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Abstract 11 

The reactions with a few model proteins of two structurally related gold carbene compounds, namely 12 

the gold(I) monocarbene complex Au(NHC)Cl and the corresponding bis-carbene complex 13 

[Au(NHC)2]PF6 (where NHC is an N-heterocyclic carbene ligand), were comparatively studied by 14 

ESI MS measurements. The investigated proteins were: human serum albumin, human carbonic 15 

anhydrase and bovine superoxide dismutase; in addition, the reactions of the two gold carbenes with 16 

the C-terminal synthetic dodecapeptide of thioredoxin reductase were also analyzed. Formation of 17 

metallodrug-protein adducts was observed in all cases made exception for the reactions of 18 

[Au(NHC)2]PF6 with carbonic anhydrase and superoxide dismutase. Notably, in line with 19 

expectations, the monocarbene gold complex turned out to be more effective than its dicarbene 20 

counterpart in forming protein adducts. The reactivity of these gold carbene complexes with model 21 

proteins is compared to that of a few other gold(III) and gold(I) complexes whose reactions with 22 

model proteins had been previously investigated with the same methodology; it emerges that the two 23 

gold carbenes react more selectively with proteins at well-defined anchoring sites. The implications 24 

of these results are discussed in the frame of the current knowledge on medicinal gold compounds. 25 
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1. Introduction 1 

Gold compounds form an interesting class of metal-based drug candidates with a potentially wide 2 

field of applications [1–4]. The real medicinal interest for gold-based compounds started in 1890 with 3 

the discovery made by Robert Koch on the inhibition potential of gold cyanide against the growth of 4 

Tubercle bacillus. During the last century, some Au(I) complexes have been successfully employed 5 

in the clinics as antiarthritic drugs [5], leading in the 1980s, to the development by Sutton and co-6 

workers of the orally active Au(I) phosphine compound auranofin. Auranofin was the first oral gold 7 

compound approved for the clinical treatment of rheumatoid [6,7]. 8 

Beyond its antiarthritic properties, between the end of 1970s and the mid-1980s, the in vitro 9 

antiproliferative properties of auranofin against tumour cell lines were also highlighted [8,9], sparking 10 

new interest for gold compounds as potential anticancer agents [10–13]. 11 

As a result, during the last years, a lot of attention was paid to anticancer gold compounds with the 12 

final aim to replace platinum-based drugs in view of the severe side effects of the latter [10,14–16]. 13 

In this frame, extensive studies were conducted by many research groups with the purpose of finding 14 

gold complexes endowed with favourable chemical and biological properties. Within a multi-year 15 

research project financed by AIRC, our laboratory has deeply investigated a panel of seven 16 

representative gold compounds with rather encouraging results [17–21]. The panel comprises the 17 

following compounds: Auoxo6, Au2Phen, Aubipic, AuL12, Au(NHC)Cl, [Au(NHC)2]PF6 and 18 

auranofin, as previously reported. Within this panel, two gold(I) carbenes were included, namely the 19 

monocarbene gold complex Au(NHC)Cl and the corresponding bis-carbene complex [Au(NHC)2]PF6 20 

(Figure 1); this inclusion is motivated by the growing interest of the scientific community toward 21 

metal carbene complexes for medicinal applications [22–24]. Moreover, gold(I) compounds usually 22 

exhibit greater stability in solution in comparison with gold(III) metal complexes, being these latter 23 

quickly degraded by ultraviolet light and weak reducing agents [25]. 24 

 25 



3 
 

 1 

Figure 1 Chemical structure of gold(I)-N-heterocyclic carbene complexes. (A) Au(NHC)Cl and (B) 2 

[Au(NHC)2]PF6. 3 

 4 

Since gold compounds are commonly believed to exert their biological effects through interactions 5 

with proteins rather than with nucleic acids [26], we decided to investigate systematically the 6 

reactions of the above-mentioned compounds with a number of representative proteins to model the 7 

occurring reactions and identify common trends of reactivity. The reactions of auranofin, Auoxo6, 8 

Au2Phen, Aubipyc and AuL12 with a set of model proteins were already discussed in two papers 9 

previously published by this research group [26,27]. Here we analyze comparatively the reactivity of 10 

the two gold carbene compounds (i.e. Au(NHC)Cl and [Au(NHC)2]PF6) with the same proteins panel 11 

(Figure2). 12 

It is worth reminding that substantial biological information has been gained on these two gold 13 

carbene compounds [24,28–30]. These compounds performed very well within the chosen set of gold 14 

compounds in terms of in vitro antiproliferative properties, with the dicarbene gold complex being 15 

more effective than its monocarbene counterpart. The cellular effects of these two gold carbenes were 16 

investigated in detail in a recent paper of our [31], where we demonstrated, through a comparative 17 

proteomic analysis, that the number of modulated proteins is far larger in [Au(NHC)2]PF6-treated 18 

than in Au(NHC)Cl-treated A2780 cells. In any case, both gold compounds mainly affected proteins 19 

belonging to the following functional classes: protein synthesis, metabolism, cytoskeleton and stress 20 

response and chaperones. Particularly, [Au(NHC)2]PF6 gave rise to an evident upregulation of several 21 

glycolytic enzymes. Moreover, only [Au(NHC)2]PF6 triggered a net impairment of respiration and a 22 

metabolic shift towards glycolysis, suggesting that mitochondria are relevant cellular targets. We also 23 

found that both carbenes, similarly to the gold(I) compound auranofin, caused a strong inhibition of 24 

the seleno-enzyme thioredoxin reductase (TrxR). From these studies, it emerged that TrxR inhibition 25 

and metabolic impairment probably play a major role in the [Au(NHC)2]PF6 cytotoxicity. These 26 
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antiproliferative effects were also confirmed in two additional human ovarian cancer cell lines (i.e., 1 

SKOV3 and IGROV1) [31]. 2 

The following protein systems have been considered here to characterize gold carbenes-proteins 3 

interactions: human serum albumin (HSA), human carbonic anhydrase I (hCA I), bovine superoxide 4 

dismutase (SOD) and the C-terminal dodecapeptide of thioredoxin reductase (dTrxR). This choice 5 

was dictated by the fact that all the above three proteins possess a free cysteine residue amenable for 6 

gold(I) coordination [27]. In turn, the C-terminal dodecapeptide of TrxR1 possesses the peculiar -7 

Cys-Sec- reactive motif, mimicking the enzyme’s active site [30]. 8 

The analysis was carried out according to the general protocol developed in our laboratory as detailed 9 

below [27,32–34]. 10 

 11 

 12 

Figure 2. Ribbon representation of the overall structure of a) human serum albumin (PDB entry 13 

1AO6); b) human carbonic anhydrase I (PDB entry 2NN7); c) bovine superoxide dismutase (PDB 14 

entry 1CB4); d) C-terminal dodecapeptide of TrxR1. 15 

 16 
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Materials and methods 1 

2.1 Materials 2 

Lyophilized hCA I, HSA and SOD were purchased from Sigma-Aldrich and used without further 3 

purification or manipulation. Au(NHC)Cl and [Au(NHC)2]PF6 as well as the C-terminal 4 

dodecapeptide of thioredoxin reductase (dTrxR), were synthesized in the MetMed Laboratories at the 5 

Department of Chemistry, University of Florence, following already established procedures 6 

[24,30,35]. DTT and dimethyl sulfoxide (DMSO) were purchased from Fluka. LC-MS grade solvents 7 

and salts (water, methanol and ammonium acetate) were purchased from Sigma-Aldrich. 8 

2.2 Electrospray Ionization Mass Spectrometry Experimental Conditions 9 

2.2.1 Sample Preparation 10 

Stock solutions of hCA I 10−4 M, HSA, SOD 10−3 M, and dTrxR 10−3 M were prepared by dissolving 11 

the proteins and the peptide in LC-MS grade water. Stock solutions 10−2 M of the gold(I) carbene 12 

compounds were prepared by dissolving the samples in DMSO. Stock solution 10−1 M of DTT was 13 

prepared in H2O. For the experiments with hCA I, HSA and SOD, aliquots of the respective stock 14 

solutions were mixed with aliquots of each gold carbene at protein-to-metal ratio 1:3 and diluted with 15 

ammonium acetate solution 2 × 10−3 M (pH 6.8) to 10−4 M final protein concentration. In case of hCA 16 

I the final protein concentration was 10−5 M. The mixtures were incubated at 37 °C up to 24 h. For 17 

the experiments with dTrxR aliquots of its stock solution were diluted with ammonium acetate 18 

solution 2 × 10−3 M (pH 6.8) to 10−4 M final peptide concentration. Then, aliquots of DTT stock 19 

solution were added in peptide to reducing agent ratios 1:10. The mixtures were incubated at 37 °C 20 

for 30 min and then aliquots of the gold carbenes solutions were added in peptide-to-metal compound 21 

ratio 1:3. The obtained mixtures were incubated at 37 °C up to 72 h. 22 

2.2.2 Electrospray Ionization Mass Spectrometry Analysis: Final Dilutions 23 

After the incubation time, all solutions were sampled and diluted to a final protein concentration of 7 24 

× 10−7 M for hCA I, 5 × 10−7 M for HSA, 10−7 M for SOD and 5 × 10−7 M for dodecapeptide of TrxR 25 

using ammonium acetate solution 2 × 10−3 M, pH 6.8. The HSA and the peptide final solution were 26 

also added with 0.1% v/v of formic acid just before the infusion in the mass spectrometer. The hCA 27 

I and SOD final solutions were analysed both with and without the addition of 0.1% v/v of formic 28 

acid. 29 

2.2.3 Instrumental Parameters 30 
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The ESI mass study was performed using a TripleTOF® 5600+ high-resolution mass spectrometer 1 

(AB Sciex, Framingham, MA, United States), equipped with a DuoSpray® interface operating with 2 

an ESI probe. Respective ESI mass spectra were acquired through direct infusion at 5 μL/min of flow 3 

rate. The general ESI source parameters optimized for each protein and peptide analysis were as 4 

follows: HSA: positive polarity, ion spray voltage floating 5500V, temperature 25 °C, ion source Gas 5 

1 (GS1) 45 L/min; ion source Gas 2 (GS2) 0; curtain gas (CUR) 12 L/min, collision energy (CE) 10 6 

V; declustering potential (DP) 150 V, acquisition range 1000–2600 m/z. hCA I: positive polarity, ion 7 

spray voltage floating 5500 V, temperature 25 °C, ion source Gas 1 (GS1) 40 L/min; ion source Gas 8 

2 (GS2) 0; CUR 10 L/min, CE 10 V; DP 50 V, acquisition range 760–990 m/z. dTrxR: positive 9 

polarity, ion spray voltage floating 5500 V, temperature 100 °C, ion source Gas 1 (GS1) 25 L/min; 10 

ion source Gas 2 (GS2) 25 L/min; CUR 30 L/min, CE 10 V; DP 50 V, acquisition range 1000–2000 11 

m/z. SOD: positive polarity, ion spray voltage floating 5500 V, temperature 25 °C, ion source Gas 1 12 

(GS1) 40 L/min; ion source Gas 2 (GS2) 0; Curtain Gas (CUR) 15 L/min, collision energy (CE) 10 13 

V; declustering potential (DP) 200 V, acquisition range 1500–3500 m/z. For acquisition, Analyst TF 14 

software 1.7.1 (Sciex) was used, and deconvoluted spectra were obtained by using the Bio Tool Kit 15 

micro-application v.2.2 embedded in PeakViewTM software v.2.2 (Sciex). 16 

  17 
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2.  Results and Discussion 1 

3.1 The general design of the ESI MS experiments 2 

All studies were conducted according to a well-defined experimental protocol that was developed in 3 

our laboratory in recent years and is now documented by several papers [26,27]. According to this 4 

protocol, lyophilized proteins were dissolved in H2O. To each protein solution, a 3:1 amount of the 5 

gold complex was added and the incubation was carried out for 72 hours. Then the samples were 6 

analyzed with an ESI-Q-TOF mass spectrometer by direct infusion of the sample in the positive ESI 7 

mode. In some cases, the experimental protocol provides for the addition of 0.1% v/v of formic acid 8 

to the solution just before the injection in order to promote the ionization process into the ESI source. 9 

3.2 Human serum albumin 10 

The results obtained reacting human serum albumin (HSA) with the two gold carbene compounds in 11 

a 1:3 protein to metal ratio are reported below in comparison to the ESI mass spectrum of HSA alone, 12 

figure 3. The deconvoluted mass spectrum of the protein, figure 3A, is characterized by the main 13 

signal at 66437 Da assigned to the native protein, while the signals at 66556 Da and 66601 Da are 14 

attributed to different kinds of post-translational modifications of the albumin. The signal at 66556 15 

Da is perfectly in agreement with an additional cysteine bound to the Cys34. The peak at 66601 Da 16 

belongs to a glycated form of HSA, also in this case present in native serum proteins. Indeed, both 17 

human and bovine serum albumin show characteristic post-translational modifications (PTMs), such 18 

as cysteinylation, involving the unique cysteine residue normally present as a free thiol [32,36]. 19 

Upon reaction with the gold carbene compounds, the native protein signal is no more observed, while 20 

a few signals of greater mass are detected, indicating extensive protein metalation. Specifically, the 21 

metal fragment that binds the protein corresponds, for both carbenes, to 1-butyl-3-methylimidazole-22 

2-ylidene-gold(I). In the case of Au(NHC)Cl a large degree of HSA metalation is observed already 23 

after 24 h of incubation (Figure 1S); in figure 3B a clear signal with 90% of relative intensity at 67105 24 

Da is attributed to the adduct of the native protein with two gold(I) fragments, after 72 h of incubation. 25 

Upon considering the high affinity of gold(I) species for sulphur atoms [1,27], we might assume that 26 

the Cys residue could be a preferential binding site for the gold(I) carbene. Indeed, human serum 27 

albumin possesses one free cysteine residue (Cys34) that is accessible to ligands [37,38]. The 28 

formation of a bis adduct on a single cysteine residue is not entirely surprising as it has been already 29 

observed for the gold(I) drug auranofin by Frank Shaw III who proposed for bovine serum albumin 30 

the formation of a thiolate-bridged bis-gold(I) adduct on the same Cys34 residue [39]. Therefore, we 31 

might assume that two gold carbene moieties bind on the same sulphur atom of the Cys34, in a similar 32 
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way to what happens for auranofin. Furthermore, lower intensity signals are also present, at 66889 1 

Da and 67439 Da respectively assigned to the cysteinylated protein with a gold(I) moiety and to the 2 

native protein with three metal fragments. These adducts could be explained by considering that a 3 

few additional amino acid residues other than cysteines are possible binding sites for gold compounds, 4 

i.e. His, Gln and Lys residues, as widely reported in the literature [40]. As a matter of fact, several of 5 

our works have shown that His and Gln residues of model proteins such as lysozyme (HEWL) and 6 

ribonuclease A (RNase A) can bind gold species [19,41–43]. For the bis carbene compound, 7 

generally, lesser reactivity respect to the mono carbene is observed; as a result, in figure 3C after 72 8 

h of incubation at 37 °C, only the signal at 67105 Da is detected with a 60% relative intensity that is 9 

attributable to the adduct formed with two Au(I) carbene moieties. 10 

 11 

Figure 3 (A) Deconvoluted mass spectra of HSA 5 × 10−7 M in 2 mM of ammonium acetate solution 12 

at pH 6.8 and incubated at 37 °C for 72 h with (B) Au(NHC)Cl and (C) [Au(NHC)2]PF6 in 1:3 13 

protein-to-gold ratio; 0.1% v/v of formic acid was added just before infusion. 14 
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 1 

3.3 Human carbonic anhydrase 2 

Our standard and well consolidated experimental procedure for the analysis of proteins usually 3 

requires the addition of a small volume (0.1 % v/v) of acid to the sample just before the introduction 4 

into the spectrometer, to improve the ionization process in the source. For the specific case of the 5 

human carbonic anhydrase I (hCAI), this slightly acidic condition was found to cause partial 6 

denaturation of the enzyme, leading to the loss of the zinc ion from the active site and to some 7 

unfolding of the protein. The experimental conditions to observe this protein in the native state were 8 

defined in depth in a recent paper of ours [34]. So, we decided to investigate the interactions of gold 9 

carbenes with hCA I by following the experimental procedure which preserves the native state of the 10 

protein. Then, we repeated the experiment also adding the 0.1% of acid to the solution to gather useful 11 

information about the binding mode of the gold compounds both with the protein in its native state 12 

and in the denatured one. The obtained results are highly informative; the deconvoluted mass spectra 13 

under native and denatured conditions are reported in Figure 4 and Figure 5, respectively. 14 

 15 

Figure 4 (A) Deconvoluted mass spectra of hCA I 7 × 10−7 M in 2 mM ammonium acetate solution 16 

at pH 6.8 and incubated at 37 °C for 24 h with (B) Au(NHC)Cl in a 1:3 protein-to-gold ratio. 17 

The deconvoluted mass spectrum of native hCA I alone is reported in figure 4A: the signal at 28843 18 

Da is attributed to the holo-enzyme. In figure 5A the deconvoluted mass spectrum of carbonic 19 

anhydrase, after the acid addition, shows the signal at 28780 Da attributed to the apo-protein. The 20 

instrumental parameters were optimized differently for the native and the denaturing conditions as 21 

extensively commented in our previous paper [34]. 22 
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Under native conditions the reaction of hCA I with these gold complexes is selective for the 1 

monocarbene; indeed, Au(NHC)Cl converts hCA I partially into the gold derivative through the usual 2 

1-butyl-3-methylimidazole-2-ylidene-gold(I) fragment, whereas the bis-carbene complex does not 3 

react at all over 72 h of incubation (Figure S2). In figure 4B the deconvoluted mass spectrum displays 4 

the signal of the monoadduct at 29177 Da with a relative intensity of 40% compared to the protein 5 

signal; the intensity of the signal decreases by about 10% over 72 hours of incubation, revealing the 6 

appreciable stability of this adduct (Figure S3) without showing transformations in 7 

thermodynamically more stable complexes of different stoichiometry [32]. After acid addition, some 8 

interesting changes in reactivity were noted. Again, the Au(NHC)Cl complex appears to be more 9 

reactive compared to the bis carbene one. However, in the presence of the acid, the reaction with the 10 

gold mono carbene is far more pronounced, respect to the native state conditions, and the protein 11 

seems to react completely with the gold species. Indeed, upon reacting hCA I with Au(NHC)Cl, figure 12 

5B, the protein signal is no more detected and a 100% intensity signal at 29449 Da emerges, assigned 13 

to the adduct of the apo-protein with two 1-butyl-3-methylimidazole-2-ylidene-gold(I) fragments. 14 

This adduct is stable over 72 h of incubation at 37 °C as the mass spectrum is perfectly superimposable 15 

with the one at 24 h (Figure S4A). The same adduct signal is barely detectable in the case of 16 

[Au(NHC)2]PF6 while the apo-protein signal is the main one, indicating a very scarce tendency of the 17 

bis gold carbene to react with this protein over 72 h of incubation, figure 5C (Figure S4B). The 0.1% 18 

v/v addition of formic acid to the solution lowers the pH from pH 6.8 to pH 2.9. This causes the 19 

protonation of the imidazole rings of the three histidine residues (i.e. His94, His96, and His119) into 20 

the active site of the enzyme, leading to the loss of the Zn2+ ion. Moreover, the acidic condition seems 21 

to be responsible of a partial protein unfolding, exposing amino acid residues that in the native state 22 

are not accessible and making them prone to react with metal species, as we already noted for the 23 

case of the gold(I)-based drug auranofin. [34]. The mono carbene gold(I) case could be similar: in the 24 

denaturing environment it is highly reactive while in a more native-like condition is less. Human 25 

carbonic anhydrase I possesses a unique free cysteine residue (Cys212) that is not solvent accessible 26 

when the enzyme is folded [34]. Again, the well-known affinity of gold(I)-containing species for 27 

sulphur atoms, specifically for free cysteine residues, let us to infer some explanation in the observed 28 

differences in reactivity of hCA I with gold carbene when it is in denaturing or native conditions. 29 

When the hCA I is partially denatured, it exposes the free Cys212 residue to the solvent offering a 30 

possible binding site for the gold(I) carbene and, indeed, a strong interaction is noted (Figure 5B): the 31 

gold(I) mono carbene Au(NHC)Cl reacts completely with the protein, giving a bis adduct thought the 32 

bonding of the gold(I) containing fragments. The formation of a bis adduct on a single cysteine 33 

residue may be interpreted as already seen for HSA: two carbene gold(I) fragments can bind on the 34 
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same sulphur atom of the Cys212. At variance, when hCA I is in its native state, the Cys212 residue 1 

cannot bind to the gold(I) species anymore; nevertheless, the formation of a mono adduct is anyway 2 

observed which could indicate the involvement of other amino acid residues, in the binding of gold(I) 3 

fragment. 4 

 5 

Figure 5 (A) Deconvoluted mass spectra of hCA I 7 × 10−7 M in 2mM ammonium acetate solution 6 

at pH 6.8 and incubated at 37 °C for 24 h with (B) Au(NHC)Cl and (C) [Au(NHC)2]PF6 in 1:3 7 

protein-to-gold ratio. 0.1% v/v of formic acid was added just before infusion. 8 

 9 

3.4 SOD 10 

As already shown for hCA I, also in the case of superoxide dismutase (SOD) a native approach has 11 

been attempted and no acid has been added to the final solution of the protein. Significantly, no 12 

difference in the mass spectrum of the protein is observed compared to the case with acid addition: 13 

the holo-enzyme is clearly detectable in both cases. Indeed, the acid addition does not appear to alter 14 

the binding of Cu2+ and Zn2+ ions in the enzyme active site nor the conformation of the protein itself. 15 
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In fact, from the comparison of the charge state distribution spectra, the enzyme seems to charge 1 

nearly to the same extent with acid addition or not, suggesting that no denaturation and unfolding 2 

occur (Figure S5 and S6) [34]. Also, no differences in the reactivity trend with gold(I)-carbene species 3 

are detected, as we repeated the interactions experiments both in native-like (Figure 6) and acidic 4 

conditions (Figures S7 and S8). 5 

 6 

Figure 6 (A) Deconvoluted mass spectra of SOD 10−7 M in 2mM of ammonium acetate solution at 7 

pH 6.8 and incubated at 37 °C for 24 h with (B) Au(NHC)Cl in a 1:3 protein-to-gold ratio. 8 

 9 

In figure 6A, the deconvoluted mass spectrum of the protein alone shows a very well resolved signal 10 

at 15715 Da that is assigned to holo SOD, as described in detail in a recent paper [27]. Upon reaction 11 

with SOD, the mono gold(I) carbene shows a large reactivity already after 24 h of incubation, giving 12 

rise to a very intense mono adduct signal with the 1-butyl-3-methylimidazole-2-ylidene-gold(I) 13 

moiety and a less intense, yet remarkable, bis adduct signal, Figure 6B. The unreacted SOD signal is 14 

still present, indicating that the metalation of the protein is not complete. Notably, the adducts seem 15 

to be stable over 72 h of incubation at 37 °C (Figure S10) without loss of the bound metal-fragment 16 

or formation of adducts with different stoichiometry. Instead, as confirmation of the less reactive 17 

character of the bis-gold(I) carbene, no metalation of the protein has been observed over 72 h of 18 

incubation, and just a clear holo SOD signal was seen (Figure S11). 19 

We previously demonstrated that the two free cysteine residues of dimeric SOD are poorly solvent 20 

accessible, so that the cysteine-modifier reagent ebselen does not bind them [27]. Therefore, these 21 
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results confirm what already observed in the case of native carbonic anhydrase and human serum 1 

albumin and suggest that the Cys residue is not the unique binding site for the gold(I) carbene: other 2 

amino acid residues are probably involved. 3 

 4 

3.5 Trx dodecapeptide 5 

The enzyme thioredoxin reductase is unanimously considered one of the main targets for cytotoxic 6 

gold compounds. So, we selected the C-terminal dodecapeptide that mimics the TrxR1 active site, to 7 

study its reactivity with gold(I) carbenes. The peptide possesses the -Cys-Sec- reactive motif as a 8 

possible binding site for the gold species. The intramolecular -S-Se- bridge between the aforesaid 9 

residues needs to be reduced in order to favour the reaction with the gold compounds. So, the reducing 10 

agent dithiothreitol (DTT) was added in 10:1 ratio DTT/peptide 30 minutes before the incubation of 11 

the dodecapeptide with each gold carbene. The mass/charge spectrum in Figure 7A shows the signals 12 

of the peptide and of its adducts with Na+ and NH4
+ ions from the solution. Upon reaction with the 13 

two gold carbenes, a common reactivity trend has been identified: the two gold(I) carbenes 14 

completely lose their ligands and bind to the peptide as naked Au(I) ions. In figure 7B and 7C, the 15 

mass/charge spectra of the gold carbenes incubated with the peptide up to 24 h are reported: in both 16 

cases, besides the unreacted peptide signal, an ensemble of signals of greater mass is also present, 17 

indicating the formation of peptide adducts with Au(I) ion (1381 Da). Moreover, ancillary signals of 18 

the same Na+ and NH4
+ adducts are detected. Again, the higher reactivity of Au(NHC)Cl compared 19 

to the bis-carbene compound is confirmed for this dodecapeptide. In fact, the signal adduct in Figure 20 

7B shows greater intensity respect to the unreacted peptide, pointing out an almost complete peptide 21 

metalation. On the other hand, the opposite situation is observed for the bis carbene, where the 22 

unreacted peptide represents the most abundant species with respect to the metal adduct. Interestingly, 23 

in this latter case, the adducts are not stable over time and after 72 h of incubation their signals are 24 

far less intense or almost absent (Figure S12). 25 

 26 

 27 
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 1 

Figure 7 (A) ESI mass spectra of dTrxR 5 × 10−7 M in 2mM ammonium acetate solution at pH 6.8 2 

and incubated at 37 °C for 24 h with (B) Au(NHC)Cl and (C) [Au(NHC)2]PF6 at 1:3:10 peptide-to-3 

gold-to-DTT ratio. 0.1% v/v of formic acid was added just before infusion. 4 

 5 

Conclusions 6 

The recent literature points out that medicinal gold compounds produce their pharmacological effects 7 

mostly by reacting with a variety of protein targets. The interactions with nucleic acids seem to be 8 

less important. The metalation of proteins by gold complexes has been investigated in depth during 9 

the last few years through combined X-ray diffraction and ESI MS experiments. Substantial structural 10 

and functional insights have been gained. Very recently the ESI-MS technique has been extended to 11 

consider a number of proteins of a bigger size that may be physiologically more relevant. A study 12 

concerning auranofin revealed a selective interaction of this drug with solvent accessible free 13 

cysteines of target proteins [27]. Another study investigated the protein interactions of a small group 14 

of gold(III) compounds with the same panel of biomolecules here analysed, revealing a common 15 

oxidising character that leads to a rapid reduction of the metal compound to the resulting Au(I) species 16 

that, in turn, is able to bind the biomolecule [26]. 17 
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In this work, we have applied the ESI MS approach to analyse the interactions of two representative 1 

gold carbene compounds, namely Au(NHC)Cl and Au(NHC)2PF6, with a pool of selected and 2 

biologically relevant targets. These gold complexes were comparatively challenged against three 3 

representative proteins and a small oligopeptide that reproduces the C-terminal sequence of the 4 

enzyme thioredoxin reductase. Notably, all these proteins contain a free cysteine residue; in addition, 5 

the dodecapeptide also contains the peculiar -S-Se- reactive motif. Analysis of the obtained results 6 

allowed us to identify a few trends in the reactivity of these gold carbene complexes with 7 

biosubstrates: 8 

- In general, the reactivity of gold carbenes seems to be less pronounced than in the case of 9 

other gold compounds and more selective. 10 

- Free cysteines appear to be the preferential binding sites for gold carbenes. 11 

- The monocarbene complex is more reactive than its bis-carbene counterpart, possibly as the 12 

consequence of the strength of the direct gold-carbon and its high kinetic stability. 13 

Nevertheless, the higher antiproliferative activity of the bis-carbene might be attributed to the 14 

characteristics like those of the delocalized lipophilic cations (DLCs), in fact, a greater 15 

mitochondrial accumulation, due to the formation of cationic species [Au(NHC)2]+, might 16 

increase the cytotoxic effects [31]. 17 

- The protein-bound metallic fragment always retains one carbene ligand, except in the case of 18 

the dodecapeptide where the carbene ligands are completely lost. 19 

- The dodecapeptide, probably owing to the presence of -S-Se- motif, is unique for its ability 20 

to stabilize the respective gold adduct thanks to the soft character if the two elements. 21 

Probably, this stabilization concurs to the loss of the original gold ligands both from the 22 

monocarbene and the biscarbene complex. 23 

The here discussed features suggest that these gold carbene complexes are characterised by a more 24 

selective reactivity towards protein targets than other medicinal gold compounds. In other words, they 25 

appear to prefer free cysteine or selenocysteine residues for protein anchoring. Notably, when these 26 

residues are not present or accessible, a far reduced protein reactivity is detected. These observations 27 

open new interesting perspectives in the design and development of new medicinal gold compounds 28 

endowed with a remarkable selectivity for the so-called cysteinome, i.e. the cysteine proteome.  29 
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