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a b s t r a c t

The binding of the ½AuðPMe3Þ�þ fragment to cysteine, selenocysteine and the tetrapeptides H2NGlyCysA-
GlyCOOH (A = Cys, Sec) has been investigated by DFT methods as a model for the binding of gold(I) to the
selenium-containing active site of thioredoxin reductase. The calculations demonstrate both a higher
acidity of Se–H compared to S–H and a stronger binding of gold at the selenium site compared to sulphur.
Se–H dissociation at the selenium site increases the reducing power of the tetrapeptide H2NGlyCysSec-
GlyCOOH whilst gold coordination at selenium has the opposite effect.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction (Sec = selenocysteine [7a–c]). Mutational studies in which Sec
The chemistry of gold has recently undergone a renaissance due
to new or renewed interest in areas as diverse as optical properties
[1a–d], homogeneous and heterogeneous catalysis [2a–c] and che-
motherapy [3a,b]. Following the report of anti-inflammatory
properties in 1935 [4], several gold compounds have been devel-
oped for the clinical treatment of rheumatoid arthritis, namely
mono- and disodium (1,2-dicarboxyethylthio)gold [mono- and
disodium aurothiomalate, Myochrysine�], (3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-ylthio)gold [aurothioglu-
cose, Solganol�] and (triethylphosphine)(3,4,5-triacetoxy-6-
(acetoxymethyl)tetrahydro-2H-pyran-2-ylthio)gold [auranofin,
Ridaura�]. Lately, gold(I)–phosphine compounds, including auran-
ofin, have also been shown to possess anti-cancer properties and
though this discovery is more recent, an understanding of the
mechanism of action seems more complete [5].

The solid state structure of a human thioredoxin reductase
(TRR) is shown in Fig. 1 [6]. As a class, such molecules catalyse
the NADPH-dependent reduction of thioredoxins (TR). After bind-
ing of NADPH, electrons are transported via FAD to the N-termi-
nal active site disulfide of one subunit and from there to the
flexible C-terminal redox centre of the other subunit. This sub-
unit is flexible and solvent exposed and contains a terminal
–GlyCysSecGlyCOOH fragment which is essential for catalysis
All rights reserved.
was replaced by Cys show a marked decrease in the rate of TR
reduction [8]. In terms of cytotoxicity, it has recently been pro-
posed [9a–e] that binding of Au(I) at this active site in mitochon-
drial TRR promotes apoptosis since H2O2 produced by the
mitochondrial respiratory chain oxidises reducing agents such
as TR which then cannot be reduced by Au(I)-inhibited TRR. Oxi-
dised TRR can act on several different membrane targets leading
to increased permeability of the mitochondrial membranes, re-
lease of cytochrome c and eventually cell death. Specific target-
ing to tumour cells may depend on the elevated mitochondrial
membrane potential of cancer cells.

The objective of this work is to examine by DFT methods the
structure and selectivity of gold(I) complexation at this active site
using a realistic model of auranofin.

2. Computational methods

DFT calculations were performed with the GAUSSIAN-03 package
[10] using a LanL2DZ basis set and the B3PW91 functional. This
combination has been shown to provide satisfactory results for
thiolate and phosphine complexes of the coinage metals [11a,b]. Er-
rors in geometry and bond dissociation energies are typically about
3% and 10%, respectively. Sample calculations indicated that basis
set superposition errors were negligible. A complete table of mini-
mised structures and energies can be obtained from the author.

Structures of all ground state molecules were optimised firstly
in the gas phase; frequency calculations showed no imaginary
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Fig. 1. Assembly of the thioredoxin reductase homodimer (reprinted with permission from Ref. [6]) The 2-fold crystallographic axis is located between the two monomers
(orange and dark orange) and points almost vertically into the drawing plane. The FAD (yellow) and NADP+ (blue) molecules are shown in ball-and-stick presentation. The N-
terminal and C-terminal redox centres are labelled NR and CR, respectively; N and C termini are labelled N and C respectively. The sulphur atoms of C458 and 4580 , C58/63
and C580/630 , and C497/U498 and C497/U498 are marked by green balls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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frequencies. Optimised aquated structures were then obtained by
use of the COSMOS/RS polarised continuum model. Whilst this
procedure yields DGo

aq values which bear relative comparison, abso-
lute values are not accurate. For a reaction in aqueous solution,
A(aq) + B(aq) ? C(aq) + D(aq), simple application of Hess’s Law yields
DGo

aq = DGo
gas + DGo

hyd where DGo
hyd = RGo

hyd of products – RGo
hyd of

reactants [12]. Both DGo
gas and the hydration energies of individual

chemical species can be obtained by calculation, and hence so can
a value of DG0

aq. However, calculated values of DG0
aq ignore the sol-

vent reorganisation induced by the solute (Ereorg). This term can be
estimated computationally by the equation Ereorg = T(a/b)Vs where
a and b are the coefficients of isobaric thermal expansion and iso-
thermal compressibility of the solvent, respectively, and Vs is the
partial molar volume of the solute [13]. Even with correction for sol-
vent reorganisation, the calculated DG0

aq of cysteine (�225 kJ mol�1)
[14] is more negative than the observed experimental value of
11.1 kJ mol�1 [17](something which is common to other compari-
sons where data is available). However, the calculated difference in
pKa for X–H ionisation (X = S, Se) of cysteine and selenocysteine
(3.16) is very close to the experimental difference in pKa for the X–
H ionisation of proteins containing cysteine or selenocysteine thiol
or selenol groups (�3.2) [8].

3. Results and discussion

The molecule (trimethylphosphine)(3,4,5-trihydroxy-6-
(hydroxymethyl)tetrahydro-2H-pyran-2-ylthio)gold 1 (Fig. 2) has
been used as a model for auranofin, thus replacing PEt3 with
S Au

P

S-Au = 2.416 Å
Au-P = 2.390 Å
S-Au-P = 175 o
C-S-Au = 96.2 o

Fig. 2. Minimised structure of 1.
PMe3 and removing the acetyl protecting groups for computational
simplicity. In the solid state, auranofin exhibits a monomeric
molecular structure [18].

Fig. 3 shows the variation in calculated pK for the thiolate ex-
change reaction (A):

ðthioglucosateÞAuðPMe3Þ þ XH! XAuLþ thioglucose ðAÞ
XHa
 X�b
 L
2
 Cys
 –
 –

3
 Sec
 –
 –

4
 NH2GlyCysCysGlyCOOH
 –
 –

5
 NH2GlyCysSecGlyCOOH
 –
 –

6
 –
 [Cys]�
 –

7
 –
 [Sec]�
 –

8
 –
 ½NH2GlyCysCysGlyCOOH��
 –

9
 –
 ½NH2GlyCysSecGlyCOOH��
 –

10
 –
 [Cys]�
 PMe3
11
 –
 [Sec]�
 PMe3
12
 –
 ½NH2GlyCysCysGlyCOOH��
 PMe3
13
 –
 ½NH2GlyCysSecGlyCOOH��
 PMe3
aCys = cysteine, Sec = selenocysteine, Gly = glycine.
bFor 8, 9 and 10–13, the S/Se a to the C-terminal GlyCOOH is assumed to be the
ionised site.

The following conclusions, which are based on thermodynamic pref-
erences, assume that the activation barriers for thiol exchange are
sufficiently small to rapidly provide equilibrium species distribu-
tions at approximately 298 K. It has been shown by NMR line shape
analysis that the activation energies for thiol exchange between
aquated (thiomalate)Au and N-acetylcysteine and mercaptoacetic
acid are in the range 21–23 kJ mol�1, with strongly negative entro-
pies of activation indicating an associative mechanism. The rate of
exchange increases with increasing pH and with increasing acidity
of the S–H proton [19]. The exchange free energies in Fig. 3 are either
weakly exoenergetic or weakly endoenergetic; those with pK > 0 are
sufficiently weakly endoenergetic for the equilibrium constant to be
made >1 by adjustment of the concentration of (thiogluco-
sate)Au(PMe3). For both pairs 2/3 and 4/5, there is a selectivity
(DpK � 3–4) for complexation of the selenium site by 1.
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Fig. 4. Molecular orbital diagram for (Cys)Au(PMe3)) and the shape of molecular orbitals of (Sec)Au(PMe3).
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Fig. 4 shows a molecular orbital diagram which illustrates the
bonding in (Cys)Au(PMe3) generated from the valence orbitals of
[Cys]� and ½AuðPMe3Þ�þ. The acceptor orbital is the LUMO of the
½AuðPMe3Þ�þ fragment. The valence orbitals of [Cys]� consist of
two approximately orthogonal sulphur-localised lone pairs (rb,
pHOMO) together with ra which is primarily localised in the C–S
bond. In (Cys)Au(PMe3), the pHOMO orbital remains essentially
non-bonding, whereas overlap of the r donor and acceptor orbitals
generates three molecular orbitals r1 to r3, of which r1 and r2 are
filled. Au(I) and thiolate are classed as a soft acid and soft base,
respectively, [20]. The energies of the valence thiolate orbitals
are more closely matched by the [Au(PMe3)]+ than, for example,
a hard-acid containing fragment such as [Au(H2O)]+. The residual
charge on the gold atom is more positive for [Au(H2O)]+ (+0.79)
than for [Au(PMe3)]+ (+0.25).

Fig. 5 shows the variation in calculated pK for the acid-base
reactions (B) and (C):

XHþH2O! X� þH3Oþ; ðBÞ
XHþ ½AuðH2OÞðPMe3Þ�þ ! XAuðPMe3Þ þH: ðCÞ

The Brønsted acidities of cysteine 2 and selenocysteine 3 are signif-
icantly enhanced compared to the tetrapeptides 4 and 5
(DpK � 1.5–2) since the most stable configurations of the [Cys]�

and [Sec]� monoanion are stabilised by intramolecular hydrogen
bonding. Removal of either the O–H or X–H proton (X = S, Se) from
the neutral amino acid results in optimisation and convergence to
the analogous structures 6 and 7 (Fig. 6).

The pK values increase dramatically when the neutral amino
acid is combined with the more electrophilic [Au(H2O)(PMe3)]+

cation (DpK � 19–27). The stronger X–H acidity (X = S, Se) of
H2NGlyCysSecGlyCOOH compared to H2NGlyCysCysGlyCOOH
(DpK = 1.7) is not dissimilar to the difference in pKa1 between
H2S and H2Se (DpKa = 3.0) [21]. As Au(I) is a soft acid, stronger
complexation of selenium is consistent with the trend towards
softer base character found on descending a group. Calculated C–
X and Au–X distances (X = S, Se) are approximately 6% and 4% long-
er respectively for selenium compared to sulphur.

The much higher activity of the enzyme containing fragment 5
rather than 4 may be kinetic in origin and may also rely on the
higher acidity of Se–H compared to S–H. It has been proposed [8]
H2NGlyCysCysGlyCOOH  +  2  H2O H2NGlyCysAGlyCOOH  + 

[H2NGlyCysSecGlyCOOH]- +    H2O H2NGlyCysAGlyCOOH  +

H2NGlyCysAGlyCOOH  +  H2O H2NGlyCysAGlyCOO

AuL [AuL]+

= S-S or S-Se bond

Reaction ΔpKa ΔE/mVa

D (A = S) 0 0
E (A = Se) -18.1 540  (350)b

F (A = S) 8.0 -240
F (A = Se) 2.6 -76

a values relative to reaction D
                      b experimental value from reference 24
that the initial step in the reduction of oxidised TR may involve ini-
tial nucleophilic attack of an anion containing fragment 8 or 9 at
the S–S bridge of oxidised TR. As Se–H (but not S–H) is fully ionised
at biological pH, the reaction rate is enhanced. It has been recently
demonstrated experimentally and by DFT calculation that selenol
(Sec498) ionisation is enhanced by proton transfer to a neighbour-
ing His472Glu477pair [22a,b]. An examination of the thermody-
namic consequences for the oxidation half cells D, E and F has
been undertaken using a value for the free energy of the aquated
electron of �145 kJ mol�1 [23]. The oxidation potentials of these
half cells represent the function of neutral 4 (taken as a reference
point), ionised 9 and the complexes 12 and 13 as reducing agents.
The calculated variation in oxidation potential between reactions D
and E is reasonably close to that recently measured experimentally
[24]. Note that Au(I)-thioether complexes are well known, and the
optimised structures of 14 and 15, the products of reaction F, are
shown in Fig. 6.
 2 H3O
+  +  2e-      ðDÞ

   H3O
+  +  2e-      

ðEÞ

H  + H3O
+  +  2e-   

ðFÞ



6

C-S 1.899  Å
S-H 1.886  Å

C-Se 2.031  Å
Se-H 2.042  Å

S/Se

H

O

7

C-S 1.898  Å
S-Au 2.392  Å
Au-P 2.387  Å
C-S-Au 102.3 o
S-Au-P 179 o

10
C-Se 2.021  Å
Se-Au 2.481  Å
Au-P 2.398 Å
C-Se-Au 98.8 o
Se-Au-P 176 o

11

Au
P

S/Se

C-S 1.902 Å
S-Au 2.406 Å
Au-P  2.383  Å
C-S-Au 96.6 o
S-Au-P 173 o

C-Se 2.025 Å
Se-Au 2.491 Å
Au-P  2.395  Å
C-Se-Au 93.6 o
Se-Au-P 172 o

12
13

P
Au

S/Se

S1-S2 2.293 Å
Au-S1 2.486 Å
C-S1 1.903 Å
C-S2 1.893 Å
C-S1-S2 107 o
C-S2-S1 106 o
S1-Au-P 172 o

14

Se-S2 2.390 Å
Au-Se 2.560 Å
Au-P 2.383 Å
C-Se 2.019 Å
C-S2 1.894 Å
C-Se-S2 105 o

C-S2-Se 107 o
Se-Au-P 172 o

15

Fig. 6. Optimised structures of 6, 7, 10–13 and 14, 15.
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The results clearly indicate that ionisation increases the reduc-
ing power of the half cell whilst gold coordination has the opposite
effect.
4. Conclusions

The binding of gold(I) as AuðPMe3Þ�þ to Cys, Sec and
the tetrapeptides H2NGlyCysCysGlyCOOH and H2NGlyCysSecGly-
COOH as models for the interaction of gold(I) with the active site
of thioredoxin reductase has been examined by DFT methods.
The calculations are consistent with the greater activity of the
selenium-containing enzyme compared to sulphur and with the
mechanism proposed for the anti-cancer activity of these gold
complexes.
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