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Abstract—Auranofin (AF), an orally active, antiarthritic agent, modulates the functional activities of
macrophages in vivo and in vitro. To better understand the molecular mechanism of action of auranofin
with macrophages we have investigated its cellular association, intracellular distribution, and efflux with
RAW 264.7 cells using auranofin radiolabeled within the triethylphosphine (Et,P)[*H}, the gold ['*°Au]
or the tetraacetylthioglucose (TATG)[!*C] moieties of the molecule. Evaluation of the effects of
auranofin on RAW 264.7 cells demonstrates that (1) cellular association of this compound was con-
centration, time and temperature dependent; (2) cellular association of AF was inhibited by N-
ethylmaleimide but not by 2,4-dinitrophenol and NaF; (3) cellular association and uptake of Au and
Et;P into cells was reduced when the drug was preincubated with increasing concentrations of fetal calf
serum and albumin; (4) no tetraacetylthioglucose from the auranofin molecule became cell associated
whereas the Au and Et;P moieties were internalized and distributed between the nuclear, cytosolic and
membrane fractions of cells; and (5) efflux of Au and Et,P from RAW 264.7 cells was time and
temperature dependent. Based on these data we propose a model, a sequential ligand exchange process,
that describes the molecular interactions of auranofin and possibly other gold compounds with these
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cells.

Gold complexes have been employed as therapeutic
agents for rheumatoid arthritis since the early part
of the 20th century [1-4]. The most commonly used
drugs are water soluble, parenterally administered,
gold(I) thiolates such as gold sodium thiomalate
{Myochrysine) and gold sodium thioglucose (Sol-
ganol) [2, 3]. Even though these compounds have a
multiplicity of effects (e.g. inhibition of enzymes,
interaction with the immune system) in various
experimental systems and induce remission of dis-
ease activity in vivo [3, 4], little is known concerning
the molecular mechanisms of association and uptake
into cells or cellular effects.

Auranofin (AF),| [(2,3,4,6-tetra-O-acetyl-1-thio-
B-D-glucopyranosato-S)(triethylphosphine)gold(I)],
is an orally active antiarthritic chrysotherapeutic
agent [5,6] (Fig. 1). Although its mechanism of
action is unknown, recent evidence suggests that a
primary therapeutic target is the macrophage, a cell
that plays a critical role in the initiation and main-
tenance of chronic rheumatoid synovitis [7-9].

* R. M. S. is a predoctoral trainee supported by the
University of Pennsylvania, Department of Pharmacology.

+ To whom reprint requests should be sent: R. M.
Snyder, Smith Kline & French Laboratories, L-511, 1500
Spring Garden St., Philadelphia, PA 19101.

|| Abbreviations: AF, auranofin [(2,3,4,6-tetra-O-acetyl-
1-thio-B-bD-glucopyranosato-S)(triethylphosphine)gold(I)];
Et,;P, triethylphosphine; TATG, tetraacetylthioglucose;
FCS, fetal calf serum; DMEM, Dulbecco’s low glucose
minimal essential medium; NEM, N-ethylmaleimide;
DNP, 2,4-dinitrophenol; PBS, phosphate-buffered saline;
and M@, macrophages.
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Fig. 1. Structure of auranofin [(2,3,4,6-tetra-O-acetyl-1-

thio-f-D-glucopyranosato-S) (triethylphosphine) gold(I)].

The compound was labeled with ['*Au], [*H] and [**C] at
the sites described in Materials and Methods.

Auranofin modulates a number of macrophage func-
tions in vitro and in vivo, including chemotaxis,
phagocytosis, antigen presentation, and F, and C;
receptor expression [7,9]. In addition, monocytes
preincubated with the drug are unable to support
mitogen-induced proliferation of T-lymphocytes
[7,9-11].

In patients and experimental animals that were
administered parenteral gold compounds, gold was
distributed and bound to serum proteins but was
primarily sequestered in reticulo-endothelial organs
that contained the greatest number of mononuclear
phagocytes [12, 13]. Electron microscopic and elec-
tron probe X-ray analyses have localized gold in
aurosomes, lysosomes or lysosome-like organelles,
within these phagocytic cells [12-15]. Few studies
have examined in detail the subcellular distribution
of parenteral gold salts and none to date have exam-
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ined the intracellular distribution of auranofin. How-
ever, differential centrifugation and electron micro-
scopic analyses suggested that gold from gold salts
was present in nuclear, cytosolic, mitochondrial and
lysosomal fractions of rat liver and kidney cortex
cells [12, 14, 16].

To better understand auranofin’s mechanism of
action and interaction with macrophages, we have
examined its effects on RAW 264.7 macrophage-like
cells [17]. In this report we describe the cellular
association of radiolabeled auranofin and its intra-
cellular distribution and efflux from RAW 264.7
cells. Results of our studies allow us to propose a
model, a sequential thiol exchange process, that
describes the molecular interactions of auranofin
responsible for its cellular uptake, distribution, and
efflux.

MATERIALS AND METHODS

Materials. ['"’Au]Auranofin (2.0 mCi/mmole)
was obtained from Dupont New England Nuclear.
[““C]Auranofin  (10.8 mCi/mmole),  uniformly
labeled on the carbons within the glucose ring, and
[*H]Jauranofin (21 mCi/mmole), uniformly labeled in
the triethylphosphine moiety of the molecule, were
synthesized by the Radiochemistry Department at
Smith Kline & French Laboratories. Pentex reagent
grade bovine albumin, fraction V, was obtained from
Miles Scientific, and fetal calf serum (FCS) was pur-
chased from Grand Island Biological. N-Ethyl-
maleimide was obtained from Baker. All other
chemicals were obtained from the Sigma Chemical
Co.

Cell culture techniques. RAW 264.7 cells, a murine
macrophage-like cell line obtained from the Ameri-
can Type Culture collection (ATCC TIB 71), were
grown in monolayer in DMEM containing 10% FCS
in a 5% CO, humidified incubator at 37°.

Cell association of radiolabeled auranofin. Asyn-
chronous, confluent populations of RAW 264.7 cells
were scraped from T-150 mm flasks and resuspended
in fresh DMEM to achieve a final concentration
of 1.2 x 10° cells/ml. Medium containing 100 ul of
[195Au]-, [**C)- or [*H]-labeled auranofin was added
to 900 ul of cell suspension. Cells and the radio-
labeled compound were incubated under conditions
described in Results. The reactions were stopped by
placing the tubes on ice and centrifuging the reaction
mixture at 4° in a Beckman Tabletop Centrifuge for
5min at 3000 rpm. After centrifugation, the super-
natant fraction was removed from the tubes. Both
supernatant fraction and cell pellet were placed
in scintillation vials, and radioactivity was deter-
mined in either a Beckman Gamma 8000 Counter
(['%*Au]AF) or a Beckman Liquid Scintillation
Counter ([1*C]- and [*H]AF).

Cells (1 x 10° cells/ml) were also treated with
increasing concentrations of DNP, NEM, and NaF
for 5, 30 and 60 min respectively. The reactions were
stopped by centrifuging the reaction mixture at 4°
for Smin at 3000rpm. After centrifugation, the
supernatant fraction was removed from the tubes
and the cell pellets were washed three times with ice-
cold PBS. After recentrifugation for 5 min at 4° at
3000 rpm, the supernatant fraction was again
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removed from the centrifuge tubes. The cells were
then resuspended in 900 ul of fresh DMEM and
100 ul ['5Au]AF (5 uM) and incubated for 10 min
at 37° in a shaking water bath. The reactions were
stopped and radioactivity was determined as
described in the previous section.

Determination of initial rates of [ Au]AF cell
association. The rate of cellular association of
auranofin was treated as a simple pseudo-first order
process with respect to cellular sulfhydryl groups, a
treatment which seems reasonable in view of the
estimated sulfhydryl group concentration in cellular
membranes and the large excess of auranofin used.
The experimental data were fit by a standard multiple
parameter, least squares analysis to a semiloga-
rithmic plot which provides pseudo-first order rate
constants directly from the slope of the resulting
linear expression.

Subcellular fractionation of radiolabeled AF-
treated RAW 264.7 cells. RAW 264.7 cells were
fractionated into crude nuclear, cytosolic and crude
membrane fractions. Radiolabeled AF was incu-
bated with 1 x 106 cells over a 60-min period at 37°,
centrifuged at 3000 rpm for 5min at 4°, and the
supernatant fraction removed. The cell pellet was
washed once with ice-cold PBS, recentrifuged at 3000
rpm for 5min, and the supernatant fraction again
removed. Cells were hypotonically lysed on ice in
1.2ml of cold 1 mM NaHCOj; by periodic, gentle
trituration over a 60-min period. Efficiency of lysis
was assessed by microscopic examination. After
lysis, a crude nuclear fraction containing approxi-
mately 85% nuclei, 15% whole cells, and some cellu-
lar debris was obtained by centrifuging the cellular
lysate at 1000 rpm for 7 min. The supernatant frac-
tion was then transferred to Beckman 11 X 34 mm
polycarbonate centrifuge tubes and centrifuged in a
Beckman TL-100 tabletop ultracentrifuge at 45,000
rpm for 45 min at 4°. After centrifugation, the super-
natant (cytosolic fraction) was removed, the pellet
(crude membrane) washed once with cold PBS, and
the mixture recentrifuged at 45,000 rpm for 45 min.
The crude nuclear, cytosolic and crude membrane
fractions were placed in scintillation vials and their
radioactivity was determined.

Efflux of radiolabeled auranofin. Radiolabeled AF
(5 uM) was incubated with 1 X 10% macrophages for
20 min in a 37° shaker water bath (New Brunswick
Scientific). The cells were then centrifuged at 3000
rpm X 5 min, washed once with PBS, recentrifuged,
and the supernatant removed. The cells were resus-
pended in 1.0 ml DMEM. After a second incubation
at either 4° or 37° for specified times, the reaction
mixture was centrifuged at 3000 rpm for 5 min and
the supernatant fraction removed. The cell pellet and
supernatant fraction were transferred to scintillation
vials, and radioactivity was determined in either a
Beckman Gamma or Scintillation Counter.

RESULTS

Association of radiolabeled AF with RAW 264.7
cells. The association of radiolabeled AF with macro-
phages was measured as described in Materials and
Methods. The amount of cell-associated [19°Au] was
linearly proportional to the concentration of AF up
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Fig. 2. Concentration-dependent cell association of [!*Au]. Experimental procedures are as described
in Materials and Methods. The values shown are means and standard deviations derived from two
separate experiments performed in duplicate.

to a 20 uM concentration of the drug (Fig. 2). Under
the experimental conditions used in these studies,
incubation of the cells with concentrations of AF
greater than 20 uM produced significant cell lysis.
Figure 3 shows the time course of association of
[1°5Au}-, [*H]EtsP- and [“C]TATG-labeled AF.
The cell-associated [!?Au] and [*H]Et,P radiolabels
increased as a function of time for 10min and
plateaued between 10 and 30 min. The amount of
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Fig. 3. Cell association of auranofin radiolabeled in three
sites as a function of time. Procedures are as described
in Materials and Methods. Values shown are means and
standard deviations from two separate experiments per-
formed in duplicate for each of the radioactively labeled
compounds. Key: (O—O) ['%°Au]; (@—@) [*H]Et;P; and

(O-0) [MCJTATG.

radiolabel in the cell pellet decreased between 30
and 60 min, perhaps due to cytotoxic effects of the
drug resulting in cell lysis and death. A constant,
small amount of [!C] from [*C]TATG-AF, less
than 1% of the total input radioactivity, associated
with cells during the 60-min reaction period. At the
earliest time points, the stoichiometry of [1*3Au] and
[*H]Et4P association was approximately 1:1. This
ratio changed as the time of incubation increased
and more [1%Au] than [*H]Et,P was associated with
cells at time points between 2 and 60 min. During
the time at which equilibrium existed for each radio-
labeled compound, 10-30 min, the molar ratio of
[1%3Au] to [*H]Et;P was approximately 2:1.

Cellular association and uptake of [!?*Au] from
radiolabeled AF as a function of time was tem-
perature dependent over the range of temperatures
studied (Fig. 4). The percent cell association at equi-
librium was equivalent at all temperatures except 4°.
At 4°, equilibrium was not achieved even after a 90-
min incubation (data not shown). At 15°, 18° and 22°
(18° and 22° data not shown), the [1*Au] associated
with the cell pellet increased linearly up to 60 min
and plateaued between 60 and 90 min. At 37° cell
association was linear up to 10 min, but decreased
after 30 min, presumably due to cell death. The
cytotoxic effects of auranofin are also temperature
dependent [18]. For example, a 90-min incubation
with 5 uM auranofin at 37° resulted in an approximate
30% reduction in the number of cells, while a similar
incubation at lower temperatures caused no
diminution in cell number. The data in Fig. 5 dem-
onstrate that the initial rates of cell association
increased as the temperature increased.
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Fig. 4. Effects of temperature on cell association of [!**Au] over time. The percent of total input

radioactivity associated with cells was determined at various times and temperatures as described in

Materials and Methods. Additional studies were performed at 18°, 22° and 30° (these data were not

included to simplify the figure). The values shown are means from three separate experiments performed

in duplicate. The standard deviations were less than 10%. Key: (A—A) 4°; (B—W) 15°; (¢—@) 27°
and (@—@) 37°.
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Fig. 5. Initial rates of association with cells of ['**Au] as a

function of temperature. The natural log of cell-associated

['*°Au] at equilibrium, derived from the cell-associated

[1°Au] at each time, is plotted versus time. The values

are derived from the experiments shown in Fig. 4. Key:

(m—m) 15° (A—A) 18% (O-C) 22% (6—4) 27%
(O—O) 30° and (@—@) 37°.

Table 1. Effects of NEM, DNP and NaF pretreatment on
cellular association of auranofin

Drug % Total cell-associated [!°**Au]
concn
(uM) NEM DNP NaF
0 100 100 100
0.1 9% +7 107 =5
1 94+ 4 98 +7
10 53x5 97 £ 8 103 = 0.6
100 24 %3 93+ 12 102 =4
1000 152 106 = 7
10,000 104 =1

RAW 264.7 cells (1 x 10° cells/ml) were pretreated with
DNP, NEM and NaF for 5, 30 and 60 min, respectively,
and washed three times with PBS. The cells were then
treated with [**’Au]AF (5 yM) for 10 min; the reaction
was stopped and radioactivity determined as described in
Materials and Methods. Values represent percent total cell-
associated ['**Au]. One hundred percent (the amount of
['?*Au] incorporated into cells in the absence of inhibitor)
is equivalent to 2400 pmoles ['*°Au] per 1 x 10° cells.

Cellular association of [\ Au]AF after pretreat-
ment with NEM, DNP and NaF. The data in Table
1 show that association of [!*>Au] from radiolabeled
AF was inhibited by a 30-min pretreatment of cells
with NEM, a sulfhydryl alkylating reagent. Sig-
nificant inhibition of cell association was observed at
the higher concentrations of the compound, with
1000 uM NEM resulting in an 85% reduction in
[1%*Au]association relative to control. Cells pre-
treated for 5min with DNP, an oxidative phos-
phorylation uncoupler, showed no significant
reduction of [*3Au] cell association relative to con-
trol at any concentrations tested. The concentrations
of DNP used in our studies were similar to those
reported to disrupt mitochondrial function sig-
nificantly [19-21]. Cells pretreated for 60 min with
NaF, a compound that inhibits phagocytosis and
pinocytosis [22], also had no effect upon [!%Au]cell
association.

Effect of fetal calf serum on [V’ Au]AF cellular
association. Auranofin has been reported to bind to
serum proteins, particularly serum albumin, both in
vivo and in vitro, presumably through interactions
with the free cysteine-34 sulfhydryl group {3, 4, 23].
FCS also reduced the cytotoxic potency of auranofin
against B16 cells in a clonogenic assay and resulted
in a 2- to 3-fold decrease in B16 cell-associated gold
[18]. Figure 6 shows the effect of preincubating 5 uM
[1°°Au]AF with increasing concentrations of FCS on
[19%Au] cell association. Inclusion of FCS reduced
cellular association of the label in a concentration-
dependent manner with 10% FCS resulting in a
20-fold reduction in cell-associated gold relative to
control after 60 min. In a separate experiment, we
determined by toluene extraction [18] that gold incu-
bated with 10% FCS resulted in approximately 100%
of the gold becoming protein bound. As seen in our
data, even when cells were incubated with the drug
and 10% FCS, we found that 5% of the {*3Au]-label
became cell associated. Equimolar amounts of FCS
and albumin resulted in similar inhibition of [!**Au]
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Fig. 6. Effects of FCS on the cell association of 5 uM ['*Au]AF. Experimental procedures are as

described in Materials and Methods. The values are means and standard deviations from two separate

experiments performed in duplicate. Key: (O—QO) control; (A—A) 1% FCS; (O—O) 2% FCS;
(®—@) 5% FCS and (O0—0O) 10% FCS.

cell association (data not shown). Increasing con-
centrations of FCS also reduced the amount of [*H]
Et,P radiolabel derived from auranofin associated
with the cell pellet (data not shown).

Subcellular localization of radiolabeled auranofin.
The intracellular distribution of radiolabeled aura-
nofin with RAW 264.7 cells was studied as described
in Materials and Methods. The distribution of
[1P5Au) in the nuclear, cytosolic and crude membrane
fractions remained constant with increasing con-
centrations of the drug (Fig. 7), but varied with time
when 5 pM radiolabeled drug was incubated with
cells up to 60 min (Fig. 8 A, B and C). As was seen
previously (Fig. 2), no [**C] from [**C]TATG-AF
associated with, and was distributed in, these cells.
In the nuclear fraction, the amount of [**SAu] was
relatively constant while, over time, the nuclear-
associated [*H]Et;P increased. The early appearance
of [!%Au] in the nucleus may result from normal
cellular metabolism of the Au-Et;P and sequential
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shuttling of the gold to the nucleus. However, after
continued exposure to the drug, these metabolizing
systems may be damaged and increasing amounts of
Au-Et;P may gradually accumulate at these sites.
However, other explanations, e.g. nuclear accumu-
lation of Et;P, cannot be excluded. Our data are
consistent with the subcellular localization and auto-
radiographic studies from other laboratories report-
ing gold association with nuclei and nuclear mem-
branes in rat liver, kidney and rabbit macrophages
after administration of gold sodium thiomalate i.v.
(3, 12, 14]. Furthermore, we demonstrate the pres-
ence of [’H]Et;P in the nuclear fraction and that cell
association and subcellular distribution of ['%3Au]
and [*H]Et,P may be partially independent post
2 min.

The distribution of both the [**Au] and [°H]Et,P
moieties into the cytosolic fraction increased with
time, réaching a plateau after 5-10 min (Fig. 8B). At
short time points, the ratio of [**>Au] and [*H]Et,P

i

05 |

NUCLEI

CYTOSOL

5 10 20
(uM)

05 |
(uM)
MEMBRANE

Fig. 7. Concentration-dependent association of [!**Au] with nuclear, cytosolic and membrane fractions
of cells. Cells were treated with increasing concentrations of ['**Au]AF for 30 min at 37°. The values
shown are means and standard deviations of two separate experiments performed in duplicate.
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Fig. 8. Intracellular distribution of auranofin radiolabel as a function of time. Experimental procedures

are as described in Materials and Methods. Figure 8A represents radioactivity associated with crude

nuclei; 8B radioactivity present in the cytosolic fraction; and 8C radioactivity present in the crude

membrane fraction. The values shown are means and standard deviations from two separate experimepts

in duplicate for each of the radioactive compounds. Key: (O) ["*>Au]AF; (B) [PH]Et,P-AF; and™J)
[HC]TATG-AF.

in cytosol was approximately 1:1. Although, with
increasing time, more [!%Au] than [PH]Et;-P was
found in the cytosol, the pattern of cytosolic dis-
tribution was similar. Essentially no ['*C]TATG was
present in the cytosol. In the crude membrane frac-
tion, the amount of {*H]Et,P found was relatively
constant as a function of time. In contrast, [**3Au]
increased with time. Again, no significant [*C]
TATG was observed in the membrane fraction.
Consequently, the 2-fold greater amount of ['*SAu]
compared to [*H]Et,P in the cellular pellet is largely
due to differences in the amounts of each associated
with membranes.

100 1

Efflux of radiolabeled auranofin. As shown in Fig.
9, efflux by auranofin increased as a function of
incubation time in fresh medium. Cells preincubated
with 5 uM radiolabeled drug retained twice as much
[1%5Au] as [PH]Et;P. The data in Fig. 9 also dem-
onstrate that efflux of [**>Au] and [PH]Et;P was
temperature dependent. Essentially no radiolabel
dissociated from cells at 4°, but at 37° efflux of both
[1%5Au] and [*H]Et,P was observed. Efflux was not
studied at later time points due to cell lysis. Frac-
tionation studies (Fig. 10, A and B) indicate a redis-
tribution of ['%3Au] and [°H]EtsP from the cytosol
to membrane fractions over time. These data suggest
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Fig. 9. Efflux of cell-associated radiolabel. Experimental procedures are as described in Materials and

Methods. The values shown are means and standard deviations from two separate experiments performed

in duplicate. Key: (A—A) 4°, [*¥Au}; (O—Og 37°, ['*Au}; (A—A) 4°, [*HJEL,P; and (0—@) 37°,
[PH]Ew,P.
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Fig. 10. Subcellular distribution of radiolabel as affected by efflux. Experimental procedures are

as described in Materials and Methods. Figure 10A presents data from experiments performed with

[!%5Au]AF; and 10B from those performed with [*H]Et;P-AF. The values shown are means and
standard deviations from two separate experiments performed in duplicate.

that under non-equilibrium conditions [!**Au] and
[PH]Et,P dissociate from cytosolic and/or nuclear
binding sites and subsequently reassociate with mem-
brane targets before leaving the cells.

DISCUSSION

Figure 11 shows a model for cellular association,
distribution, and efflux of auranofin. Cell association
(Fig. 11A), or the net cellular accumulation of the
drug in the cell pellet, results from the sequential
shuttling of the Au-Et;P or Au moieties of the AF
molecule between cellular sulfhydryl groups. Initial
cell association, the rate-limiting step in the sequen-
tial exchange process, occurs because surface mem-
brane-localized thiols successfully compete with
TATG for one of the coordinate bonds of the gold.
High or low molecular weight extracellular thiols
such as albumin or cysteine compete with membrane-
localized thiol groups for the TATG ligating site.
TATG forms a bond with the gold in auranofin that
is stable in the absence of thiol groups but labile to
attack by competing thiols.

Support for the reaction sequence proposed for
cell association derives from a number of sources.

First, auranofin has been shown to be stable in
aqueous medium in the absence of thiols [24]. In the
presence of thiols, auranofin readily decomposes
[25]. The model predicts that (1) cell association
will be temperature dependent, (2) little TATG will
associate with the cells or other thiol-containing com-
pounds such as albumin and (3) at least some tri-
ethylphosphine should be associated with cells. Cell
association was temperature dependent (Fig. 4) and,
as predicted, only trace amounts of TATG associated
with cells at any time. The small amount of TATG
associated with cells was probably a result of TATG
partitioning in the lipid of the membranes after
ligand exchange. Finally, the phosphine moiety was
associated with cells and, at brief time points,
the stoichiometry of gold to triethylphosphine asso-
ciated with the cells was approximately 1:1 (Fig. 3).

The model also predicts that extracellular thiols
will compete for auranofin and reduce cell associ-
ation. While the data in Fig. 6 suggest a significant
effect of FCS in inhibiting gold uptake into cells,
even in the presence of 10% FCS, which represents
a 13-fold excess of extracellular sulfhydryl group to
drug, 5% of the Au still associated with cells. Under
similar experimental conditions with B, melanoma
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CELL ASSOCIATION

(A)
—_—
TATG-Au-PET; + M-SH _—— TATG + M-S-Au-PET,
+
R-SLH
TATG + R-S-Au-PETy + M-SH _—— R-SH + M-S-Au-PET;
(B) INTRACEL LULAR DISTRIBUTION

M-S-Au-PET, + C-SH = MSH + C-S-Au-PET,
C-S-Au- + O-PETy
C-SH + C-S-Au
ETsP-0 + M-S-Au- + C-SH . MSH +C-5-Au-S-C
EFFLUX
(C) -
C-S-Au-S-M
+
C-S-Au-S-C + M-SH \___"' M-S-Au-S-M
! .
CELL LYSIS Extracellular R-SH
\l’ R-S-Au-S-R + M-SH
C-S-Au-S-C

Fig. 11. Model of cell association, intracellular distribution, and efflux of auranofin and metabolites.

Panel A describes the process of cell association; panel B, intracellular distribution; and panel C, efflux.

Abbreviations: M-SH: membrane localized sulfhydryl groups; R-SH: extracellular sulfhydryl groups;
C-SH: cytosolic sulfhydryl groups; Et,P: triethylphosphine; and TATG: tetraacetylthioglucose.

cells [18], we have shown that even a greater per-
centage of protein-associated gold was transferred
to cells. These data suggest that gold, ligated to
extracellular thiols, exchanges to cellular membrane
thiols. However, the contribution of the exchange
of Au-associated extracellular thiols to the overall
cellular association of Au was small relative to the
primary reaction shown at the top of Fig. 11A.
Consequently, the addition of FCS or albumin
reduced total cellular association of Au relative to
FCS or albumin-free medium.

Intracellular distribution of AF (Fig. 11B) results
from shuttling of membrane sulfhydryl-bound gold-
triethylphosphine to cytosolic sulfhydryl groups. The
model suggests that this may occur via two reaction

sequences. The top reaction suggests that cytosolic
localized sulfhydryl groups compete for membrane
bound gold-triethylphosphine at the former TATG
ligation site. Although only a single sulfhydryl
exchange is shown, multiple intramembrane ligand
exchanges may take place before the gold-tri-
ethylphosphine complex becomes associated with
cytosolic sulfhydryl groups. Studies with intact eryth-
rocytes and diamide, a sulfhydryl oxidizing agent,
also suggest that approximately 80% of membrane
protein SH groups are close enough to one another
to permit these chemical interactions [26]. Alter-
natively, oxidative loss of the triethylphosphine
moiety in the membrane may precede “shuttling”
into the cytoplasm. Support for this step in the reac-
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tion sequence derives from sever

model predicts that at short time pomts gold and
triethylphosphine should bind to membranes at a
molar ratio of 1:1. Figure 8C shows that this is the
case. The model predicts that with time the 1:1
stoichiometry should be altered. This is also shown
in Fig. 8C. As cytoplasmically localized gold may
derive from both reactions, the stoichiometry of
cytoplasmic gold to triethylphosphine is difficult to
predict, but it should not be 1:1 (Fig. 8B). Finally,
triethylphosphine oxide has been detected in human,
rat and dog blood and serum,* consistent with the
notion that oxidative loss of this ligand may occur
[27, 28].

{‘n“nlur AFﬂnv is
idial CF 15

cuoogected hv the odel (pnr

suggested by the model (I
11C) to be simply the reverse of cell association and
intracellular distribution. Figure 9 shows that efflux
was time and temperature dependent and occurred
at times when essentially no cell lysis was observed.
Furthermore, the model predicts that the addition
of extracellular sulfhydryl groups during the efflux
incubations should increase efflux. Preliminary data
demonstrate that this occurred and that the effects
were sulfhydryl group concentration dependent.t

Data presented in this study provide the first expla-
nation as to the mechanisms hv which the gold in
auranofin becomes cell associated. That cellular
uptake of the gold in auranofin occurs via a ligand
exchange shuttle suggests that initial cellular associ-
ation is likely to be independent of cellular activity
unless the activity alters the exposure of sulfhydryl
groups at the cell surface. However, the intracellular
distribution and the effects of the gold in auranofin
may be dramatically affected by the cell type and
cellular activity, since membrane fluidity, the charac-
teristics, concentration and localization of intra-
cellular sulthydryl groups and repair of membrane
damage will play critical roles in determining the fate
of the gold in auranofin and its effects.

Data presented here show that the first sites likely
to be damaged by auranofin are cellular membranes.
Auranofin has been shown to be highly cytotoxic
[18,29-31]. Celi lysis occurs rapidly and is not
explained by effects on macromolecular synthesis
[18, 32]. Thus, the cytotoxicity and perhaps the chry-
sotherapeutic effects of auranofin may result from
effects on membranes and the membrane activities
of target cells.

The data presented confirm and extend the con-
cept that the active moiety in gold-containing anti-
arthritics is the gold and that the ligands attached
to the gold alter pharmacokinetics and intracellular
distribution. The model provides a rationale as to
how cellular uptake and distribution occur and sug-
gests that the ligand may provide relative selectivity
for certain sulfhydryl groups based on relative affin-
ities for gold, lipophilicity, charge and stearic factors.

* Personal communication, cited with the permission of
S. Kuo and J. Dent.

t R. Snyder and S. T. Crooke, unpublished results.

1 Personal communication, cited with permission of B.
Hwang and J. Dent.

§ R. Snyder and S. T. Crooke, unpublished results.
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A potentially crucial difference between auranofin
and other chrysotherapeutlcs is the presence of the
triethylphosphine group that appears to be displaced
only after oxidation to the phosphine oxide. This may
result in differences in interactions in membranes as
a function of the capacity of various cells to oxidize
triethylphosphine and may also represent an
additional mechanism of cytotoxicity if cytotoxic free
radicals are generated in the process of oxidation of
the triethylphosphine moiety.

The sulfhydryl shuttle mechanism proposed differs
from traditional concepts of cellular uptake. It is not
passive diffusion. Drug molecules do not enter the

cell as a function of a concentration gradient. Mira-
belli et al. f1 Q] nunn R1A melanoma cellg fr\nn‘rl that

111C1aivikia Lo

at expenmentally measured ICsg concentratlons of
AF, the cell-associated gold was approximately 100-
fold higher than the extracellular concentration of
the drug. Nor can it be considered facilitated dif-
fusion or active transport as no specific membrane-
localized carrier system is necessary. Our data also
suggest that the process does not require ATP as
an energy source, since incubations with DNP, at
concentrations that were at least 10-fold less than
that required to produce cell death but that were
within a concentration range reported to inhibit oxi-
dative phosphorylation, had no effect on cellular
association. Neither is uptake solely the result of
constitutive or stimulus-triggered endocytosis since
NaF, an inhibitor of phagocytosis and pinocytosis,
was ineffective in preventing association of ['*SAu]
from radiolabeled auranofin. Rather, the ligand
exchange process simply depends on the chemical
reactivities of the drug and cellular sulfhydryl con-
taining components. The proposed mechanism is
further strengthened by data showing that [1%°Au]
association is inhibited by NEM in a concentration-
dependent manner.

That the shuttle mechanism is a generic phenom-
enon is shown by data in B4 melanoma cells [18]
and by studies in red blood cells.3 Thus, the in
vivo localization and the effects of auranofin on the
putative target cells, the macrophages, and other
cells may be determined to a significant extent by
this mechanism and the relative sensitivities of each
cell population to gold—sulfhydryl group interactions.
Consequently, the model may provide explanations
for similarities and differences in effects of various
gold compounds and rationales for the synthesis of
new gold-containing analogs. Preliminary data
observed with triethylphosphine gold chloride dem-
onstrate that the process proposed appears to occur
with gold compounds other than auranofin.§ More-
over, any compound capable of interacting with
sulfhydryl groups in a similar fashion may undergo
an equivalent process. Thus, other metal-containing
compounds as well as organic molecules that interact
with sulfhydryl groups such as mAMSA [33] may be
taken up by cells by this process.
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