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‘H decoupled 3’P nmr spectra were recorded for 
a series of gold complexes of formulae PEt+AuL 
and (PEt&L’J’ClO,- where L and L’ are ligands 
containing biologically relevant donor atoms. This 
series of a model compounds provide a 31P nmr 
scale for the interaction of the ‘PEt&u ‘moiety with 
proteins. The reactions of albumin and SH blocked 
albumin with PEt,AuCl were monitored by 31P 
nmr spectroscopy. Comparison of the observed chem- 
ical shifts to those of the model compounds revealed 
preferential binding of gold to S occurs, Fluorescence 
studies of the gold-protein interactions imply that 
a protein conformational charge occurs on binding of 
gold. The implications of these studies on the mech- 
anism of action of anti-arthritic gold drugs is dis- 
cussed. 

Introduction 

Recent reviews of gold chemistry have focused 
on applications in biology and medicine [l-7]. Of 
particular interest has been the use of gold thiolates 
in the treatment of rheumatoid arthritis [ 1,4,7]. 
Side effects with these drugs can be severe, nonethe- 
less, the ability of chrysotherapy (gold treatments) 
to cause remission of the disease results in these 
drugs being one of the standard prescriptions of 
modern medicine for severe cases of rheumatoid 
arthritis. The past decade has seen significant pro- 
gress in reducing adverse side effects by the introduc- 
tion of new gold-phosphine drugs [4,8,9]. These 
drugs are readily absorbed through the gut; thus they 
have the additional benefit of oral administration, 
in lieu of the painful intramuscular injections that 
are required with the gold-thiolate drugs. 

The mechanism of action of gold drugs has been 
the subject of speculation. Generally many of the 
proposals deal with the alteration of enzyme function 
by gold complexation, however the exact enzyme 
system or systems involved are unknown [2]. Initial 
in vivo studies investigated gold distributions through- 
out the body following drug administration [7]. A 
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large proportion (50-90%) of the gold is present in 
the blood bound to the serum protein, albumin. 
Despite its apparent affinity for gold, little is known 
regarding the nature or effects of gold-phosphine 
drug binding to albumin. 

We investigated the interactions of gold-phos- 
phine drugs and albumin employing a bioinorganic 
approach [lo]. First, we examined by 31P nmr 
spectroscopy an extensive series of model compounds 
designed to mimic the interactions of the ‘PEt,Au 
moiety with biologically relevant donor ligands. 
Secondly 31P nmr studies of the reactions of PEt3- 
AuCl with albumin were undertaken. This two phase 
approach provided a basis for conclusions regarding 
the nature of the gold binding to the protein. Effects 
of gold binding on protein conformation were inves- 
tigated by fluorescence spectroscopy. The results of 
these studies are the subject of this paper. 

Experimental 

Preparations of all gold compounds were per- 
formed under an atmosphere of dry, 02-free Ns. 
31P nmr spectra were recorded at 25 “C on a Bruker 
CXP-100 pulse nmr spectrometer operating at 36.4 
MHz with broad band proton decoupling. The 31P 
chemical shifts are reported relative to 85% H3P04. 
All fluorescence data were recorded on locally as- 
sembled fluorometer consisting of an Oriele Xenon 
lamp, McPherson emission monochromator and a 
Heath exciting monochromator. All ligands were 
purchased from the Aldrich Chemical Co. or Sigma 
Chemicals. HAuCL, was obtained on loan from 
Johnson-Matthey Ltd. Human serum albumin (HSA) 
and bovine serum albumin (BSA) were purchased 
from Sigma Chemicals. 

Preparation of Gold Compounds 
PEt,AuCl was prepared from HAuC14 according 

to literature methods [ll]. PEt,AuCla and (PEta- 
Au)*S were prepared by known routes [ 12,131. 

Preparation of PEt&L 
All compounds 2-18 were prepared using meth- 

ods analogous to those published in the literature 
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[13-151. In some cases NBu,OH (1 M in methanol) 
was used in lieu of NaOCHs as the base. A sample 
preparation is given below. 

50 mg (0.143 mmol) of PEtsAuCl was dissolved 
in methanol (10 ml). Separately 15.7 mg of &H,SH 
is added to one equivalent of NaOCHa solution. The 
two solutions are combined and stirred for 1 h. The 
solvent is removed, the residue dissolved in CDCls 
and NaCl is removed by filtration through celite. The 
CDCla contained pure PEtaAu-S&H, as evidenced 
by the singlet in the 31P nmr spectrum. 

Preparation of PEt&LTlO,- 
All compounds 19-25 were prepared using routes 

analogous to literature methods [ 161. A sample pre- 
paration is given. 

50 mg (0.143 mmol) of PEt,AuCl was dissolved in 
methanol (10 ml). To this solution 29.4 mg of Ag- 
C104 is added. After stirring for 5 min the flocculent 
precipitate of AgCl is removed by filtration through 
celite. 13.3 mg (0.143 mmol) of CBH,NH2 was added 
to the filtrate. The solvent was removed and replaced 
with CDC13. 3’P nmr spectral data showed a clean 
singlet indicative of pure PEt3Au(H,NC6H,)+C104-. 

Preparation of Albumin, HSA and BSA 
0.100 g of the protein was dissolved in 1.5 ml of 

deionized, distilled water. 70 ~1 of 14.25 M HSCHa- 
CH,OH was added and stirred for l/2 h. The solution 
was dialyzed against 4 1 of deoxygenated 50 mM TRIS 
buffer (PH = 8.5). The protein was lyophilized and 
stored under N, at 0 “C. 

Preparation of Sulphydryl Blocked HSA and BSA 
The protein was reduced as above. 100 mol excess 

of iodoacetamide was added. The pH was raised to 
8.5 and the solution was stirred for 1 h. The solution 
was dialyzed against 8 1 of cold H20, lyophilized and 
stored under Nz at 0 “C. 

Reactions of HSA, BSA with PEt&Cl 
50 ~1 of 67 mg/ml solution of the protein was 

diluted with 1 .O ml D20. To this solution was added 
50 ~1 of 0.48 M PEtaAuCl in methanol. 31P nmr data 
were recorded on the resulting solutions. 

Samples for fluorescence studies were prepared as 
above followed by 1 h of incubation at 25 “C and 
centrifugation. Fluorescence spectra were recorded 
on the supernatants. Precise protein concentration 
in the supernatants was determined by the Bio-Rad 
Coomassie Blue Microprotein assay. 

Results and Discussion 

Model Compounds 
The linear gold(I) compounds prepared were of 

formulae PEt3AuL and [PEt3AuL’]+C10,-, where L 

is either thiolate, phenolate or carboxylate and L’ 
is thioether, amine, or imidazoles. The former neutral 
compounds were prepared by simple nucleophilic 
displacement of chloride from PEt,AuCl [13-151 
(eqn. 1). The latter salts were prepared by removal 
of chloride by AgC104 folowed by addition of a 
neutral group V or group VI donor molecule [16] 
(eqn. 2). These previously known routes were used to 
prepare all of the compounds in Table I: 

PEt,AuCl + Na+L- ----+ PEt,AuL t Na(Cl(J) (1) 

PEt,AuCl + AgC104- - PEt,AuOCIO, + AgCl($) 

i 
L’ 

[PEt,AuL’] +C104- (2) 

All of the gold compounds were characterized by 
‘H decoupled 31P nmr spectra in chloroform. The 
purity of the complexes was indicated by the pres- 
ence of only clean singlets in the 31P nmr spectra. 
Observed chemical shifts relative to 85% H3P04 are 
given in Table I. 

The ligands employed in the preparation of these 
compounds were selected so as to mimic conceivable 
ligation sites of the ‘PEt3Au’ moiety to biomolecules. 
Thus only the various forms of N, S and 0 donor 
molecules have been utilized. 

The 31P chemical shifts of all the gold compounds 
are approximately 50 ppm downfield of the free 
phosphine. This complexation shift results from the 
removal of electron density from the P atom upon 
coordination to the metal. Such effects have been 
described for other metal-phosphine complexes 
[ 17,181. The 31P chemical shifts of the compounds 
reported herein are dependent on the nature of the 
ligand trans to the PEt3 [ 191. The following order is 
observed -SR > S2- > Cl- > NR3 - imidazole > 
-OR - -O&R > SR2. 

This ordering reflects the trans influence of the 
ligands. 

Thiolates and sulfide are stronger u donors than 
amines, alkoxides or carboxylates. They are also 
better rr acceptors, facilitating electron density 
removal from the P atom and thus the observed 
downfield shift. Presumably the weak u donor ability 
of thioethers prohibit significant metal-ligand rr 
overlap. Thus the chemical shift of the P atom in 
these complexes appears at high field. 

The variation of the 31P chemical shift as a func- 
tion of solvent is reported for PEt3AuCl (Table II). 
Generally a monotomic relationship is observed be- 
tween solvent dipole moment and 31P chemical shift. 
However, the relationship is certainly not linear. The 
range of variation for the solvents reported herein is 
2 ppm. It appears that solvation by polar solvents 
provides an interaction with the gold complex that 
results in a deshielding of the P atom. Thus to some 
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extent the chemical shift reflects the polarity of the 
environment of the ‘PEtsAu’ moiety. 

TABLE II. Solvent Dependence of 31P Nmr Data for PEts- 
AuCI. 

Protein Studies 
Albumin (HSA or BSA) is treated with mercapto- 

ethanol for a short period of time [20]. This ensures 
reduction of the one exterior sulfhydryl residue 
leaving the internal disulfides intact. The reaction of 
PEtsAuCl with the albumin was monitored by 31P 
nmr. The spectra were obtained after treatment of 
an aqueous solution of the protein with a methanolic 
solution of PEtsAuCl. The spectra showed a sharp 
signal at 34.2 and 34.9 ppm for HSA and BSA re- 
spectively (Table III, Fig. 1). A weaker broader 
peak was also observed at about 33 ppm. The samples 
were centrifuged to remove precipitated gold com- 
plex. The supernatants gave identical spectra to those 
described above. The chemical shift of the singlets is 
indicative of Au-S binding, based on comparison to 
the model compounds. This result is supported by 
preliminary Mossbauer data mentioned briefly by 
Brown and Smith [3]. The absence of additional 
intense resonances implies a considerable specificity 
of gold for binding to this exterior S residue. 

Solvent 6 (ppm) 

CDC13 31.7 
(CD3),CO 32.7 
CD30H 33.1 
CD&N 33.2 
(CD3)2SO 33.7 

TABLE III. Protein-PEtsAuCl Interactions: “P Nmr Dataa. 

Protein 6 (ppm) 

Albumin (HSA) 34.2(s) 33(weak, broad) 
Albumin (BSA) 34.9(s) 33(weak, broad) 
SH-blocked HSA 33(broad) 3 1 (broad) 
SH-blocked BSA 33(broad) 3l(broad) 

aSpectra recorded in Da0 at T = 25 “C. 

The model compounds exhibited a relationship 
between solvent polarity and chemical shift. Based 
on extrapolations to H,O, the chemical shift observed 
for the ‘PEtsAu’ bound to protein was upfield of 
expected values. We suggest that this upfield shift 
reflects an environment of lower polarity than the 
bulk solvent, that is the SH group to which the gold 

binds is located in a hydrophobic region of the pro- 
tein. 

The SH site of albumin can be blocked by reac- 
tion with iodoacetamide [20]. Reaction of PEta- 
AuCl with the blocked proteins was performed in 
an analogous manner to that described for albumin. 
Two broad resonances at 33 and 31 ppm upfield 
of the reference were observed in the 31P nmr spec- 

TABLE I. 3rP Nmr Data for Gold Compounds. 

L 6 (ppmY 6 (ppm)a 

(i) Complexes of the form PEtyluL 
1 Cl- 
2 PhO- 
3 CH3COa- 
4 CH302C(NHCOCH3)CHCH2CeH40- 
5 H2NCH2C02- 
6 PhS- 
7 BuS- 
8 -S(CH2)2S- 
9 o-HaNCeH4S- 

(ii) Complexes of the form PEtyluL+c104- 
19 EtNH2 
20 PhNH2 
21 C3H4N2 

(iii) Others 
26 PEt3AuCls 

31.7 
27.2 
26.9 
21.4b 
27.6 
37.1 
37.6 
36.1 
37.3 

30.6 
31.2 
30.0b 

10 
11 
12 
13 
14 
15 
16 
17 
18 

22 
23 
24 
25 

27 

Et02CCH(NH2)CHaS- 
HO(CH2)2S- 
Na+OaCCHaS- 
Et02CCH2S- 
NBu~+-O~CCH(NH~)C(CH~)~S- 
C14H 19OS- 

C6Hllw- 
NBu4+-02CCH(CH2C02-NBu4+)S- 
(CWaNCSa- 

CH302CCH(NH2)CH2CsHsN2 
CH302CCH(NH2)CH2CHaSCHs 
Bu2S 
none 

35.4b 
37.9 
38.2 
37.8 
37.8b 
36.0b 
37.5b 
36.2b 
34.1 

29.9b 
24.3b 
24.7 
27.7b 

%pectra were recorded in CDC13 at 25 “C. bLigands were prepared as follows: 4, N-acetyl tyrosine ethyl ester plus NaOCHs; 
10, cysteine ethylester plus NaOCHs; 14, penicillamine plus 2 NBu40H; 15, thioglucose tetraacetate plus NaOCHa; 16 thioglucose 
plus NaOCHa; 17, thiosuccinic acid plus 3 NBu40H; 21, imidazole; 22, histidine methyl ester; 23, methionine methyl ester; 25, 
no ligand was added. 
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Fig. 1. ‘H decoupled 31P nmr spectra of (a) albumin (HSA) 
after reaction with PEtsAuCl, (b) blocked albumin (HSA), 
after reaction with PEtsAuCI. 

tra of the reaction mixtures. These signals indicate 
clearly the presence of non-specific binding to the 
protein by PEtaAuCI. This was also observed to a 
much lesser extent in the spectra of gold-albumin 
mixtures. These 3 ‘P nmr experiments clearly demon- 
strate the affinity and specificity of the gold-phos- 
phine complex for the sulfhydryl group in albumin. 

Fluorescence properties have been studied to 
examine biomolecule interactions in a large number 
of protein systems [21,22]. We recorded fluores- 
cence spectra of albumin alone and following reaction 
with PEt3AuCl to study the effect of gold binding to 
the SH residue. Spectra were recorded using an exci- 
tation wavelength of 280 nm. No shift in the emission 
maximum was observed on addition of PEt3AuC1 to 
the albumin, however, a 12% decrease in signal inten- 
sity was seen (Fig. 2). Such a change in intensity 
could be interpreted as heavy metal quenching of 
the fluorescence process [21,22]. However, this 

50 
t 

285 nm 400 

Fig. 2. Fluorescence spectra of (a) albumin, (b) albumin after 
reaction with PEtsAuCl. Protein concentrations in both cases 
are 2.92 mg/ml. 

seems unlikely as the fluorescence of albumin arises 
from the tryptophan residue which is a considerable 
distance from cysteine 34, the gold binding site 
[23]. An alternative interpretation is that gold 
binding causes a protein conformational change that 
results in the observed decrease in fluorescence. The 
degree and nature of such changes are unknown. 

In light of our results it is tempting to speculate 
that binding of gold to a sulfhydryl residue and an 
associated protein conformational change are two 
events leading to drug action. The specific protein 
system or subsequent steps in such a mechanism are 
yet to be determined. 
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