approach unambigously indicates 
that [Rh2(µ-O2CCH3)4] binds RNase A forming a variety of possibile 
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adducts. ESI MS data show that the protein binds [Rh2(µ-O2CCH3)4], 
naked Rh ions and dirhodium moieties with 2-4 Ac ligands. X-ray 
crystallography data show that the binding of the intact compound 
can occur through coordination of a His side chain to the axial site of 
the dirhodium complex. Although some differences are noticed 
when comparing the ESI MS and crystalographic data (which may be 
easily accounted for considering the different experimental 
conditions needed to perform the two experiments), the results 
demonstrate that upon protein binding dirhodium complexes can 
retain their dimetallic center, as observed in the case of diruthenium 
compounds31, and their acetate ligands, contrarily to previous 
suggestions31,35. The [Rh2(µ-O2CCH3)4] binding does not alter the 
overall conformation of the enzyme (that remains well-folded), 
although it affects the catalytic properties of the protein.  

These results help to understand the reactivity of dirhodium 
carboxylates with peptides and proteins, providing useful 
information for the design of new dirhodium/peptide and 
dirhodium/protein adducts with an array of potential applications 
ranging from catalysis to cancer treatment. 
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