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ABSTRACT

Molecular gold compounds have shown intermittent promise as human pharmaceuticals, mostly in in vitro assays.
Rational approaches to gold prodrugs are essential for desired cytotoxicity. This work describes non-natural nu-
cleosides of 6-mercaptopurine. Binding to (organophosphine)- and (N-heterocyclic carbene)gold(l) proceeds in
high-yield reactions at room temperature. Three such metallonucleosides were prepared. They differ in the phos-
phine or carbene ligand on gold. New compounds are characterized by multinuclear NMR spectroscopy, mass
spectrometry, and elemental analysis. One complex is crystallographically characterized; gold(l) is bound to the
sulfur atom of the mercaptopurine moiety, and aurophilicinteractions are absent. Experiments in human cell lines
showed evidence of mitochondrial swelling, programmed cell death, and inhibition of rat liver thioredoxin reduc-

tase.

1. INTRODUCTION

The modern chemistry of gold drugs was born in the
treatment of rheumatoid arthritis. Auranofin is a
(phosphine)gold(l) prodrug developed as an orally
available anti-arthritic drug (Figure 1).}7 Despite
promising early results, injectable forms of gold(l)
proved more effective, and auranofin’s use in arthritis
therapy has tapered. More recent interest derives
from observations of its anti-cancer activity. Research
in the late 1970s and early 1980s showed that aurano-
fin inhibits the growth of tumor cells in culture.
Auranofin is also active in vivo against one mouse tu-
mor model (mouse lymphocytic leukemia P388).51?
These findings, alongside burgeoning studies of plati-
num metallodrugs, have drawn attention to the bio-
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Figure 1. Structure of Auranofin and 6-mercapto-
purine

chemistry of gold. Today, medicinal gold chemistry tar-
gets cancers, AIDS, malaria, and other diseases.'® On-
going concerns are the design of gold pharmaco-
phores,* the effects of oxidation state, and selectivity
toward protein targets.

Berners-Price,®> Nolan,*® and their respective co-

workers have reported analogues of auranofin with N-
heterocyclic carbene (NHC) ligands in place of tri-
ethylphosphine. These compounds avoid any toxicity
associated with phosphine ligands. A family of gold(l)
bis(N-heterocyclic carbene) complexes has been char-
acterized biologically.Y"® The N-substituents on the
carbene ligands alter their lipophilicities. At least
some such cations target malignant over normal
cells.?® Again, substitution at nitrogen controls selec-
tivity and potency. Cell death occurs through mito-
chondrial apoptosis, and inhibition of a selenoen-
zyme, mitochondrial thioredoxin reductase (TrxR), is
implicated.

Ott and co-workers?! have examined three gold(l)
complexes bearing benzimidazolylidene-type NHC lig-
ands; two are cations. Positive charge promotes cel-
lular uptake. Some structure-activity relationships are
apparent within the three complexes. These (car-
bene)gold(l) species induce apoptosis and exert anti-
proliferative effects on two adherent cell lines. One
gold(l) cation shows high mitochondrial uptake, and
all three inhibit mitochondrial thioredoxin reductase.
Another recent work??> considers (NHC)gold bro-
mides. In these complexes, the carbene ligands derive
from 4,5-diarylimidazoles. Eleven gold(l) and two
gold(Ill) complexes are examined. Growth of three
cancer cell lines was impeded, and the new com-
pounds inhibited rat liver mitochondrial thioredoxin
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reductase. However, ICso values are 1-2 orders of
magnitude higher than for auranofin, suggesting that
these two complexes target sites other than thiore-
doxin reductase.

Two-coordinate gold(l) undergoes associative sub-
stitution with thiols.2> A series of gold(l) bis(phos-
phine) complexes were prepared, of which [bis(1,2-di-
phenylphosphinoethane)lgold(l), [(dppe).Aul’, is the
prototype.?*?” This compound and related cations
show an unusual tetrahedral (four-coordinate) geom-
etry of gold(l) in the solid state. These compounds are
less reactive toward protein thiols than auranofin.
The cation [(dppe)2Au]”is prohibitively toxic, but com-
plexes of o-pyridyl phosphines are less so, with a fa-
vorable balance of lipophilicity and antitumor activ-
ity.22 These gold(l) cations collect inside mitochon-
dria, as a result of the mitochondrial membrane po-
tential. 23 Selectivity is observed for malignant over
normal breast cells. Cell death is apoptotic. Water-
soluble analogues appeared recently. These inhibit
the enzymes glutathione reductase and thioredoxin
reductase and induce apoptosis.3!

Theraputic properties of gold(l) were known from
ages. In recent years, gold(lll) has gained pharmaco-
logical attention, despite its reducibility by ascorbate,
glutathione, and other endogenous reductants.
Messouri and collaborators have devised a number of
cytotoxic gold(lll) complexes.327 The metal centers
are square planar, as expected for four-coordinate,
low-spin d®. These complexes include dinuclear, p-oxo
bridged 2,2'-bipyridine chelates; the most reducible is
also the most toxic. The gold(lll) dithiocarbamates of
Fregona and co-workers inhibit the growth of breast
cancer xenografts in mouse models.3¥*! These dithio-
carbamate complexes are effective against cisplatin-
resistant cell lines. Over the last decade, the Che
group has developed cyclometalated gold(lll) com-
plexes that are toxic toward carcinoma cell lines.*44
In some instances, ICsg values are in the tens of nM.
Cytotoxicity improves when two gold(lll) centers are
tethered with bridging diphosphine ligands. Che and
co-workers have also assayed the toxicity of gold(lll)
meso-tetraarylporphyrins.*=% Gold(lll)  meso-
tetraarylporphyrin chloride is not reduced in serum.
Gold(lll) porphyrins behave physically as delocalized
lipophilic cations, much like gold(l) bis(carbene) or
bis(diphosphine) species. Cell death results from
apoptosis; both caspase-dependent and -independ-
ent pathways are proposed. Decorating the porphyrin
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rim with —OH substituents brings about potent activ-
ity against breast carcinoma cells. Cytotoxic effects
appear at nanomolar concentrations.*

Few gold drugs target DNA. Proteins and enzymes
that bind gold have been reviewed.* They divide into
two broad categories: proteins with activated cysteine
residues and those with selenocysteine. “Activated”
cysteines are deprotonated by a nearby base, often
histidine. They exist as the cysteine thiolate at physi-
ological pH, although the normal pK, of cysteine is 8.4.
Selenocysteine is more acidic: pKa 5.2. Both are strong
nucleophiles that attack unhindered, electrophilic
gold(l). Enzymes inhibited by gold include cathep-
sins,”%>3 human glutathione reductase,>>> poly(ADP-
ribose) polymerase,®® and protein tyrosine phospha-
tases.’” All these are cysteinyl enzymes. Selenoen-
zyme targets are glutathione peroxidase,*®®3 iodothy-
ronine diiodinase,?*® and thioredoxin reductase.>>"
0 There are cytosolic (TrxR1) and mitochondrial
(TrxR2) isoforms of thioredoxin reductase. In mam-
mals, both have redox-active selenocysteine residues.

Mitochondria are the locus of auranofin’s action in
cell cultures. Treatment of immortalized cells with
gold(l) leads to mitochondrial swelling, and intrisic
(mitochondrial) apoptosis follows. Partly for these
reasons, mitochondrial thioredoxin reductase has be-
come the target of choice in gold drug design. Can-
cerous cells up-regulate the enzymes of the thiore-
doxin system. This up-regulation may endow selectiv-
ity for malignant over normal cells. Gold complexes
are the most potent inhibitors of human thioredoxin
reductase yet known,>>6871

Mammalian thioredoxin reductase enzymes are ho-
modimeric pyridine disulfide oxidoreductases.”?”®
They catalyze the NADPH-dependent reduction of a
disulfide bond in thioredoxin. In so doing, these en-
zymes preserve the redox balance of the cell. Each
subunit of thioredoxin reductase has two electroac-
tive sites: a cysteine-cysteine pairadjacent to FAD, and
a cysteine-selenocysteine pair near the C-terminus.
ICso values for SeCys—Cys mutants implicate seleno-
cysteine as the site of gold binding. Notably, oxidized
thioredoxin reductase is uninhibited by gold; the en-
zyme must be reduced.

Described here are gold(l) complexes with a three-
part structure that inhibit mitochondrial thioredoxin
reductase. Figure 2 illustrates the general design.
Gold attaches to the sulfur atom of 6-mercaptopurine
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(6-MP) (Figure 1). Due to its ability to induce apopto-
sis in B- and T-cells, 6-MP is cytotoxic against acute
lymphoblastic leukemia. In addition, the activity of 6-
MP against T-cells provides anti-inflammatory proper-
ties which are used to treat rheumatoid arthritis.”®
Metabolism of 6-MP leads to the nucleoside triphos-
phate. This then substitutes for guanine in RNA and
DNA synthesis. Once incorporated, 6-MP inhibits
chain elongation, and with it, the de novo synthesis of
purines and cell death results.

gold(l) with
HO </ f\)

phosphine or carbene
2-deoxy-D-ribose

6-mercaptopurine

HO

Figure 2. Design of a non-natural nucleoside bear-
ing gold(l).
The design concept unites the enzyme-targeting ca-
pacity of gold with the activity of a purine antimetab-
olite. This work describes the synthesis, chemical
characterization, and cytotoxicity of a family of gold(l)
6-mercaptopurinates. The new compounds inhibit rat
liver thioredoxin reductase and are toxic toward hy-
perproliferative cell lines. The pendant sugar moiety
solubilizes the complexes in water. Potentially these
sugars facilitate transport into the cell.

2. RESULTS AND DISCUSSION

2.1 Synthesis and Characterization. Syntheses of
the target nucleosides 8a—8c appear in Scheme 1. The
preparation of chloro Hoffer sugar 4 proceeded ac-
cording to Fieser and Fieser,”” except that an equiva-
lent amount of hydrochloric acid was used in place of
hydrogen chloride gas generated in situ. The resulting
mixture of the methylfuranoside anomers 2 was acyl-
ated by treatment with p-toluoyl chloride in pyridine
to give 3. Compound 3 was converted to 4 with a so-
lution of HCl in acetic acid prepared as follows: HCI
was generated in situ by adding 16.3 mL acetyl chlo-
ride to a solution of 81 mL acetic acid and 4 mL water.
The sodium salt of commercially available 6-chloropu-
rine, generated in situ by the treatment of sodium hy-
dride and 6-chloropurine in acetonitrile, was reacted
with 1-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-d-
erythro-pentafuranose (4) at ambient temperature
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under nitrogen. An isomeric mixture of nucleosides
formed, where sugars bind at positions N-7 and N-9 of
6-mercaptopurine. After silica gel column chromatog-
raphy (as detailed in the experimental section), the N-
9 isomer, 6-chloro-9-(2-deoxy-3,5-di-O-p-toluoyl-6-D-
erythro-pentofuranosyl)purine (5) was isolated in 60%
yield, while 20% of N-7 glycosyl isomer was collected
as well. No a-anomer was detected by TLC, in agree-
ment with the literature.”® When 5 was treated with 2
equiv of NaSH in methanol, nucleophilic displacement
of chlorine gave 9-(2-deoxy-3,5-di-O-p-toluoyl-6-d-
erythro-pentofuranosyl)purine-6-thione (6).

Deprotection of the carbohydrate proceeded by
treating 6 with methanolic ammonia to isolate 7 at
73% vyield. Compound 7 was then reacted with
Ph3PAuCl and excess base to yield 8a. The characteris-

¢ 3'P{*H} resonance shifts 2.5 ppm downfield in 8a
relative to that of PhsPAuCI, § 34.1 ppm. An apparent
triplet resonance at § 6.3—6.5 ppm (J = ~7 Hz), assign-
able to the hydrogen attached to the glycosidic car-
bon, is characteristic of the 3-anomer of complexes
8a—c.”
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Scheme 1. Synthesis of gold containing nucleosides

The final compounds were purified by silica-gel col-
umn chromatography (diethyl ether and methanol
4:1, v/v) and recrystallized from hot methanol.

2.2 X-ray Crystallography. Vapor diffusion of diethyl
ether into a concentrated THF solution yielded diffrac-
tion-quality crystals of 8b. The structure appears in
Figure 3. The complex crystallizes in the monoclinic
space group P2;. Two crystallographically independ-
ent copies of 8b and two THF molecules of crystalliza-
tion occupy the asymmetric unit. Metric parameters
appear in the figure caption. The structures of the tri-
cyclohexylphosphine ligand, the nucleobase, and the
sugar are unexceptional. The bond angle S1-Aul-P1
is 179.16(7)° in keeping with the near-linear geometry
of most gold(l) complexes.”®®2 The Aul-S1 distance
is 2.3095(19) A and Aul-P1 bond distance is
2.2719(18); both are normal.

2.3 Cellular Effects of 8a. The cytotoxicity of 8a was
evaluated against four human cancer cell lines: Leuke-
mia (MOLT 4 and CCRF CEM-7), breast (MCF-7) and
cervical (Hela) cancer. As a positive control, experi-
ments were also performed examining the cytotoxic
effects of the free ligand 7 and PhsPAuCI against these
leukemia and adherent cell lines.

Figure 3. Crystal structure of one independent mol-
ecule of 8b. Thermal ellipsoids are shown at 50%
probability; hydrogen atoms are omitted for clarity. A
partial atom labelling scheme appears; unlabeled at-
oms are carbon.
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The cytotoxicity of 8a was quantified by measuring
cell viability as a function of drug-concentration using
the Presto Blue cell viability assay (please see experi-
mental section for details).®3 Cells were exposed to
concentrations of 8a ranging from 0.001-100 uM for
time periods of up to 72 h before cell viability was as-
sessed. In all cases, total cell count and cell viability
decrease as the concentration of 7 or 8a increases. A
fit of the data to equation 1,

100%
IC,,
[Inhibitor] (1)

’

Y =

provides ICs values of 17.9 £ 1.5 uM (7) and 0.030
+0.008 puM (8a) against CCRF CEM-7 cells.
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Figure 4. Cell cycle analyses of MOLT 4 cells treated
with DMSO, 0.6 uM of compound 8a, and 12 uM com-
pound 7. (Upper) Annexin-Pl staining of MOLT 4 cells
treated with compound 8a for 48 hr. (Lower)
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Table 1. Summary of LDso and 1Cso values for com-
pounds 7, 8a, and PhsPAuCl against selected adherent
and systemic cancer cell lines.?

7 Ph;PAuCl 8a
LDso (uM)  11.3£0.82 1.92+0.06 0.59 +0.07
MOLT 4°
ICso (uM) 6.2+0.1 0.71+0.07 0.30 + 0.02
LDsg (uM) 27+2 0.15+0.04 0.06 + 0.008
CCRF
CEM-7°
ICso (uM) 179+1.5 0.05+0.003 0.03+ 0.008
MCE-7" ICso (uM) >500 114+08 6.34+0.55
HeLa® ICso (uM) >500 65+05 1.65 +0.04

3 Assays were performed as described in experimental section. LDso
is the concentration of drug that reduces cell viability to 50% of that
of untreated control cells. ICso is the concentration of the drug that

inhibits cell growth to 50% of that of untreated control cells.

MOLT 4, CCRF CEM-7 = human acute lymphoblastic leukemia cell
lines, MCF-7 = human breast adenocarcinoma cell line, HeL.a = hu-

Table 1 summarizes LDsp and ICso values for 8a
against the four cell lines. Compound 8a displays cy-
totoxic effects against all tested cell lines, with LDsg
values ranging from nM to uM. Comparison of the
LDso values indicates that 8a is more effective against
systemic (leukemia) cell lines than adherent cell lines.
The highest potency occurs against CCRF CEM-7 cells
for which ICsp = 30 nM and LDsg = 60 nM. |n all cases,
the inclusion of the gold pharmacophore increases
the potency of 7. For example, the LDso of 7 is 19-fold
higher compared to 8a against MOLT 4 cells (compare
11.3 £ 0.8 uM for 7 and 0.59 + 0.07 uM for 8a). More
dramatic effects are observed against CCRF CEM-7
cells as the potency of 7 is 400-fold lower than that of
8a (compare 27 £ 2 uM for 7 and 0.06 + 0.008 uM for
8a). The ICso values for 8a against adherent cell lines
are in the micromolar range (MCF-7, 6.34 + 0.55 uM;
Hela, 1.65 * 0.04 uM), while free nucleoside 7 does
not show cytotoxicity when tested up to 500 uM con-
centration. Collectively, these data indicate that the
potency of compound 7 is increased significantly upon
the inclusion of the Au(l) triphenylphosphine moiety.

Results of control experiments using PhsPAuCI are
summarized in Table 1. Replacing the chloride ligand
with 7 augments the potency of the aggregate. In par-
ticular, the potency nearly doubles in the case of CCRF
CEM-7 (PhsPAuCI, 0.15 + 0.04 uM; compound 8a,
0.060 + 0.008 uM) and MCF-7 cell line (PhsPAuCI, 11.4
+ 0.82 uM; compound 8a, 6.3 + 0.6 uM) while the
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same effect is observed in the case of MOLT 4
(PhsPAuCI, 1.92 £ 0.06 uM; compound 8a, 0.59 + 0.07
M) and Hela (PhsPAuCl, 6.5 £ 0.5 pM; compound 8a,
1.65 = 0.04 uM) cells.

2.4 Mechanism of cell death in leukemia cells. The
cellular mechanism by which 8a causes cell death in
MOLT 4 cells was evaluated employing dual parame-
ter fluorescence-activated cell sorting (FACS) anal-
yses to measure propidium iodide (PI) uptake cou-
pled with Alexa Fluor 488 annexin V conjugate stain-
ing. In this analysis, live cells (negative for either
fluorophore) are easily distinguished from cells that
are early apoptotic (annexin V positive and Pl nega-
tive), late apoptotic (Pl and annexin V positive), or ne-
crotic (Pl positive and annexin V negative). In these
experiments, MOLT 4 cells were treated with 1 uM 8a
for 24 and 48 h, respectively, and then analyzed using
dual annexin/propidium iodide staining. Results pro-
vided in Figure 4, show a significant accumulation of
early apoptotic cells after treated with 8a for 24 h
compared to DMSO. After 48 hours of treatment with
8a, there is a significant accumulation of both early
and late apoptotic cells compared to cells treated with
DMSO. This result concurs with experiments measur-
ing cellular viability described earlier that demon-
strate a dose- and time-dependent effect of 8a on cell

viability.

Cell-cycle analyses were next performed to deter-
mine if 8a affects DNA synthesis in highly proliferative
MOLT 4 cancer cells. FACS analysis using propidium
iodide (PI) staining was performed to assess the DNA
content of the cells after 24 h of drug treatment. Cells
were treated with LDso concentrations of 8a while ICsg
concentrations of 7 were used as positive control.
Cells were also treated with DMSO as a negative con-
trol. Representative data for cell treated with these
various agents are provided in Figure 4. After 24 h of
treatment with 8a, the percentage of cells in S-phase
increased from 44.9 £ 0.1% (DMSO control) to 54.5 +
0.1% for 8a. However this S-phase block is not as pro-
nounced as that for treatment with 7 (68.2 £ 0.1%),
which is a known anti-leukemic agent. This result is
notable since the concentration of 8a used in this ex-
periment is 20 times lower than that of 7. It is well
established that 7 functions as an anti-metabolite that
can interfere with nucleotide metabolism. This inter-
ference causes reduction in dNTP pools which then in-
directly inhibits DNA synthesis and causes an accumu-
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lation of cells at S-phase. The data presented here sug-
gests that 8a may function similarly to 7 but with
higher potency. However, 8a may also alter the activ-
ity of other cellular targets associated with cell-cycle
progression as similar effects on cell-cycle progression
were observed using different (phosphine)Au(l)-in-
dole compounds.® Possible targets for 8a include ki-
nases involved in the transition from S-phase to
G2/M.

2.5 Mechanism of cell death in adherent cancer
cells. Cell-cycle analyses were also performed against
an adherent cancer cell line, MCF-7, to determine if 8a
affects DNA synthesis similarly compared to systemic
cancer cells such as MOLT 4. Again, FACS analysis with
propidium iodide (PI) staining was used to assess DNA
content in adherent cells treated with 8a for 24 and
48 hr, respectively (data not shown). Cells were also
treated with DMSO as a negative control. In this case,
there is an accumulation of subG1 DNA in cells treated
with 8a compared to cells treated with DMSO. This
increase in subG1 DNA is consistent with the induc-
tion of apoptosis. In addition, there is a time-depend-
ent increase in the amount of subG1 DNA as well as a
concentration dependency. These results again indi-
cate that 8a produces anti-cancer effects against ad-
herent cancer cell lines, albeit with reduced potency
compared to haematological cancer cells.

To further interrogate the cellular basis for this ap-
parent apoptotic effect, we next measured mitochon-
drial viability of cells treated with 8a versus DMSO.
Collapse of the mitochondrial membrane potential is
a biochemical event associated with early-stage apop-
tosis. Membrane potential loss was detected by mi-
croscopy using the cationic fluorescent dye JC-1 as a
biomarker for mitochondrial integrity. Aggregates of
JC-1 emit red, whereas the monomer shows green lu-
minescence. Hela cells were treated with 7 uM 8a or
with DMSO (vehicle) for 48 h, and the results are pre-
sented in Figure 5. As indicated, cells treated with
DMSO take up JC-1 which then accumulates in the mi-
tochondria and produces the red dots seen in Figure
5(a). Cells exposed to 8a change shape without show-
ing mitochondrial uptake of JC-1. Rather, the dye dis-
perses throughout the cytoplasm and the cell appears
green (Figure 5(b)).

2.6 Inhibition of Thioredoxin Reductase. The inhib-
itory potential of 8a toward rat liver thioredoxin re-
ductase (TrxR) was evaluated using a standard dithio-
nitrobenzoate (DTNB) reduction assay.?® TrxR reduces
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the disulfide bond of DTNB leading to the formation
of 5-thionitrobenzoic acid which is detected photo-
metrically (Amax = 412 nm). Figure 6 plots the time
course for the absorbance changes associated with
conversion of DTNB to 5-thionitrobenzoic acid in the
absence and presence of different concentrations of
8a. In the absence of 8a, TrxR shows a rapid rate of
converting DTNB to 5-thionitrobenzoic acid, and this
rate represents 100% activity. The addition of 0.1 uM
8a inhibits TrxR activity by 33% while the addition of 1
LM 8a inhibits TrxR activity by greater than 90%.
These data suggest that TrxR is a possible target for 8a
and could account for its anti-cancer activity. How-
ever, other cellular targets such as kinases and ribonu-
cleotide reductase are plausible targets as well.

Figure 5. (a) MOLT 4 cells incubated in DMSO vehi-
cle (control) 48 h. (b) Cells after 48 h incubated with
7 UM 8a.
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Figure 6. Thioredoxin reductase inhibition assay: In-
tensity of DTNB absorption vs. time. Linear least-
squares fits are indicated.

3. CONCLUSIONS

We describe syntheses of non-natural nucleosides
bearing (6-mercaptopurinato)gold(l) in the nucleo-
base position. Terminal ligands on gold are tri-
phenylphosphine (8a), tricyclohexylphosphine (8b),
and an N-heterocyclic carbene (8c). The new com-
pounds are air- and moisture-stable and do not re-
quire extraordinary precautions. Compound 8b has
been crystallographically characterized. The structure
shows normal two-coordination at gold. The CysPAu
fragment binds to the mercaptopurine sulphur. Close
approaches to other potential electron donors are not
found, and aurophilic Au---Au interactions are absent.

Compound 8a was evaluated against a panel of four
malignant cell lines. Potency was greatest against
CCRF CEM-7 cells, for which 1Csop = 30 nM and LDsp =
60 nM. Compound 8a induces apoptosis in MOLT 4
cells. A mitochondrial permeability transition assay
and thioredoxin reductase activity assay combine to
suggest TrxR as a possible target.

4. EXPERIMENTAL SECTION

Reagents and General Methods. Experimental pro-
cedures involving air- or moisture sensitive substances
were performed under argon using Schlenk line tech-
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niques or in a nitrogen-filled MBraun drybox. Anhy-
drous solvents were used directly from an MBraun
solvent purification system or were purchased from
Sigma-Aldrich. NMR spectra (*H and 3!P{*H}) were rec-
orded on a Varian AS-400 spectrometer operating at
399.7 and 161.8 MHz, respectively. Chemical shifts are
reported in parts per million (8), measured from tet-
ramethylsilane (0 ppm) and are referenced to the sol-
vent CDCls (7.26 ppm) or MeOH-d,4 (3.31 ppm) for H
NMR. For 3!P{1H} NMR spectra, chemicals shifts were
determined relative to 85% aqueous HsPO,. High-res-
olution electrospray ionization mass spectrometry
(Hi-Res ESI-MS) experiments were performed on an
lonSpec HiRes ESI-FTICRMS at the University of Cincin-
nati Mass Spectrometry facility. Thin layer chromatog-
raphy (TLC) was carried out using Whatman Silica Gel
UV254 plates. Column chromatography was per-
formed using Fisher Scientific Silica Gel, sizes 32—63.
Elemental analyses were carried out by Robertson Mi-
crolit Laboratories, Ledgewood, NJ.

All chemicals were purchased from Sigma-Aldrich or
Acros as highest purity grade and used without fur-
ther purification. 6-chloropurine and sodium hydro-
gen sulfide were purchased from Sigma-Aldrich. 2-De-
oxy-d-ribose, pyridine, p-toluoyl chloride and acetyl
chloride were purchased from Acros Organics. Bovine
serum albumin was obtained from Sigma-Aldrich.
Presto-Blue reagent, apoptosis Kit #2, and thioredoxin
reductase were purchased from Invitrogen. Cell-titer
blue reagent was purchased from Promega. Purity of
all biologically active compounds was >95% as judged
by micro-combustion analyses (C, H, and N) per-
formed by Robertson Microlit Laboratories (Ledge-
wood, NJ).

PhsPAuCI was synthesized by a slight modification of
the literature procedures (using toluene and
Au(THT)CI).%° Similarly compound 4 was synthesized
according to a published procedure.3!

6-Chloro-9-(2-deoxy-3,5-di-O-p-toluoyl-6-d-
erythro-pentofuranosyl)purine, (5). A mixture of 6-
chloropurine (1.790 g, 11.581 mmol) and anhydrous
sodium hydride (0.305 g, 12.74 mmol) in anhydrous
acetonitrile (80 mL) was stirred at ambient tempera-
ture for 30 minutes inside a glove box. Dry, powdered
1-chloro-2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-pen-
tafuranose, 4 (4.954 g, 12.74 mmol) was added by
portions over a period of 20 minutes and stirring was
continued for a further 18 hours at rt. After comple-
tion of the reaction, any small amount of insoluble
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material present in the mixture was removed by filtra-
tion. Evaporation of the solvent resulted in an oily res-
idue, which was further purified by silica gel column
chromatography. The desired N-9 isomer was isolated
as the first major fraction by eluting a mixture of hex-
anes and diethyl ether (3:2, v/v). Evaporation of the
solvent under reduced pressure and drying under vac-
uum for 4 h yielded analytically pure product as white
solid. Yield: 3.58 g, 61%. *H NMR (400 MHz, CDCls), 6:
8.67 (s, 1H), 8.29 (s, 1H), 7.97 (d, 2H, J = 8.0 Hz), 7.86
(d, 2H,J=8.4Hz),7.29 (d, 2H, J = 8.8 Hz), 7.21 (d, 2H,
J=8Hz), 6.57 (tapp, 1H, J = 5.6 Hz), 5.84-5.82 (m, 1H),
4.80 (d, 1H, J = 10 Hz), 4.68-4.63 (m, 2H), 3.17-3.13
(m, 1H), 2.92-2.89 (m, 1H), 2.44 (s, 3H), 2.40 (s, 3H).
HRMS: Calcd. for CyH24CIN4Os [M+H]*: 507.1435
Found: 507.1423. Anal. Calcd. for CyH23CIN4Os: C,
61.60; H, 4.57; N, 11.05. Found: C, 61.86; H, 4.81; N,
11.34.
9-(2-deoxy-3,5-di-O-p-toluoyl-8-d-erythro-pento-
furanosyl)purine-6-thione, (6). Compound 5 (1.210
g, 2.390 mmol) was suspended in 40 mL anhydrous
methanol with continuous stirring under argon. To
this was added a solution of NaSH (0.268 g, 4.781
mmol) in 10 mL anhydrous methanol. The reaction
mixture was stirred at rt for 8 h. Solvent was removed
under vacuum and the resulting yellow residue was
purified by silica gel column chromatography. The
product was collected by eluting a solvent mixture of
diethyl ether and methanol (9:1, v/v). Yield: 0.892 g,
74 %. 'H NMR (400 MHz, CDCls), &: 8.24 (s, 1H), 8.11
(s, 1H), 7.94 (d, 2H, J = 8.1 Hz), 7.87 (d, 2H, J = 7.9 Hz),
7.26 (d, 2H, J = 7.7 Hz), 7.21 (d, 2H, J = 7.8 Hz), 6.45
(tapp, 1H, J = 7.1 Hz), 5.78 (d, 1H, J = 6.7 Hz), 4.76-4.71
(m, 1H), 4.67-4.61 (m, 2H), 3.10-3.02 (m, 1H), 2.80
(ddd, 1H, J = 14.4, 6.4, 2.1 Hz), 2.42 (s, 3H), 2.38 (s,
3H). HRMS: Calcd. for CysH24N4sNaOsS [M+Nal*:
527.1365 Found: 527.1361. Anal. Calcd. for
Ca6H24N40OsS: C, 61.89; H, 4.79; N, 11.10. Found: C,
62.21; H, 4.67; N, 10.82.
9-(2-deoxy-8-d-erythro-pentofuranosyl)purine-6-

thione (7). A solution of 6 (0.850, 1.684 mmol) in
methanolic ammonia (saturated by passing ammonia
gas for 15 min at 0 °C, 40 mL) was allowed to stir at
room temperature for 20 h. After that, the solvent was
evaporated under reduced pressure to dryness, and
the residue was purified by column chromatography
using silica gel. The desired product was collected as
the major fraction when eluted with a mixture of di-
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ethyl ether and methanol (4:1, v/v). Solvent was re-
moved under reduced pressure, and the desired prod-
uct was collected as white powder. Yield: 0.330 g,
73%. 'H NMR (400 MHz, CDs0D), &: 8.44 (s, 1H), 8.12
(s, 1H), 6.43 (tapp, 1H, J = 7.0 Hz), 4.54 (m, 1H), 4.02 (q,
1H, J = 3.5 Hz), 3.75 (ddd, 2H, J = 15.2, 11.6, 3.5 Hz),
2.70 (quin, 1H, J = 7.5 Hz), 2.46 (m, 1H). HRMS: Calcd.
for C10H13N403S [M+H]*: 269.0708 Found: 269.0704.
Anal. Calcd. for C10H12N403S: C, 44.77,‘ H, 4.51; N,
20.88. Found: C, 44.86; H, 4.73; N, 20.83.

(9-(2-deoxy-8-D-erythro-pentofuranosyl)purine-6-
thio)(triphenylphosphine)gold(l) (8a). Compound 7
(0.070 g, 0.261 mmol) and Cs,CO; (0.170 g, 0.522
mmol) were suspended in 2-propanol (20 mL) under
argon. A solution of PhsPAuCl (0.130 g, 0.261 mmol) in
10 mL dry acetone was added dropwise into the
stirred mixture. The reaction flask was sealed, and the
mixture was stirred room temperature for 4 h. After
this time, the solvent was removed under reduced
pressure. The white residue was purified on a small
silica gel column by eluting a mixture of diethyl ether
and methanol (4:1, v/v). The desired product was col-
lected as major fraction. Removal of solvent and dry-
ing in vacuum for 6 h gave analytically pure product.
Yield: 0.157 g, 83 %. *H NMR (400 Hz, CD;0D), 6: 8.39
(s, 1H), 8.31 (s, 1H), 7.68-7.63 (m, 6H), 7.58-7.50 (m,
9H), 6.45 (tapp, 1H, J = 6.5 Hz), 4.58 (q, 1H, J = 2.7 Hz),
4.06-4.04 (m, 1H), 3.79 (ddd, 2H, J=17.2,5.4, 3.6 Hz),
2.83-2.77 (m, 1H),2.46 (ddd , 1H,J=13.3,5.9, 3.1 Hz).
31p{I4} NMR (CDsOD), &: 37.5. HRMS: Calcd. for
C28H27AUN403PS [M+H]+2 727.1207 Found: 727.1228.
Anal. Calcd. for CogH26AUN4O3PS: C, 46.29; H, 3.61; N,
7.71. Found: C, 46.51; H, 3.93; N, 8.03.

(9-(2-deoxy-B8-D-erythro-pentofuranosyl)purine-6-
thio)(tricyclohexylphosphine)gold(l) (8b). Com-
pound 7 (0.070 g, 0.261 mmol) and Cs,CO3 (0.170 g,
0.522 mmol) were suspended in 2-propanol (20 mL)
under argon. A solution of CysPAuCl (0.134 g, 0.261
mmol) in 10 mL dry acetone was added dropwise to
the stirred mixture. The reaction flask was sealed and
stirred at room temperature for 4 h. After completion
of the reaction, the solvent was removed under re-
duced pressure. The white residue was purified on a
small silica gel column by eluting a mixture of diethyl
ether and methanol (4:1, v/v). The desired product
was collected as the major fraction. Evaporation of
solvent under reduced pressure and drying in vacuum
for 6 h gave analytically pure product. Yield: 0.150 g,
77%. *H NMR (400 Hz, CDCls), &: 8.42 (s, 1H), 7.83 (s,
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1H), 6.33 (tapp, 1H, J = 6.5 Hz), 4.11 (g, 1H, J = 7.2 Hz),
3.98-3.77 (m, 2H), 3.10-3.03 (m, 1H), 2.83-2.77 (m,
1H),2.30(dd, 1H,/=13.7, 5.3 Hz), 2.07-2.03 (m, 6H),
1.87-1.84 (m, 6H), 1.74-1.72 (m, 3H), 1.56-1.53 (m,
6H), 1.35-1.22 (m, 12H). 3'P{*H} NMR (CDCls), &: 57.6.
HRMS: Calcd. for CagHasAuN4OsPS [M+H]*: 745.2616
Found: 745.2603. Anal. Calcd. for CsHasAuN4OsPS: C,
45.16; H, 5.96; N, 7.52. Found: C, 45.27; H, 5.77; N,
7.27.

(9-(2-deoxy-8-D-erythro-pentofuranosyl)purine-6-
thio)(1,3-diisopropylimidazol-2-ylidene)gold(l) (8c).
Compound 7 (0.070 g, 0.261 mmol) and Cs,CO5 (0.170
g, 0.522 mmol) were suspended in 2-propanol (20 mL)
under argon. A solution of (1,3-diisopropylimidazol-2-
ylidene)gold(l) chloride (0.101 g, 0.261 mmol) in 10
mL dry acetone was added dropwise into the stirred
mixture. The reaction flask was sealed, and stirring
continued at room temperature for 4 h. Solvent was
then removed under reduced pressure. The white res-
idue was purified passage through silica, eluting with
a mixture of diethyl ether and methanol (4:1, v/v). The
desired product was collected as the major fraction.
Removal of solvent and drying in vacuum for 6 h gave
analytically pure product. Yield: 0.121 g, 75%. 'H NMR
(400 Hz, CDs0D), 6: 8.43 (s, 1H), 8.35 (s, 1H), 7.40 (s,
2H), 6.46 (tapp, 1H,J=6.9 Hz), 5.26 (sep, 2H, J=7.1 Hz),
4.59 (m, 1H), 4.07-4.05 (m, 1H), 3.87-3.71 (m, 2H),
2.86-2.79 (m, 1H), 2.46 (ddd, 1H, J=12.6, 6.2, 2.9 Hz),
1.53 (d, 12H, J = 7.2 Hz). HRMS: Calcd. for
C19H28AUN6OsS [M+H]*: 617.1609 Found: 617.1691.
Anal. Calcd. for Ci9H27AUN6OsS: C, 36.96; H, 4.57; N,
13.61. Found: C, 37.30; H, 4.79; N, 13.82.

General Cell Culture Procedures. Hela, MCF-7,
MOLT 4 and CEM-C7, were obtained from the Ameri-
can Type Culture Collection (Manassas, VA, USA). All
adherent cell lines were maintained in Dulbecco’s
modified Eagle’s medium (Mediatech) with 100 U/mL
penicillin (Invitrogen), 100 pug/mL streptomycin (Invi-
trogen), 0.25 pg/mL amphotericin B (Invitrogen), and
10% fetal bovine serum(USA Scientific) and incubated
at 37 °C with 5% CO,. CEM and MOLT 4 cells were
maintained in RPMI-1640 media supplemented with
100 U/mL penicillin, 100 pg/mL streptomycin, 0.25
pg/mL amphotericin B, and 10% fetal bovine serum
and incubated at 37 °C with 5% CO,. Compounds were
freshly dissolved as stock solutions in DMSO prior to
the experiments. Unless stated otherwise, the final
concentration of the DMSO vehicle was 0.1% (v/v).
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Cell Proliferation Assays. Cells were plated at a
density of 7,000-13,000/well in 200 pL of media over-
night in a 96-well plate. Each drug was added to wells
in a dose-dependent manner (0.01-100 uM). Cells
were treated with compounds for variable time peri-
ods (8-48 hours). With adherent cell lines, medium
was removed from the wells and then 90 pL of fresh
medium was added into each well followed by the ad-
dition of 10uL of PrestoBlue Cell Viability Reagent
(invitrogen). Cells were incubated with reagent for 20-
60 minutes and the optical density of samples was
read at 595 nm using a microplate reader. The back-
ground absorbance of dye with media was subtracted
from each sample. Cell viability was then normalized
against cells treated with DMSO. ICs values were ob-
tained using a fit of the data to Equation 1.

Measurements of Apoptosis. Cells were plated at
250,000/mL, different analogues were added in a
dose-dependent fashion for 12-48 hr. Cells were tryp-
sinized and then washed with cold PBS. After discard-
ing the supernatant, a 100 pL solution containing 1X
annexin-binding buffer, 5 uL of Alexa Fluor 488 An-
nexin V and 1 ug/mg of Pl solution was added to each
sample. The cells were incubated at room tempera-
ture for 15 min. After this incubation period, an addi-
tional 400 uL of 1X annexin-binding buffer was added.
Cells were analyzed using band pass filters with wave-
lengths of 525/40 nm and 620/30 nm with a Beckman
Coulter XL flow cytometer.

Cell Cycle Analyses. Cells were plated at a density
of 200,000/mL. The compounds were then added in a
dose-dependent manner for time periods varying
from 1 to 3 days. Cells were treated with 0.25% trypsin
and harvested by centrifugation. The supernatant was
removed and then washed with PBS. After aspiration
of PBS, 500 pL of 70% ethanol was added and cells
were incubated on ice for 15 minutes followed by cen-
trifugation and the removal of ethanol. One mg of PI
staining solution [(10 mg of 0.1 Triton X-100/PBS, 0.4
mg of 500 pug/mL of Pl, and 2 mg/mg of DNase-free
RNase)] was added to the cell suspension, placed on
ice for 30 minutes, and then analyzed using a Beck-
man Coulter XL flow cytometer with a red filter. Anal-
ysis was performed by ModFit software.

Assessment of the Mitochondrial Membrane Po-
tential. Cells were cultured on 12 well plate at a cell
density optimal for apoptosis induction and minimiz-
ing any cell sloughing. After incubation of 24-48 hours
with different concentrations of compound 8, around
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1-2 million of suspension cells were centrifuged and
washed with PBS. For adherent cell lines cells are
plated at density of 2000/mL in a 12 well plate. After
48 hours of drug treatment, the supernatant was re-
moved. The cells are then suspended with 0.5 mL1X
MitoPT JC-1 solution (MitoPT™-JC1 Assay Kit, Im-
muno Chemistry Technologies, LLC). The cells were in-
cubated for 20 minutes at 37 °C. Control cells were
likewise incubated with JC1 dye. The suspension cells
were centrifuged and washed several times with the
assay buffer. A monolayer of cells was formed and cov-
ered with a sterile cover slip. In case of adherent cells
the monolayer was washed with 1-2 mL of assay
buffer and one drop of assay buffer was placed and
covered with a sterile cover slip. The integrity of cells
was assessed by an optical microscope.

Thioredoxin Reductase Inhibition. Commercially
available rat liver TrxR (Sigma) was used to determine
the inhibitory effect of the gold drugs towards TrxR.
The assay was performed following the manufac-
turer’s instructions (Sigma product information sheet
T 9698). Before each experiment 10 pL of supplied rat
liver TrxR was diluted to give 100 pL TrxR solution in
potassium phosphate buffer. 10 pL of this aliquot
(containing approximately 0.06 unit of TrxR) was
placed in a 0.5 mL cuvette along with 10 pL of the re-
quired gold drug with increasing concentration, 80 uL
distilled water and 500 pL reaction mixture (10 mg of
reaction mixture consisted of 1.0 mg of 1.0 M potas-
sium phosphate buffer, pH 7.0, 0.20 mg of 500 mM
EDTA solution pH 7.5, 0.80 mg of 63 mM DTNB in eth-
anol, 0.10 mg of 20 mg/mL bovine serum albumin,
0.05 mg of 48 mM NADPH and 7.85 mg of water). Af-
ter mixing properly the formation of 5-thionitrobenzol
was monitored by measuring the absorbance at 412
nm using BioRad SmartSpec™ 3000 spectrophotome-
ter over 3 min in 10 s intervals. The increase in 5-thio-
nitrobenzol over time followed a linear trend (r? >
0.99), and the enzymatic activities were calculated as
the slopes (increase in absorbance per second)
thereof.
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Notes

Crystallographic data for 8b were deposited with the
Cambridge Crystallographic Data Centre, deposition
number CCDC 1015466. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_re-
quest/cif, by e-mailing data_request@ccdc.cam.ac.uk
or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
+44(0)1223-336033.
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