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ABSTRACT: The X-ray structure of the adduct formed in the reaction between the
gold N-heterocyclic carbene compound Au(NHC)Cl (with NHC = 1-butyl-3-
methyl-imidazole-2-ylidene) and the model protein thaumatin is reported here. The
structure reveals binding of Au(NHC)+ fragments to distinct protein sites. Notably,
binding of the gold compound occurs at lysine side chains and at the N-terminal tail;
the metal binds the protein after releasing Cl− ligand, but retaining NHC fragment.

N-heterocyclic carbene gold(I) compounds [Au(I)
(NHC)R], where R is an auxiliary ligand (for instance,

− Cl, − NHC, or − PPh3), are linear species,
1−3 either neutral

or cationic, widely used in homogeneous catalysis4−10 and in
medicinal chemistry.11−14 Thanks to their favorable and
peculiar chemical and biological properties, gold(I) N-
heterocyclic carbene compounds have been tested extensively
in recent years as anti-arthritic,15 antibacterial,16 and anticancer
agents.2,11−14,17−26

The anticancer activity of these compounds seems to arise
from potent and selective inhibition of the enzyme thioredoxin
reductase (TrxR), particularly in cancer cells,27−38 though this
mechanistic issue is still highly controversial and debated.
Electrospray ionization mass spectrometry (ESI MS) measure-
ments suggest that gold carbene compounds preferentially bind
to free cysteine (or seleno-cysteine) side chains,39,40 with
AuNHC+ fragments or Au+ ions coordinating the thiol
(selenol) group upon release of the carbene ligand(s).39,40

Although the interaction of gold carbene compounds with
many proteins (for example, TrxR, phosphatases, glutathione
reductases, serum albumin, Atox-1) has now been stud-
ied,19,27−43 structural data on the adducts formed upon reaction
still lack. Here, we report the first X-ray structure of the
complex formed in the reaction between a protein, i.e.,
thaumatin, and the gold carbene compound Au(NHC)Cl
(Compound 1, Figure 1), where NHC is 1-butyl-3-methyl-
imidazole-2-ylidene. Thaumatin was chosen as a model system
since it is frequently used as the archetypal protein for
crystallization studies.44−46

Crystals of the thaumatin/Au(NHC)Cl adduct were
obtained by the soaking procedure starting from thaumatin
crystals grown by the hanging drop vapor diffusion method
using a reservoir solution of 0.2 M sodium tartrate pH 7.2 and

20% polyethylene glycol (see Supporting Information for
details). X-ray diffraction data were collected on these crystals
at 1.70 Å resolution (Table S1).
The overall structure of the Thaumatin/Au(NHC)Cl

complex is shown in Figure 2. The structure, containing 2020
non hydrogen atoms, refines to a R-factor of 0.170 (R-free =
0.187). The overall fold of the protein is hardly affected by the
gold carbene binding. Carbon alpha root-mean-square devia-
tion from the native protein (PDB code 3QY5)47 is 0.10 Å. Six
gold compound fragments have been identified bound to
thaumatin. Binding of the gold compound occurs at N-terminal
amine, at Arg8, Lys49, Lys97, Lys106, and Arg175 side chains.
In this respect, it should be noted that thaumatin does not
contain any free Cys and His residues and possesses just one
buried Met.44−46 Structural refinements suggest occupancy
values for the gold compound fragments in the range 0.15−
0.65. B-factors for gold atoms are in the range 28.3−52.3 Å2.
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Figure 1. Structure of compound 1, the gold carbene complex used in
this study.
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Notably, in our structure, at least in three distinct binding
sites, i.e., close to N-terminal amine (Figure 3A), Lys47 and
Lys106 side chains (Figure 3B), the NHC ligand is retained
upon protein adduct formation. In these sites, N−Au−C bond
angles were in the range 177.2−178.9°; N−Au distances were
on average equal to 2.0 Å and all the Au−C carbene bonds
distances were in the range 1.9−2.0 Å. Metalated side chains of
Lys106 adopt two distinct conformations (Figure 3B). All the
residues involved in the Au(NHC)Cl recognition are solvent
exposed (solvent accessible surface areas calculated using native
protein are in all cases >22 Å2).
According to occupancy factors, N-terminus and side chains

of Lys49 are the sites with higher affinity for gold fragments.
Lower affinity is observed in the case of Lys97 and Arg175.
In the binding site close to Lys97, where the Au occupancy is

very limited (=0.15), the electron density is not sufficiently
well-defined to identify the other metal ligand (Figure S1).
Similarly, in the binding site close to Arg8, a gold ion is present.
In this site there is not enough space to accommodate the
NHC ligand (Figure S2). Close to Arg175, a gold ion binds a
ligand, which is probably a water molecule. The possibility that
this ligand could be a Cl− ion is excluded by the inspection of
the anomalous electron density map. However, it should be
noted that in this site the interpretation of the map is
complicated by the presence of alternative conformations of the
Arg side chain (Figure S3).
A summary of the structural features of the Au(NHC)Cl

binding sites and of the interactions that the gold compound
fragments form with surrounding protein residues are reported
in Table S2. Notably, our results have been confirmed by the
inspection of the electron density maps obtained using an
additional data set collected, at 1.93 Å resolution, on a second
Thaumatin/Au(NHC)Cl crystal (Figure S4).
The finding that NHC is kept close to Au atoms upon

protein binding is quite remarkable; previous ESI MS data
carried out on the adduct formed in the reaction of the same
compound with Atox-1 revealed a release of NHC moiety from
gold center.18,19,39,40

According to hard−soft acid−base theory,48 Au(I) is
considered a soft metal ion; therefore, it should exhibit a

marked preference for soft ligands such as thiols of free
cysteines and methionines.49 However, it was previously
demonstrated by X-ray crystallography that Au(I) ions can
coordinate solvent exposed His,50−53 also in the presence of
free thiols. It has also been shown that Au(I) can bind also Gln
side chains, although with lower affinity than that exhibited for
Cys, Met and His residues.54 Our structural data demonstrate
that in the absence of free cysteines and histidines, these gold
compounds are able to bind N-terminal amino group, the side
chains of Lys or even Arg residues.
In conclusion, here we have reported the first crystal

structure of an adduct formed between a gold(I) carbene
compound and a protein. Although our data have been
obtained using a model protein and not the real pharmaco-
logical target of these compounds, they reveal a feature that
could have general significance: N-terminus, Lys, and Arg side
chains may act as targets for these compounds; NHC moiety
may be retained upon protein binding.

Figure 2. Overall structure of thaumatin-Au(NHC)Cl. Coordinates
and structure factors were deposited in the Protein Data Bank (PDB
code 5JVX).

Figure 3. Details of the binding site of Au(NHC)Cl to thaumatin. The
Au center coordinates to N-terminal amine (A) and to side chains of
Lys47 and Lys106 (B). The binding of the gold compound is always
associated with the loss of the Cl− ligand. 2Fo-Fc electron density
maps are contoured at 3.0 σ (red) and 0.5 σ (cyan) level.

Bioconjugate Chemistry Communication

DOI: 10.1021/acs.bioconjchem.6b00298
Bioconjugate Chem. 2016, 27, 1584−1587

1585

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00298/suppl_file/bc6b00298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00298/suppl_file/bc6b00298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00298/suppl_file/bc6b00298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00298/suppl_file/bc6b00298_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00298/suppl_file/bc6b00298_si_001.pdf
http://dx.doi.org/10.1021/acs.bioconjchem.6b00298


■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.bioconj-
chem.6b00298.

Crystallization and X-ray diffraction data collection,
structure resolution and refinement, references. (PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: antonello.merlino@unina.it. Fax: +39081674090.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank G. Sorrentino and M. Amendola for
technical assistance. C.G. acknowledges Beneficentia Stiftung
(Vaduz, Liechtenstein) and AIRC (IG-12085) for generous
financial support.

■ REFERENCES
(1) Barnard, P. J., and Berners-Price, S. J. (2007) Targeting the
mitochondrial cell death pathway with gold compounds. Coord. Chem.
Rev. 251, 1889−1902.
(2) Liu, W., and Gust, R. (2013) Metal N-heterocyclic carbene
complexes as potential antitumor metallodrugs. Chem. Soc. Rev. 42,
755−773.
(3) Lin, J. C. Y., Huang, R. T. W., Lee, C. S., Bhattacharyya, A.,
Hwang, W. S., and Lin, I. J. B. (2009) Coinage Metal N-Heterocyclic
Carbene Complexes. Chem. Rev. 109, 3561−3598.
(4) Hashmi, A. S. K. (2007) Highly Selective Gold-Catalyzed Arene
Synthesis. Chem. Rev. 107, 3180−3211.
(5) Hashmi, A. S. K., and Hutchings, G. J. (2006) Gold Catalysis.
Angew. Chem., Int. Ed. 45, 7896−7936.
(6) Gorin, D. J., Sherry, B. D., and Toste, F. D. (2008) Ligand effects
in homogeneous Au catalysis. Chem. Rev. 108, 3351−3378.
(7) Li, Z., Brouwer, C., and He, C. (2008) Gold-catalyzed organic
transformations. Chem. Rev. 108, 3239−3265.
(8) Arcadi, A. (2008) Alternative synthetic methods through new
developments in catalysis by gold. Chem. Rev. 108, 3266−3325.
(9) Marion, N., and Nolan, S. P. (2008) N-heterocyclic carbenes in
gold catalysis. Chem. Soc. Rev. 37, 1776−1782.
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(17) Fernańdez, G. A., Vela Gurovic, M. S., Olivera, N. L., Chopa, A.
B., and Silbestri, G. F. (2014) Antibacterial properties of water-soluble

gold(I) N-heterocyclic carbene complexes. J. Inorg. Biochem. 135, 54−
57.
(18) Rubbiani, R., Kitanovic, I., Alborzinia, H., Can, S., Kitanovic, A.,
Onambele, L. A., Stefanopoulou, M., Geldmacher, Y., Sheldrick, W. S.,
Wolber, G., et al. (2010) Benzimidazol-2-ylidene gold(I) complexes
are thioredoxin reductase inhibitors with multiple antitumor proper-
ties. J. Med. Chem. 53, 8608−8618.
(19) Messori, L., Marchetti, L., Massai, L., Scaletti, F., Guerri, A.,
Landini, I., Nobili, S., Perrone, G., Mini, E., Leoni, P., et al. (2014)
Chemistry and biology of two novel gold(I) carbene complexes as
prospective anticancer agents. Inorg. Chem. 53, 2396−2403.
(20) Gasser, G., Ott, I., and Metzler-Nolte, N. (2011) Organometallic
anticancer compounds. J. Med. Chem. 54, 3−25.
(21) Horvath, U. E. I., Bentivoglio, G., Hummel, M., Schottenberger,
H., Wurst, K., Nell, M. J., van Rensburg, C. E. J., Cronje, S., and
Raubenheimer, H. G. (2008) A cytotoxic bis(carbene)gold(I) complex
of ferrocenyl complexes: synthesis and structural characterization. New
J. Chem. 32, 533−539.
(22) Lemke, J., Pinto, A., Niehoff, P., Vasylyeva, V., and Metzler-
Nolte, N. (2009) Synthesis, structural characterisation and anti-
proliferative activity of NHC gold amino acid and peptide conjugates.
Dalton Trans. 35, 7063−7070.
(23) Bertrand, B., and Casini, A. (2014) A golden future in medicinal
inorganic chemistry: the promise of anticancer gold organometallic
compounds. Dalton Trans. 43, 4209−4219.
(24) Oehninger, L., Rubbiani, R., and Ott, I. (2013) N-Heterocyclic
carbene metal complexes in medicinal chemistry. Dalton Trans. 42,
3269−3284.
(25) Weaver, J., Gaillard, S., Toye, C., Macpherson, S., Nolan, S. P.,
and Riches, A. (2011) Cytotoxicity of gold(I) N-heterocyclic carbene
complexes assessed by using human tumor cell lines. Chem. - Eur. J. 17,
6620−6624.
(26) Hickey, J. J., Ruhayel, R. A., Barnard, P. J., Baker, M. V., Berners-
Price, S. J., and Filipovska, A. (2008) Mitochondria-targeted
chemotherapeutics: the rational design of gold(I) N-heterocyclic
carbene complexes that are selectively toxic to cancer cells and target
protein selenols in preference to thiols. J. Am. Chem. Soc. 130, 12570−
12571.
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