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ABSTRACT: This report describes the design and application
of several distinct gold-containing indoles as anticancer agents.
When used individually, all gold-bearing compounds display
cytostatic effects against leukemia and adherent cancer cell
lines. However, two gold-bearing indoles show unique
behavior by increasing the cytotoxic effects of clinically
relevant levels of ionizing radiation. Quantifying the amount
of DNA damage demonstrates that each gold−indole enhances
apoptosis by inhibiting DNA repair. Both Au(I)−indoles were
tested for inhibitory effects against various cellular targets
including thioredoxin reductase, a known target of several gold
compounds, and various ATP-dependent kinases. While
neither compound significantly inhibits the activity of
thioreoxin reductase, both showed inhibitory effects against several kinases associated with cancer initiation and progression.
The inhibition of these kinases provides a possible mechanism for the ability of these Au(I)−indoles to potentiate the cytotoxic
effects of ionizing radiation. Clinical applications of combining Au(I)−indoles with ionizing radiation are discussed as a new
strategy to achieve chemosensitization of cancer cells.

■ INTRODUCTION
Metals such as magnesium, iron, and cobalt play essential
cellular roles in biological systems by performing catalytic roles
in biochemical reactions.1−3 However, other metals including
copper, gold, and platinum possess properties such as redox
reactivity, Lewis acidity, variable coordination modes, and
reactivity toward biological macromolecules that can unleash
lethal effects on cells.4−6 The toxicity of these metals can, under
certain conditions, be controlled and subsequently used to
efficiently kill cells that are associated with pathogenic
conditions such as cancer. One important example is the
widespread use of platinum-containing compounds such as
cisplatin which damage DNA and induce apoptosis in various
cancer cell lines.7,8 Indeed, the efficacy of cisplatin, carboplatin,
and oxaliplatin against testicular and ovarian cancer has sparked
significant interest in developing other metal-containing
complexes as potential therapeutic agents.9,10

Gold(I) complexes (hereafter referred to as Au(I) com-
plexes) are gaining attention for their favorable toxicity toward
malignant cells. Over the past five years, there have been several
reports of active gold complexes and organometallic derivatives
that show cytostatic and/or cytotoxic effects against various
cancer cell lines.11−16 Unfortunately, many of these compounds
are nonselective due to the ability of Au(I), a soft Lewis acid, to
bind cysteine, selenocysteine, and (less so) histidine residues
found in biological systems. One relevant example is auranofin,
a glucopyranose containing a triethylphosphine complex of

Au(I).17−22 Auranofin is used as a treatment against
rheutamoid arthritis and also produces cytostatic and cytotoxic
effects against various cancer cells in vitro.23−25 Despite these
therapeutic uses, however, auranofin causes immunosuppres-
sion by inhibiting T-cell proliferation.22 The mechanism
accounting for auranofin’s cytotoxicity appears to differ from
that of cisplatin as the gold(I) compound does not directly
damage DNA.23−25 Instead, Rigobello et al. demonstrated that
auranofin and related Au(I) compounds induce cell death
through effects on mitochondrial integrity such as swelling and
decreases in mitochondrial membrane potential.25 These effects
are attributed to the inhibition of mitochondrial thioredoxin
reductase (TrxR) caused by the binding of Au(I) to the active
site selenocysteinate.
One goal of this work was to optimize the therapeutic

potential of Au(I)-bearing compounds by encapsulating Au(I)
in sterically hindered phosphine ligands to reduce metal ion
loss to thiols or selenols in proteins. To this end, we
synthesized several indoles substituted with (phosphine)gold-
(I) fragments at C-5, and we have surveyed their activity as
potential anticancer agents. We chose to attach gold covalently
to various indolyl-scaffolds because indole is an important
bioorganic molecule that serves as a mimic for purines
associated with ribose- and deoxyribose nucleos(t)ides.26 As
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such, indole is often used as a key component of various
pharmacological agents including staurosporine and indole-3-
carbinol.26−28 Upon the basis of these precedents, we
hypothesize that gold-bearing indoles would form ideal
candidates to deactivate adenine-binding proteins such as
kinases that are often deregulated in cancer.29 In this respect,
tethering Au(I) to indole was predicted to create a surrogate for
adenine that would allow delivery of the metal to adenine-
binding proteins. The inclusion of a biocompatible gold
fragment could expand the chemical space of the simple indole
scaffold and produce important pharmacological effects such as
increased potency and/or selectivity for a particular target.
Alternatively, the inclusion of gold could produce other
biological effects through reactions with active site amino
acids. Indeed, numerous chemical and biochemical studies
indicate that many Au(I) compounds function as prodrugs that
undergo specific chemical transformations to generate a
pharmacologically active species.30 These chemical trans-
formations usually consist of fast ligand substitution reactions
with rapid aquation in which the resulting cationic species has a
strong reactivity with biomolecules. This report demonstrates
that (phosphine)Au(I)−indole derivatives act as therapeutic
anticancer agents by inhibiting kinases associated with cancer
progression rather than inhibiting typical targets such as
TrxR.15,16 In addition, two Au(I) compounds show unique
behavior by increasing the cytotoxic effects of ionizing
radiation. One compound prevents the cellular detection of
double strand DNA breaks (DSBs) by inhibiting the formation
of phosphorylated histone H2A (γH2AX) foci after exposure to
ionizing radiation. The other (phosphine)Au(I)−indole
appears to block steps associated with DSB repair. In either
case, the functional outcome is identical, as inhibiting DNA
repair leads to an increase in apoptotic cell death. Collectively,
the results from these studies provide a novel therapeutic
strategy to use Au(I) compounds as radiosensitizing agents
against cancer.

■ RESULTS
Design and Synthesis of Gold(I)−Indoles. The design of

(phosphine)Au(I)−indoles unites two themes in medicinal
chemistry. The first is the use of indole as a pharmacological
scaffold to target specific proteins involved in cancer.26 The
second is the use of gold as a relatively benign metal that can be
activated to react with biomolecules, particularly “soft” ligands
such as sulfur, selenium, and nitrogen groups present on amino
acids such as cysteine, selenocysteine, and histidine. Because
several important cellular targets bind indole derivatives, we
envision that binding of the Au(I) compound could allow
covalent attachment of gold to any of these amino acids that are
near the binding site. This reaction could cause irreversible
inhibition of important cellular proteins and initiate a biological
cascade that leads to eventual cell death by apoptosis (Figure
1A). Indeed, it has been demonstrated that Au(I)-containing
compounds can react with enzymes such as TrxR, and that the
subsequent inhibitory effects can cause apoptotic effects against
various cancer cell lines.15,16

Figure 1B summarizes the syntheses of the Au(I)-conjugated
indole analogues used in this study. Gold is hardwired to
indoles by direct C−Au σ-bonds. Au(I) complexes are
predominantly two-coordinate and linear. In the analogues
described here, one ligand is an indole (bound through
carbon); the other is a capping phosphine. The steric bulk of
phosphine ligands can be readily altered. The phosphorus

ligands herein are triphenylphospine, tricyclohexylphosphine,
and a dicyclohexylbiphenylphosphine. Phosphine−gold(I)
organometallics were prepared in transmetalation reactions
developed by Gray and co-workers.31−33 Protecting groups

Figure 1. (A) Model describing the potential anticancer effects of
(phosphine)gold(I)−indoles. The indole scaffold is a mimic of purine
that can interact weakly with ATP-binding proteins, most notably
kinases. The inclusion of the phosphine gold(I) ligand can influence
the chemical space of this minimal scaffold to increase potency and/or
generate selectivity for various targets (i). In addition, the gold
molecule can irreversibly react with selected amino acids (cysteine,
selenocysteine, and/or histidine) to inactivate potential therapeutic
targets (ii and/or iii). In all cases, inhibition of these potential targets
can create a variety of downstream effects leading to beneficial
cytostatic and/or cytotoxic effects. (B) Synthesis of (phosphine)gold-
(I)−indoles. See text for complete details.
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were added to N1 of indole to prevent coordination at
nitrogen. The starting reagent is an indoleboronic acid or
pinacol boronate ester. (Phosphine)Au(I) fragments substitute
specifically at the boron-bonded carbon; the boron moiety is
displaced. Transmetalation proceeds even with bulky phospho-
rus ligands, such as dicyclohexylbiaryl phosphines.33 Purity was
>95% as judged by high-performance liquid chromatography.
In addition, purity of all biologically active compounds was
>95% as judged by microcombustion analyses (C, H, N, P, and
Au). Details regarding the characterization of each compound
using 1H NMR, 13C NMR, 31P NMR, and mass spectroscopy
are provided as Supporting Information, as is the crystal
structure of compound 3.
Anticancer Effects of (Phosphine)Au(I)−Indoles. The

cellular effects of these (phosphine)Au(I)−indoles were tested

against several cancer cell lines including HeLa (cervical
cancer), MCF-7 (breast cancer), HCT-116 (colon cancer),
and CEM-C7 (leukemia). The dose-dependency of each
modified indole on cell viability was assessed using a cell-titer
blue assay as previously described.34 In these experiments, cells
were exposed to variable concentrations (0.01−100 μM) of
each (phosphine)gold(I)−indole for up to 48 h and then
assessed for viability. Representative data provided in Figure 2A
shows the dose-dependency of 5-(triphenylphosphine gold-
(I))−tert-butyl 1H-indole-1-carboxylate (compound 3) on
HeLa cell viability. These data, representing an average of at
least three independent determinations, show that cell viability
decreases as the concentration of compound 3 is increased. A
fit of the data to eq 1 provides an IC50 of 2.5 ± 0.1 μM. This
anticancer effect depends upon the presence of the

Figure 2. (A) Dose-dependent effects of compound 3 against the adherent cancer cell line, HeLa, demonstrate its anticancer activity. Data were fit to
the equation: y = 100%/[1 + (IC50/[3]) to yield an IC50 of 2.5 ± 0.1 μM. (B) Microscopy images using propidium iodide (PI) uptake and annexin V
staining in HeLa cells treated with DMSO, 50 μM compound 3, and 50 μM compound 4 for 12 and 24 h, respectively. (C) Quantitative flow
cytometry analyses using propidium iodide (PI) uptake and annexin V staining in HeLa cells treated with DMSO, 50 μM compound 3, and 50 μM
compound 4 after 24 h. (D) Cell cycle analyses of HeLa cells treated with DMSO, 50 μM compound 3, and 50 μM compound 4 after 24 h.
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(phosphine)gold(I) ligand, as the nonmetalated indole
derivatives do not produce significant anticancer effects even
at the highest concentration (100 μM) used.
Identical analyses were performed to measure IC50 values for

the other (phosphine)Au(I)−indoles, and their values are
summarized in Table 1. These data indicate that each
compound functions as an independent anticancer agent,
displaying potencies ranging from high nanomolar to low
micromolar. Despite the presence of a common indole scaffold,
however, the potency of each compound is influenced by the
nature of the substituent group present at both N1 and C5 of
indole. For example, indoles containing electron-donating
groups at the N1 position such as compounds 6 and 7 are
more potent than compound 5, which contains an electron-
withdrawing group. Likewise, differences in the potencies of
structurally similar compounds such as 3 and 4 highlight the
pharmacological importance of the phosphine ligand. In
particular, the π-electron system within the gold phosphine
ligand appears to be important, as the IC50 value for compound
3 against adherent cancer cells are at least 2-fold lower than
those measured with compound 4 (Table 1).
Another important feature is the unique pharmacological

properties of compounds 3 and 4 compared to the other
(phosphine)Au(I)−indoles. Specifically, compounds 5, 6, and 7
display IC50 values that are essentially invariant across the four
cancer cell lines tested here. The identity in IC50 values suggests
that 5−7 cause cell death by a nonspecific mechanism, i.e.,
reacting with one or more macromolecules common to all cell
types and that are essential for cellular proliferation or survival.
In contrast, the potencies for compounds 3 and 4 vary more
significantly across these cell lines. This result suggests that
these compounds differentially influence various biological
targets present in these diverse types of cancer. In this respect,
compound 3 is unique, as it is categorically more potent against
all adherent cell lines compared to the leukemia cell line, CEM-
C7. The selectivity for compound 3 contrasts that of the
structurally related compound 4 which is more efficacious
against CEM-C7 cells compared to any of three adherent cell
lines tested. (Selectivity is used to describe the observation that
compound 3 shows higher potency against adherent cancer
cells compared to the leukemia cell line, CEM-C7. This
difference argues that this Au(I)−indole could avoid potential
side effects such as thrombocytopenia and leukopenia that are
caused by inadvertently killing thrombocytes and leukocytes,
respectively.) The differences in potency and selectivity for
compounds 3 and 4 were deciding factors in further
characterizing their anticancer effects alone and in combination
with other therapeutic modalities such as ionizing radiation
(vide infra).

Cell Death Occurs via Distinct Mechanisms. To further
investigate the underlying mechanisms for the effects of
compounds 3 and 4, fluorescence microscopy was used,
employing propidium iodide (PI) uptake and annexin V
staining as two well established biomarkers of cell death.35

Figure 2B provides representative microscopy images of HeLa
cells treated with DMSO (vehicle) or equimolar concentrations
of compound 3 or compound 4 (50 μM). After 12 h, cells
treated with either (phosphine)Au(I)−indole show significantly
higher levels of annexin V staining compared to cells treated
with DMSO and indicates that both Au(I)−indole compounds
cause early-stage apoptosis. Furthermore, the lack of significant
propidium iodide uptake after 12 h indicates that neither
compound induces necrotic cell death at this early time point.
However, treatment with compound 4 for 24 h leads to more
intense PI staining with a concomitant decrease in annexin V
staining. These results suggest that cells transit from early- to
late-stage apoptosis within 12 h. In contrast, significant PI
uptake is not observed in cells treated with compound 3, even
after 24 h. Instead, a steady increase in the amount of annexin V
staining is observed over the 24 h time period.
Dual parameter FACS analyses with PI and annexin V

staining was next performed to quantify these differences and
shed more insight into the mechanism of cell death.
Representative data averaged over three independent determi-
nations are provided in Figure 2C. These data show that
treatment with compound 3 for 24 h produces significantly
higher amounts of early- and late-stage apoptosis compared to
cells treated with DMSO. As summarized in Table 2,

compound 3 causes a 6-fold increase in early-stage apoptosis
and a ∼10-fold increase in late-stage apoptosis compared to
treatment with DMSO. In addition, the lack of PI uptake again
supports the conclusion that compound 3 does not cause
necrosis.

Table 1. Summary of IC50 Values for (Phosphine)gold(I) Indoles against Adherent and Systemic Cancer Cell Linesa

compound HeLa (μM) MCF-7 (μM) HCT116 (μM) CEM (μM) selectivity factorb

3 2.5 ± 0.1 16.2 ± 0.1 11.5 ± 0.1 19.9 ± 0.1 1.2−8.0
4 16.2 ± 0.1 36.4 ± 0.1 22.8 ± 0.1 9.7 ± 0.1 0.3−0.6
5 2.4 ± 0.1 2.3 ± 0.1 3.4 ± 0.1 2.1 ± 0.1 0.6−0.9
6 0.66 ± 0.05 0.96 ± 0.02 1.8 ± 0.1 0.42 ± 0.10 0.2−0.6
7 0.46 ± 0.01 3.25 ± 0.05 0.38 ± 0.03 1.43 ± 0.05 0.4−3.8

aAssay were performed as described in Materials and Methods. IC50 values were obtained using a nonlinear regression curve fit of the data to y =
100%/[1 + (IC50/inhibitor)] where y is the fraction of viable cells, IC50 is the concentration of inhibitor that inhibits 50% cell growth, and inhibitor is
the concentration of compound tested. All values represent an average of at least three independent determinations performed on different days.
bSelectivity factor is defined as the ratio of IC50 values measured against leukemia cells (CEM-C7) versus adherent cells (SF = IC50 leukemia/
IC50 adherent cells). Values greater than 1 indicate that the anticancer effects are more selective for adherent cells compared to the leukemia cell line.

Table 2. Summary of the Effects of Treating HeLa Cells with
(Phosphine)gold(I)−Indoles

compound live (%)
early apoptotic

(%)
late apoptotic

(%) necrotic (%)

DMSO 94.8 ± 0.6 1.5 ± 0.1 0.10 ± 0.02 3.6 ± 0.4
3a 84.4 ± 3.0 8.8 ± 0.7 4.3 ± 1.8 2.4 ± 0.8
4b 68.4 ± 0.8 5.3 ± 1.1 8.1 ± 1.8 18.8 ± 2.5

aA concentration of 50 μM was used which is 20-fold higher than the
IC50 value reported in Table 1. All values represent an average of at
least three independent determinations performed on different days.
bA concentration of 50 μM was used which is 3-fold higher that the
IC50 value reported in Table 1. All values represent an average of at
least three independent determinations performed on different days.
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Several important differences are noted in HeLa cells treated
with compound 4. One distinction is that lower amounts of
early-stage apoptosis are detected with compound 4 compared
to compound 3 (5.3% versus 8.8%, respectively). In addition,
compound 4 generates a 2-fold higher amount of late-stage
apoptotic cells compared to compound 3 (8.1% versus 4.3%,
respectively). However, the most striking difference is that
compound 4 causes necrotic cell death as evidenced by
extensive PI uptake in the absence of appreciable annexin V
staining. Quantitative analysis reveals that treatment with
compound 4 causes a ∼9-fold higher amount of necrosis
compared to treatment compound 3. Collectively, the differ-
ences in the mechanism and timing of cell death upon
treatment with compounds 3 versus 4 highlight how subtle
differences in the structure of the Au(I)−ligand can produce
significant pharmacological effects.
We next analyzed the effects of compounds 3 and 4 on cell-

cycle progression after 24 h post-treatment using PI staining to
measure cellular DNA content. Figure 2D provides a histogram
of HeLa cells treated with DMSO. This represents a standard
cell-cycle distribution for asynchronous cells, as the vast
majority of cells exist at G1 (45.6 ± 0.1%) and S-phase (43.6
±0.1%) while a significantly smaller population exists at G2/M
(10.8 ± 0.1%). Treatment with compound 3 does not cause
any significant alterations in cell-cycle progression over a 24 h
period (Table 3). Thus, compound 3 induces apoptosis without

overtly perturbing cell-cycle progression. A different phenom-
enon is observed after treating the cells with compound 4 due
to the significant accumulation at G1 (60.3 ± 3.2%) with a
concomitant decrease at S-phase (28.3 ± 1.3%) (Table 3).
These combined effects indicate that compound 4 blocks
cellular entry into S-phase. However, this blockade evokes more
of a necrotic form of cell death as opposed to a classic apoptotic
response. Regardless, these data again highlight the ability of
structurally related Au(I) compounds to produce different
effects on cell-cycle progression.
These effects prompted us to evaluate the cytotoxicity of the

unprotected gold(I) complex, BrAuPPh3. When tested against
the leukemia cell line, CEM-C7, this unprotected Au(I)
complex displayed potent cytostatic and cytotoxic effects
(Supporting Information, Figure S26). The dose-dependency
of BrAuPPh3 in generating a cytotoxic effect yielded an LD50 of
0.22 ± 0.05 μM, a value which is ∼40−80-fold lower than that
measured for compound 3 or 4. Despite this higher potency,
treatment of CEM-C7 cells with BrAuPPh3 causes necrosis as
evidenced by significant uptake in propidium iodide (A. Berdis,
unpublished results). This distinction is important, as it
indicates that encapsulating Au(I) with sterically hindered

phosphine ligands reduces its ability to nonselectively react with
biological targets to cause necrosis. Defining this mechanism of
cell death is important, as necrosis can cause various side-effects
including septic shock and kidney failure that can obviously
compromise patient health. Surprisingly, the unprotected
Au(I)−phosphine ligand, BrAuPPh3, does not produce
significant cytostatic or cytotoxic effects against the adherent
cell line, HeLa, up to a concentration of 100 μM (Supporting
Information, Figure S27). As such, the protected Au(I)−
indoles have significantly higher potencies against adherent
cells. The dichotomy in the potency of BrAuPPh3 against the
leukemia cell line versus adherent cells is not clear at this time.
However, likely possibilities include nonselective reactions
between cellular proteins and the unprotected BrAuPPh3 and/
or inhibition of thiol-and selenocysteine-containing enzymes
such as TrxR that is involved in maintaining nucleoside
homeostasis (vide infra).

Reactivity of Au(I) Compounds toward Biological
Thiols. The most abundant plasma protein and principal
extracellular source of sulfhydryl groups is serum albumin. This
protein plays important roles by transporting numerous
compounds including metals, amino acids, hormones, fatty
acids, and medicinal drugs. Although serum albumin contains
35 cysteines, all but one exist as disulfide bonds. Cys34 is the
only residue in serum albumin that can exist as a reduced thiol
or as a mixed disulfide of cysteine or glutathione. The pKa of
Cys34 is approximately 5.0 and thus more acidic than cysteine
or glutathione, which have pKas of 8.5 and 8.9, respectively.
Collectively, the biological abundance and lower pKa value of
Cys34 predicts that it is highly reactive toward Au(I) and would
favor exchange reactions with Au(I)-containing complexes.36

We tested the ability of various Au(I) complexes to
nonselectively react with BSA using modifications to protocols
established by Shaw et al.37 and Roberts et al.38 In a typical
experiment, variable concentrations of BSA (0−120 μM) were
treated with a fixed concentration of compound 3 (120 μM) or
compound 4 (120 μM), yielding Au(I)/BSA ratios of 4:1, 2:1,
1:1, and 0:1. After an incubation for 1 h, the reaction mixtures
were applied to Penefsky spun columns using P2 gel filtration
resin and centrifugal force to rapidly and efficiently separate
unreacted Au(I)-containing complexes from BSA. P2 resin was
effective in retaining Au(I)-containing compounds including
compound 3 and compound 4. However, BSA was not retained
in the resin as >95% of the BSA loaded into the Penefsky
column is recovered in the eluant. After recovery from the
column, the SH titer of BSA was determined using DTNB as
previously described for reactions performed at varying
concentrations of Au(I)−indole. Values obtained from
reactions containing BSA incubated with the various Au(I)
complexes were compared to identical reactions containing
BSA alone and eluted through Penefsky columns. Data
provided as Supporting Information (Figure S28) show that
the relative thiol content of BSA remains unchanged in the
presence of compound 3, even at the highest Au(I)/BSA ratio
of 4:1. Identical experiments performed with compound 4 yield
similar results (Supporting Information, Figure S29). Positive
control experiments measured the reactivity of BrAuPPh3 with
BSA and demonstrated facile interactions of the unprotected
Au(I)−ligand with the reactive cysteine residue present on BSA
(Supporting Information, Figure S30).
To further interrogate the stability of these Au(I) complexes,

we next measured the reactivity of compounds 3 and 4 toward
L-cysteine. In this case, the SH content of variable

Table 3. Summary of the Effects on Cell-Cycle Progression
by (Phosphine)gold(I)−Indolesa

compound G1 (%) S-phase (%) G2/M (%)

DMSO 45.6 ± 0.1 43.6 ± 0.1 10.8 ± 0.1
3b 45.4 ± 2.1 41.6 ± 0.1 13.0 ± 2.1
4c 60.3 ± 0.8 28.3 ± 1.3 11.4 ± 4.9

aHeLa cells were used in these experiments. Cells were analyzed 24 h
post-treatment. All values represent an average of at least three
independent determinations performed on different days. bThe
concentration of 50 μM used in this experiment is 20-fold higher
than its IC50 value.

cThe concentration of 50 μM is 3-fold higher than
its IC50 value
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concentrations of cysteine was determined using DTNB as
described above. Varying the concentration of L-cysteine
generates a linear standard curve (Supporting Information,
Figure S31). Compound 3 alone gives an absorbance reading
equivalent to background, indicating that the Au(I)−indole
does not react with DTNB. Incubation of 400 μM L-cysteine
with an equivalent concentration of compound 3 does not
cause a change in the amount of free SH present on L-cysteine.
If L-cysteine had reacted with Au(I) present on compound 3,
then a decrease in the amount of free or unligated SH on L-
cysteine would have been observed. The identity in A412 for L-
cysteine in the absence and presence of compound 3 provides
additional evidence for the lack of a displacement reaction by
biological thiol groups.
Inhibitory Effects against Thioredoxin Reductase. The

inhibitory effects of compound 3, compound 4, and the
unprotected Au(I)−phosphine ligands (BrAuPPh3 and
BrAuPCy3) were measured against rat liver TrxR. The activity
of TrxR was measured using a standard DTNB assay as
previously described.39 In this assay, TrxR uses DTNB as a
substrate to generate two molecules of 5′-thionitrobenzoic acid
(TNB) with the concomitant generation of NADP+ from
NADPH and H+. Time courses in product formation are
generated as increases in the absorbance at 412 nm due to the
generation of 2 equiv of TNB from the reduction of DTNB.
Figure 3 provides representative time courses in TrxR activity

in the absence and presence of compound 3, compound 4, and
the unprotected Au(I)−phosphine complex, BrAuPPh3. Each
time course represents an average of three independent
determinations. The unprotected Au(I)−phosphine complex,
BrAuPPh3, inhibits 85% of TrxR activity at a low concentration
of 1 μM. This result indicates that BrAuPPh3 causes nearly
100% inhibition at stoichiometric levels of TrxR. The ability of
BrAuPPh3 to inhibit TrxR activity highlights the ability of
unprotected gold compounds to undergo facile reaction with
selenoenzymes. In contrast, both compounds 3 and 4 are poor
inhibitors of TrxR activity. Specifically, compound 3 inhibits
17% TrxR activity at a fixed concentration of 40 μM while
compound 4 inhibits 39% of TrxR activity at an equivalent
concentration. Although the Au(I)−indoles can affect TrxR
activity, it should be noted that this low level of inhibition
occurs at a concentration of 40 μM which is significantly higher

than the IC50 values for either compound measured using the
viability assay (vide supra). These results, coupled with the
results of experiments validating the stability of both
compounds 3 and 4, collectively indicate that these gold-
containing indoles do not cause cellular effects by reacting with
thiol- or selenol-containing proteins like TrxR.

Screening for Kinase Inhibition. Since neither compound
3 or 4 displays appreciable inhibitory effects against known
cellular targets of gold such as TrxR, we next tested for
inhibitor effects against adenine-binding proteins including
kinases. It is well established that dysfunctional and unregulated
kinase activity plays significant roles in cancer initiation and
progression.29 Both compounds 3 and 4 were profiled against a
panel of 64 kinases using a commercially available screening
assay to evaluate if the measurable differences in cell-cycle
progression and cell death arise from inhibitory effects on any
of these cellular targets.40 Experiments were performed using
protocols described by Luceome Biotechnologies (Tucson,
AZ), maintaining the concentration of compounds 3 and 4
fixed at 10 μM. Table 4 provides a report of the percentage
inhibition exhibited by compound 3 and 4 as a function of
these representative human kinases. Inspection of the data
provides several interesting observations. First, it is clear that
neither compound 3 or 4 exhibits high potency toward any of
the kinases present in this library. Despite the low potencies,
however, a small number of kinases are inhibited by ∼40%
when the concentration of either compound 3 or 4 are
maintained at 10 μM. These inhibitory effects at this
concentration are consistent with their measured IC50 values
that are also in the micromolar range (Table 1). In addition,
several kinases display overlapping inhibitory responses to both
Au(I) compounds. Many of these are of particular interest due
to their involvement in cancer initiation and/or progression.
For example, the Aurora kinase family members, Aurora A and
Aurora B, as well as the MARK2 and MARK3 kinases, function
during mitosis to regulate cell division.41,42 These kinases are
important therapeutic targets, as their activities are often
deregulated in many types of cancers.43 Other kinases such as
RPS6KA3 and MLK3 are involved in the MAP kinase and JNK
pathways which are also important in cancer progression.44−46

Thus, despite the low potency of Au(I) compounds, the ability
to weakly inhibit multiple therapeutic targets provides a
plausible mechanism to explain their anticancer effects. Indeed,
several recent reports have established a new treatment
paradigm for using compounds that display low potencies
toward inhibiting multiple targets associated with a cancer
phenotype.47−49 It is argued that using a single, less-specific
drug to inhibit various cellular targets may have therapeutic
benefits compared to multidrug regimens that produce similar
outcomes.
While compounds 3 and 4 display some overlap in inhibitory

effects, compound 4 is a more promiscuous kinase inhibitor
compared to compound 3. In this respect, only six kinases show
greater than 20% inhibition with 10 μM of compound 3 while
an equivalent concentration of compound 4 inhibits 18 kinases
to the same extent. The ability of compound 4 to inhibit certain
kinases such as SNF1LK, YES1, and SNARK is noteworthy, as
they are involved in various pathological conditions. For
example, YES1 is proto-oncogene that plays a role in cancer
metastasis by functioning as a tyrosine protein kinase.50

SNARK is another potential anticancer target, as this kinase,
normally involved in regulating glucose metabolism, may fuel
carcinogenesis.51 In general, the ability of compound 4 to

Figure 3. Inhibition of thioredoxin reductase activity by Au(I)−
indoles. Experiments were performed by adding 600 nM TrxR to a
preincubated solution containing 100 mM potassium phosphate, pH
7.0, 10 mM EDTA, 5 mM DTNB, 0.2 mg/mL BSA, 240 μM NADPH
in the absence (●) or presence of 40 μM compound 3 (◇), 40 μM
compound 4 (◆), or 1 μM BrAuPPh3 (□). The background rate in
DTNB reduction (○) was determined by performing identical
reactions in the absence of TrxR and Au(I)-containing compound.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm2005942 | J. Med. Chem. 2012, 55, 2437−24512442



inhibit these kinases provides a new strategy to generate
selective modulators of these therapeutic targets.
Enhancing the Cytotoxicity of Ionizing Radiation via

(Phosphine)gold(I)−Indoles. Because compounds 3 and 4
inhibit kinases associated with cancer progression, we next
tested their ability to enhance the anticancer effects of existing
therapeutic modalities. In this case, we measured the effects of
combining these (phosphine)Au(I)−indoles with ionizing
radiation (IR), a widely used therapy used to treat solid
tumors. Experiments were performed by pretreating HeLa cells
with compounds 3 or 4, using sublethal concentrations, i.e.,
concentrations that produce <10% cell death over a 24 h
period. After this time frame, medium containing the
(phosphine)Au(I)−indole was removed and replaced with
fresh medium. The cells were then irradiated in a dose-
dependent fashion from 0 to 6 Gy. Cell viability was assessed
using a clonogenic assay that measures colony formation and
thus accurately defines the cytotoxic effects of IR exposure.52

Figure 4A shows the relationship between radiation dose with
the fraction of cells that survive exposure to these doses of IR.
HeLa cells treated with IR alone show a typical linear-quadratic
survival curve characterized by an initial linear cell killing phase
that is proportional to the dose of radiation followed by a
second cell killing phase that is proportional to the square of
the dose. The initial linear phase is particularly important, as
this reflects the ability of the cell to repair damaged DNA
inflicted by clinically relevant doses of IR (∼2 Gy). This initial

phase is eliminated when cells are pretreated with compound 3
(4 μM) or compound 4 (7 μM) (Figure 4A). The ability of
either compound 3 or 4 to increase the slope of this initial
phase provides clear evidence that both Au(I)-containing
compounds enhance the cell killing activity of IR. In fact, the
radiosensitizating effect exhibited by these compounds is
reminscent of survival curves generated in cells defective in
kinases involved in repairing DNA damage such as ataxia
telangiectasia mutated (ATM) and ataxia telangiectasia and
Rad-3 related (ATR).53,54 Quantitative analyses reveal that cells
treated with either compound 3 or 4 are ∼4-fold more sensitive
to the effects of IR exposure than cells treated with IR alone.
Compounds 6 and 7 do not enhance the cell killing effects of
IR. This dichotomy implies that compounds 3 and 4 exert their
effect by binding selective cellular proteins including kinases
while the nonspecific analogues 6 and 7 do not.
The underlying mechanism for these radiosensitizing effects

was further interrogated by quantifying the number of DSBs
formed after IR exposure in the absence and presence of
compounds 3 and 4 using γH2AX as a biochemical marker
(Figure 4B).55 Histograms provided in Figure 3C−H show
plots of the percentage of cells containing γH2AX foci after
exposure to 2 Gy IR after 30 min or 4 h, respectively. Cells
treated with DMSO show an increased number of γH2AX foci
30 min post-IR exposure (Figure 4C). This rapid response is
indicative of DSB formation via radical damage.56 The vast
majority of these DSBs are repaired within 4 h as judged by

Table 4. Summary of the Inhibitory Effects of (Phosphine)gold(I)−Indoles on a Panel of Various Human Kinasesa

kinase compound 3 (% inhibition) compound 4 (% inhibition) kinase compound 3 (% inhibition) compound 4 (% inhibition)

AKT1 0 0 MARK3 6.5 34
AKT2 25.8 33.6 MET 15.1 23.3
AKT3 0 0 MLK1 32.5 42.2
AMPK-α1 0 0 MLK3 31.2 43
AMPK-α2 0 0 MST2 0 0
AURKA 26.7 41.7 P38-γ 0 0
AURKB 11.1 24.5 PAK1 0 0
AURKC 23.9 35.0 PDGFRB 8.1 15.2
BLK 0 0 PDK1 17.4 24.3
CAMK1 0 0 PIM1 0 10.6
CAMK1D 0 0 PIM2 0 8.7
CAMK1G 0 0 PKAC-α 0 12.4
CAMK2B 0 0 PKC-ε 0 5.9
CAMK2D 0 0 PKC-δ 0 3.8
CAMKK1 0 0 PKC-η 3.2 0
CAMKK2 0 7.9 PRKD2 0 3.8
CHEK1 0 0 PKG1 5.4 3.2
CLK1 0 0 RPS6KA1 0 0
CLK2 0 0 RPS6KA3 16.7 34.9
DDR2 0 0 RPS6KA4 1.0 21.8
FGFR2 0 0 RPS6KA5 0 5.0
FLT1 0 9.4 SNF1LK 0 40.6
FLT2 0 0 SNF1LK2 0 32.9
FLT3 0 0 SLK 0 19.6
FYN 0 1.2 SNARK 0 39.5
GSK3α 0 5.8 SRC 14.3 5.2
IGF1R 0 4.7 SYK 21.6 40.7
ITK 0 3.1 TNK2 0 2.2
LYN 0 0 VEGFR2 0 5.8
MARK1 5.1 11.9 YES1 0 31.7
MARK2 18.9 26.2 YSK1 0 20.9

aThe concentration of compounds 3 and 4 were maintained fixed at 10 μM. Assays were performed as described.40
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fewer γH2AX foci (Figure 4D). HeLa cells treated with
compound 4 also show an increase in the number of γH2AX
foci 30 min post IR exposure (Figure 4E). However, a
significant number of γH2AX foci persist 4 h after IR exposure
in cells pretreated with compound 4 (Figure 4F). The

attenuation in γH2AX foci disappearance indicates that

compound 4 inhibits DSB repair, and this inhibition likely

accounts for the enhancement in IR cytotoxicity caused by this

gold-containing indole.

Figure 4. (A) Plot of the survival fraction versus dose of IR exposure for HeLa cells in the absence (■) or presence of 4 μM compound 3 (●) or 7
μM compound 4 (○). (B) γH2AX foci formation for HeLa cells treated with DMSO and 2 Gy IR after 30 min (left panel) or 4 h (right panel).
Histograms for HeLa cells treated with 2 Gy of IR under the following conditions: (C) DMSO, 30 min post-IR exposure; (D) DMSO, 4 h post-IR
exposure; (E) compound 4 (7 μM), 30 min post-IR exposure; (F) compound 4 (7 μM), 4 h post-IR exposure; (G) compound 3 (4 μM), 30 min
post-IR exposure; (H) compound 3 (4 μM), 4 h post-IR exposure.
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A different effect on γH2AX foci formation is observed
combining compound 3 with 2 Gy of IR. As illustrated in
Figure 4G, cells pretreated with compound 3 have fewer
γH2AX foci 30 min after IR exposure compared to cells treated
with either DMSO or compound 4. This reduction in γH2AX
foci formation suggests that compound 3 inhibits H2AX
phosphorylation without influencing the overall number of
DSBs formed after IR exposure. The ability of compound 3 to
prevent phosphorylation is reasonable, as we have shown that
this Au(I)−indole inhibits the activity of several kinases (Table
4). Indeed, phosphorylation of H2AX is catalyzed by several
PI3K-like kinases including ATM, ATR, and DNA-dependent
protein kinase (DNA-PK).57 After DSB formation, each kinase
is rapidly activated, and their ability to phosphorylate key
proteins such as H2AX is essential for the timely repair of these
lesions.44 While we do not know if any of these specific kinases
are influenced by compound 3, it is tempting to speculate that
they are either directly or indirectly inhibited by this gold
compound. Current efforts are exploring this possibility.
Regardless, the net effect for inhibiting H2AX phosphorylation
is a reduction in DSB repair that causes a concomitant increase
in the cytotoxic effects of IR observed in our clonogenic assays.

■ DISCUSSION
This report describes the development and application of
unique (phosphine)gold(I)−indoles that function as anticancer
agents when used individually and in combination with
therapeutic doses of IR. The anticancer activity of these
compounds is not unprecedented as several Au(I) and Au(III)
complexes have been reported to generate favorable anticancer
effects.11−16,25 One of the most relevant cellular targets for
many gold compounds is TrxR, the only known enzyme that
catalyzes the reduction of thioredoxin.58 Thioredoxin plays
important roles ranging from maintaining nucleotide pools
associated with DNA replication and repair to defending
against oxidative stress directly and indirectly via redox
signaling.58 As such, inhibiting TrxR activity can produce
robust anticancer effects. For example, Rubbiani et al. reported
that Au(I) complexes with benzimidazole-derived N-hetero-
cyclic carbene ligands displayed more potent inhibition against
TrxR compared to the closely related redox enzyme,
glutathione reductase.11 In this case, the selective inhibition
of TrX activity coincided with significant cytostatic effects
against various cancer cell lines. In addition, Yan et al. reported
that Au(I)-containing N,N′-disubstituted cyclic thiourea com-
plexes inhibit TrxR with nanomolar potencies.12 As expected,
several of these compounds also exerted significant cytotoxic
effects against cancer cells presumably as a result of this
inhibition. Another recent example comes from the work of
Vergara et al., demonstrating that Au(I) complexes containing
phosphine ligands such as 1,3,5-triaza-7-phosphaadamantane
and 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1] attached
to thionate ligands show cytostatic effects against cisplatin-
sensitive (A2780S) and -resistant (A2780R) ovarian cancer
cells.13 Similar to results published by Rubbiani et al., these
Au(I)−phosphine complexes inhibited both cytosolic and
mitochondrial TrxRs while being relatively inert against the
related glutathione reductase. Finally, Maiore et al. recently
published on the synthesis and biological characterization of
Au(I) and Au(III) complexes based on the saccharinate
ligand.14 In general, Au(III) complexes displayed moderate
cytotoxicities against the A2780S ovarian cancer cell line while
only modest activities were observed with disaccharinato

gold(I) complexes. The higher reactivity of Au(III) saccharinate
derivatives compared to the Au(I) counterparts correlate with
their increased cytotoxic effects.
While TrxR is an excellent target for many Au(I)-containing

complexes, other cellular enzymes can be efficiently inhibited
by related gold complexes. For example, Zhang et al.
demonstrated that Au(I)−dithiocarbamato species show
inhibitory effects against another therapeutic target, i.e., the
proteolytic activity of 20S proteasome and 26S proteasome in
human cancers.15 Inhibiting the proteasome caused the
accumulation of ubiquitinated proteins and proteasome target
proteins and ultimately caused cell death. Likewise, Trani et al.
showed that aurothiomalate, a gold compound similar to
auranofin that is used to treat rheumatoid arthritis, shows
unique pro-apoptotic effects in cancer cells via the disruption of
the PKCiota-Par6 complex.16 Disruption of this complex leads
to the activation of the ERK pathway, causing caspase-3
activation and subsequent apoptosis. In addition, aurothioma-
late activates the p38 and JNK MAP kinases. Finally, Bagowski
et al. demonstrated that Au(I)−phosphine complexes contain-
ing a naphthalimide ligand display antiangiogenic effects in two
different zebrafish angiogenesis models, including a tumor-cell-
induced neovascularization assay.59 While the exact cellular
target responsible for this anticancer effect has yet to be
conclusively identified, the beneficial therapeutic effect is
unlikely to be related to TrxR inhibition. Collectively, these
studies highlight the ability of gold complexes to exert cytotoxic
effects by inhibiting cellular targets other than TrxR.
In this report, we describe two Au(I)−indoles that show

unique properties by killing cancer cells without adversely
affecting TrxR activity. This ability contrasts that of the
unprotected Au(I)−ligand, BrAuPPh3, which produces potent
cytotoxic effects in leukemia cells by inhibiting TrxR activity. As
such, the low reactivity displayed by compounds 3 and 4
against BSA or inhibiting TrxR activity is consistent with our
original hypothesis that encapsulating Au(I) with sterically
hindered phosphine ligands reduces the reactivity of this metal
with biological thiols or selenols. This result is also consistent
with structure−activity relationships reported by Shaw et al.
showing that the ease of displacing trialkylphosphines from
their albumin−gold complexes to be Me3P > Et3P > i-Pr3P.

37

As such, using bulky ligands such as triphenylphosphine or
tricyclohexylphosphine reduces reactivity toward thiol groups.
In addition, the potencies of compounds 3 and 4 vary among
the cancer cell lines tested here, suggesting that they inhibit
selective molecular targets within the cell. Screening of both
Au(I) compounds against a panel of human kinases provides
evidence that for their inhibitory effects against several potential
therapeutic targets. The data provided in Table 4 indicates that
the structurally related compounds inhibit some common
kinases with different potencies. In particular, compound 4
shows a higher degree of promiscuity by interacting with three-
times as many kinases compared to compound 3. The
combination of variable potencies and promiscuity for
inhibiting different targets provides a reasonable explanation
for the nuances observed in their physiological effects. We
emphasize that these screening efforts cover ∼10% of the
reported 520 different protein and lipid kinases that constitute
the human kinome. As such, it is likely that these Au(I)−
indoles also inhibit other therapeutically relevant kinases not
present in this initial screen. In fact, the ability of compound 4
to inhibit G1- to S-phase progression suggests that this gold
compound inhibits other kinases including cyclin-dependent
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kinases (cdks 2, 4, and 6) that are involved in cell-cycle
progression.60 Current efforts are exploring these possibilities.
Another important feature of this work is that these Au(I)−

indoles potentiate the cytotoxic effects of IR exposure at
concentrations that are fractions of their respective LD50 values.
IR is an important therapeutic modality used in approximately
one-half of all cancer patients and is particularly effective
against cancers of the brain, cervix, breast, and colon that are
inaccessible to surgery and/or refractory to chemotherapy.61−64

Although the primary target of therapeutic IR is water in tissue,
the radicals derived from water eventually damage DNA. While
IR produces several forms of DNA damage, the most lethal are
double-stranded DNA breaks (DSBs).65 In general, the inability
of a cancer cell to effectively repair these DSBs causes both
cytostatic and cytotoxic effects to reduce tumor growth.
IR is relatively effective in amply oxygenated tissue, and this

reflects the ability of long-lived oxygen-centered radicals to be
more effectively propagated to DNA.66 Unfortunately, the inner
volumes of many solid tumors are hypoxic and cause radiation-
resistant zones.67 As such, a major complication in IR therapies
is effectively killing radiation-resistant cells. Approaches to
improve the efficacy of IR have focused on using DNA-
damaging agents such as cisplatin to enhance cell death by
overwhelming DNA repair pathways.68 Alternatively, antimeta-
bolites such as 5-fluorouracil can be used to reduce intracellular
dNTP pools needed to resynthesize DNA during repair.69,70

While these approaches work, these specific chemotherapeutic
agents are themselves highly cytotoxic and thus kill both
cancerous and healthy cells.71 Indeed, the nonselective killing of
healthy, normal cells produces severe side effects including
anemia, leukopenia, and thrombocytopenia that are significant
complications in effectively treating patients. The results
described here with our Au(I)-containing compounds provide
an alternative approach to potentiate the cytotoxic effects of IR.

Our data show that compounds 3 and 4 function as
radiosensitizers to inhibit DSB repair through two mutually
exclusive mechanisms. As illustrated in Figure 5A, exposure to
IR produces DSBs that cause the phosphorylation of H2AX.
This acts as a key signaling event that initiates DSB repair
which allows cells to survive the insult to genomic DNA.
Compound 3 inhibits H2AX phosphorylation, leading to a
decrease in γH2AX foci formation (Figure 5B). By blocking this
key step, compound 3 causes a significant number of DSBs to
be left unrepaired to enhance the extent of apoptosis. The
structurally related analogue, compound 4, also inhibits DSB
repair and increases the cytotoxicity of IR. However, compound
4 does this via a different mechanism that involves the
inhibition of steps occurring after γH2AX foci formation
(Figure 5C). It is tempting to speculate that the potentiating
effect caused by compound 4 reflects inhibition of cell-cycle
progression. However, more data are needed to prove this
hypothesis.
Regardless, we envision that the potentiating effect by either

Au(I) compound is caused by reversible inhibition of key
cellular proteins such as kinases involved in DNA repair and/or
cell-cycle progression. This argument is strengthened by the
observation that other (phosphine)gold(I)−indoles including
compounds 6 and 7 do not enhance the cell killing effects of IR
(data not shown). This dichotomy implies that compounds 3
and 4 exert their effect by binding selective cellular proteins
while the nonspecific analogues, 6 and 7, do not. Another
possible mechanism is that IR exposure leads to radical induced
cleavage of the Au(I)-containing indole which then inflicts
irreversible damage on these cellular components. This
prediction is based upon the results of density-functional
theory calculations for these gold-bearing compounds. As
illustrated in Figure 6, the dissociation energy of the gold−
carbon bond into radicals is approximately 58 kcal mol−1 while

Figure 5. Proposed models for the enhancement of IR-induced cytotoxicity by compounds 3 and 4. (A) Under normal conditions, exposure to IR
induces DNA damage that can be repaired through activation of ATM, ATR, and DNS-PK. (B) Compound 3 inhibits DNA repair by directly or
indirectly blocking the phosphorylation of H2AX. Reductions in γH2AX foci formation leads to a reduction in DNA repair. (C) Compound 4
inhibits the repair of DSBs through mechanisms independent of γH2AX foci formation. See text for further details.
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the experimental dissociation energy of HO−H is 119 kcal
mol−1.72 Because metal−carbon bonds are weaker than the O−
H bond of water, it is possible that radicals initiated by IR are
transduced from water radicals to these Au(I) compounds to
produce gold or carbon radicals. If so, then Au(I) organo-
metallics containing homolyzable carbon−gold bonds have
therapeutic prospects by potentiating damage caused by
radicals brought about by IR or other radical-generating
systems.
Finally, while both (phosphine)gold(I)−indoles increase the

cytotoxic effects of IR, compound 3 may prove to be more
efficacious than compound 4. This is based on the fact that
compound 3 shows higher potency against adherent cancer
cells compared to the hematological cancer cell line, CEM-C7.
The lower potency against systemic cancer cells implies that
this novel gold−indole analogue could avoid potential side
effects such as thrombocytopenia and leukopenia that are
caused by inadvertently killing thrombocytes and leukocytes,
respectively. This selectivity combined with the measured dose-
modifying factor of 4 indicates that this (phosphine)Au(I)−
indole could be used to increase the effectiveness of ionizing
radiation, especially for clinical protocols that require
fractionation of large IR doses. By increasing the efficacy of
IR, these innovative gold-bearing indoles can be used to reduce
total exposure to ionizing radiation. This will provide additional
therapeutic benefits by lowering the risk of developing
complications associated with excessive exposure to ionizing
radiation that include side effects such as inflammation,
gastrointestinal ailments, and immunosuppression. Current
efforts are further exploring the therapeutic utility of these
and other gold-bearing indole derivatives.

■ MATERIALS AND METHODS
Reagents and General Methods. Acetonitrile (Acros Organics)

was distilled from CaH2. Tetrahydrofuran (Acros Organics) was
distilled from Na and benzophenone. Anhydrous 2-propanol was
purchased form Acros Organics. Thioredoxin reductase, EDTA, 5,5′-
dithio-bis-(2-nitrobenzoic acid), bovine serum albumin, and NADPH
were obtained from Sigma-Aldrich. Bio-Gel P2 resin and Bradford
reagent dye were obtained from BioRad, Incorporated. Apoptosis Kit
#2 was purchased from Invitrogen. Cell-titer blue reagent was
purchased from Promega. All other commercial reagents, including
5-indoleboronic acid pinacol ester and 1-methylindole-5-boronic acid
pinacol ester used for synthetic procedures were purchased from
Sigma-Aldrich or Strem Chemicals and were used without further
purification. All 1H and 13C NMR spectra were recorded on a Varian
AS-600 spectrometer, at 400 and 150 MHz, respectively, using
tetramethylsilane as the internal standard. Mass spectral analyses were
performed using the Ohio State University Analytical Facility. 31P
NMR spectra were recorded on Varian AS-400 and -600
spectrometers. Purity of all biologically active compounds was >95%

as judged by microcombustion analyses (C, H, N, P, and Au)
performed by Robertson Microlit Laboratories (Ledgewood, NJ). In
addition, purity was >95% as judged by high-performance liquid
chromatography. Reverse phase-HPLC used a linear gradient of 25%
acetonitrile in water to 100% acetonitrile over a 25 min with a flow
rate of 1 mL/min monitored at 220 and 280 nm using a Vadac C18
column; 4.6 mm × 250 mm. RP-HPLC was performed using a JASCO
analytical HPLC system.

tert-Butyl 5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-in-
dole-1-carboxylate (1). 5-Indoleboronic acid pinacol ester (1.5 g, 6.1
mmol) was treated with tert-butoxycarbonyl [(Boc)2O](2.02 g, 9.3
mmol) in the presence of dimethylaminopyridine (148 mg, 1.2 mmol)
in 20 mL of anhydrous CH3CN. The reaction was stirred until
completion, which was monitored by thin layer chromatography. After
completion, the crude product 1 was concentrated in vacuo then
purified through flash chromatography (silica gel, hexanes/EtOAc 9:1)
to produce a white solid in 90% yield. 1H NMR (400 MHz, CDCl3) δ
(ppm): 8.15−8.13 (m, 1H), 8.05 (m, 1H), 7.74−7.76 (m, 1H), 6.56−
6.57 (d, J = 4.0 Hz, 1H), 1.67 (s, 9H), 1.37 (s, 12H). 13C NMR (150
MHz, CDCl3, ppm) δ: 149.91, 130.74, 130.36, 128.44, 126.09, 107.74,
83.95, 28.40, 25.12.

(5-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-1-yl)-
methyl Pivalate (2). To a solution of 5-indoleboronic acid pinacol
ester (350 mg, 1.45 mmol) in 10 mL of anhydrous THF was added
sodium hydride (63 mg, 2.17 mmol). After the solution was stirred for
30 min, the reaction was chilled to 0 °C, and then pivaloyloxymethyl
chloride (433 mg, 2.17 mmol) was added dropwise. The reaction was
stirred for 4 h. After completion, the reaction was quenched with ice−
water and extracted with EtOAc, washed with brine, and dried over
anhydrous magnesium sulfate. The solution was then gravity filtered
and concentrated under reduced pressure. The residue was then
purified by silica gel flash chromatography, eluting with hexanes/
EtOAc (9:1) to yield a white solid at a 54% yield. 1H NMR (400 MHz,
CDCl3) δ (ppm): 8.13 (m, 1H), 7.72−7.69 (m, 1H), 7.50−7.48 (m,
1H), 7.32−7.24 (m, 1H), 6.54−6.52 (m, 1H), 6.09 (s, 2H), 1.37 (s,
12H), 1.12 (s, 9H). 13C NMR (150 MHz, CDCl3) δ (ppm): 178.42,
138.41, 129.00, 128.79, 109.21, 104.18, 83.74, 68.82, 39.13, 29.93,
27.12, 25.11.

General Procedure for the Indole Gold(I)−Phosphine Ligand
Scaffolds. To a round-bottom flask, compound 1 or 2 (350 mg, 1
equiv), cesium carbonate (653 mg, 2 equiv), and (phosphine)gold(I)
complex (BrAuPPh3) [320 mg, 0.5 equiv] were added, followed by 10
mL of anhydrous isopropyl alcohol. The reaction was heated at 40 °C
for 16 h. After completion of the reaction, the mixture was
concentrated in vacuo. To the crude solid was then added toluene,
and the residue was filtered through Celite. The solution was
concentrated under reduced pressure. The crude residue was
precipitated from n-pentane.

[5-{Triphenylphosphine−Gold(I)}−tert-Butyl 1H-indole-1-carbox-
ylate] (3). White solid, 51% yield. 1H NMR (400 MHz, C6D6) δ
(ppm): 8.37−8.35 (d, J = 5.2 Hz, 1H), 8.24−8.21 (dd, J = 5.2, 7.6 Hz,
1H), 7.46−7.42 (m, 6H), 6.98−6.97 (m, 1H), 6.96−6.90 (m, 9H),
6.52−6.51 (m, 1H), 1.35 (s, 9H), 31P{1H} NMR (243 MHz, C6D6) δ
(ppm): 44.66. 13C{1H} NMR (158 MHz, CDCl3) δ (ppm): 165.88−
165.10, 135.61, 134.68−134.59, 131.58, 131.29, 129.26−129.19,
128.44, 125.51, 124.50, 114.31, 107.94, 28.49. (TOF MS-ES+):
calculated m/z = 698.1499; found 698.1503 [M + Na]; m/z =
[Au(PPh3)2] = 721.1484.

[5-{Tricyclohexylphosphine−Gold(I)}−tert-Butyl 1H-indole-1-car-
boxylate] (4). White solid, 50% yield. 1H NMR (400 MHz, CDCl3) δ
(ppm): 7.99 (m, 1H), 7.70−7.69 (m, 1H), 7.46 (m, 2H), 6.47−6.46
(m, 1H), 2.06−2.04 (m, 10H), 1.87−1.86 (m, 7H), 1.74−1.73 (m,
3H), 1.65 (s, 9H), 1.37−1.25 (m, 12H), 0.895−0.870 (m, 1H).
31P{1H} NMR (243 MHz, C6D6) δ (ppm): 58.09.

13C{1H} NMR (150
MHz, CDCl3) δ (ppm): 170.23−169.50, 135.16, 131.16, 124.82,
114.23, 107.97, 33.55−33.39, 30.93, 28.48, 27.5−27.43, 26.30. (TOF
MS-ES+): calculated m/z = 716.2908; found 716.2897 [M + Na].

[5-{[1,1′-Biphenyl]-2-yldicyclohexylphosphine aurate(I)}−tert-
Butyl H-indole-1-carboxylate] (5). White solid, 52% yield. 1H NMR
(400 MHz, C6D6) δ (ppm): 8.12−8.10 (d, J = 8.0 Hz, 1H), 7.94−7.91

Figure 6. Homolytic bond dissociation energy of a model Au(I)−
indole. See text for details.
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(dd, J = 4.8, 8.0 Hz, 1H), 7.61−7.57 (m, 1H), 7.28−7.27 (m, 5H),
7.21−7.19 (m, 1H), 7.10−7.08 (m, 4H), 6.57−6.56 (m, 1H), 1.99−
1.94 (m, 4H), 1.70−1.60 (m, 3H), 1.51 (m, 4H), 1.46−1.43 (m,3H),
1.38 (s, 9H), 1.05−0.88 (m, 8H). 31P{1H} NMR (243 MHz, C6D6) δ
(ppm): 52.31. 13C{1H} NMR (150 MHz, CDCl3) δ (ppm): 167.51−
166.76, 149.36−149.29, 142.18, 135.56, 135.35−135.30, 132.37−
132.33, 131.19, 130.23, 129.73, 128.50, 128.30, 128.02, 127.39, 124.14,
113.80, 107.97, 36.82−36.65, 31.14−31.10, 29.77, 28.51, 27.03−26.95,
26.08. (TOF MS-ES+): calculated m/z = 786.2751; found 786.2722
[M + Na].
[5-{[1,1′-Biphenyl]-2-yldicyclohexylphosphine aurate(I)}−(1H-

Indol-1-yl)methyl pivalate] (6). White solid, 50% yield. 1H NMR
(400 MHz, CDCl3) δ (ppm): 8.21−7.86 (m, 1H), 7.58−7.57 (m, 1H),
7.44−7.42 (m, 5H), 7.48−7.32 (m, 1H), 7.29−7.26 (m, 4H), 7.08−
7.07 (m, 1H), 6.40−6.39 (m, 1H), 6.03 (s, 2H), 2.35−2.16 (m, 2H),
2.11−1.95 (m, 2H), 1.64−1.54 (m, 5H), 1.52−1.51 (m, 6H), 1.31−
1.41 (m,7H), 1.10 (s, 9H). 31P{1H} NMR (243 MHz, CDCl3) δ
(ppm): 53.80. 13C{1H} NMR (150 MHz, CDCl3) δ (ppm): 178.62,
164.69−163.99, 149.19−149.12, 142.17, 135.76−135.69, 135.34,
133.67, 132.34−132.29, 131.13, 130.21, 129.73, 129.52−129.33,
128.61−128.41, 128.47,128.17, 128.01, 127.36, 126.83, 108.37,
103.46, 69.21, 39.14, 36.84, 31.15, 29.90−29.81, 27.18−26.82, 26.06,
25.99−25.07. (TOF MS-ES+): calculated m/z = 800.2908; found
800.2902 [M + Na].
[5-{[1,1′-Biphenyl]-2-yldicyclohexylphosphine aurate(I)}−1-Meth-

yl-1H-indole] (7). White solid, 62% yield. 1H NMR (400 MHz, C6D6)
δ (ppm): 8.27−8.26 (d, J = 8 Hz, 1H), 7.90−7.87 (dd, J = 4.4, 7.6 Hz,
1H), 7.74−7.69 (m, 1H), 7.30−7.27 (m, 5H), 7.10−7.05 (m, 4H),
6.68−6.69 (m, 1H), 6.64-.6.63 (m, 1H), 3.06 (s,3H) 1.98−1.92 (m,
4H), 1.72−1.70 (m, 2H), 1.57−1.43 (m,10H), 0.97 (m,6H). 31P{1H}
NMR (243 MHz, C6D6) δ (ppm): 53.45. 13C{1H} NMR (150 MHz,
CDCl3) δ (ppm): 163.19−162.43, 149.17−147.10, 142.17, 135.96−
135.84, 132.82, 132.32−132.27, 131.00, 129.73, 128.93−128.89,
128.56−128.33, 128.48, 128.02, 127.34−127.28, 127.01, 108.00,
100.49, 36.85−36.68, 32.77, 31.20−31.16, 29.83, 27.05−26.96, 26.08.
(TOF MS-ES+): calculated m/z = 700.2383; found 700.2382 [M +
Na].
General Cell Culture Procedures. HeLa, MCF-7, HCT-116, and

CEM-C7 were obtained from the American Type Culture Collection
(Manassas, VA). All adherent cell lines were maintained in Dulbecco’s
modified Eagle’s medium (Mediatech) with 100 U/mL penicillin
(Invitrogen), 100 μg/mL streptomycin (Invitrogen), 0.25 μg/mL
amphotericin B (Invitrogen), and 10% fetal bovine serum (USA
Scientific) and incubated at 37 °C with 5% CO2. CEM cells were
maintained in RPMI-1640 media supplemented with 100 U/mL
penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B, and
10% fetal bovine serum and incubated at 37 °C with 5% CO2.
Cell Proliferation Assays. Cells were plated at a density of 7000−

13 000/well in 200 μL of media overnight in a 96-well plate. Each
(phosphine)gold(I)−indole was added to wells in a dose-dependent
manner (0.01−100 μM). Cells were treated with compounds for
variable time periods (8−48 h). With adherent cell lines, medium was
removed from the wells and then 100 μL of fresh medium was added
into each well followed by the addition of 20 μL of cell titer-blue
reagent (Promega). Cells were incubated with reagent for 1−4 h, and
the optical density of samples was read at 560 nm using a microplate
reader. The background absorbance of dye with media was subtracted
from each sample. Cell viability was then normalized against cells
treated with DMSO. IC50 values were obtained using a fit of the data
to eq 1

= +y 100%/[1 (IC /inhibitor)]50 (1)

where y is the fraction of viable cells, IC50 is the concentration of
inhibitor that inhibits 50% cell growth, and inhibitor is the
concentration of compound tested. Each experiment represents an
average of at least three independent determinations performed on
different days.
Measurements of Apoptosis. Cells were plated at 200 000/mL,

and Au(I)−indole analogues were added in a dose-dependent fashion
for 12−24 h. Cells were trypsinized and then washed with cold PBS.

After the supernatant was discarded, a 100 μL solution containing 1X
annexin-binding buffer, 5 μL of Alexa Fluor 488 annexin V, and 1 μg/
mL PI solution was added to each sample. The cells were incubated at
room temperature for 15 min. After this incubation period, an
additional 400 μL of 1X annexin-binding buffer was added. Cells were
analyzed using band-pass filters with wavelengths 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. Au(I)−indole analogues 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
μL of 70% ethanol was added and cells were incubated on ice for 15
min followed by centrifugation and the removal of ethanol. One
milliliter of PI staining solution [(10 mL of 0.1 Triton X-100/PBS, 0.4
mL of 500 μg/mL of PI, and 2 mg/mL of DNase-free RNase)] was
added to the cell suspension, placed on ice for 30 min, and then
analyzed using a Beckman Coulter XL flow cytometer with a red filter.
Each experiment represents an average of three independent
determinations performed on different days.

Microscopy. Cells were plated at 75 000−125 000/mL for 24 h.
(Phosphine)gold(I)−indoles then were added at concentrations equal
to their LD50 values for 12 and 24 h. Alexa Fluor 488 annexin V and
propidium iodide were added to each well, and images were taken on
Leica CTR 6500 microscope using green (480/40 nm) and red (560/
40 nm) excitation band-pass filters.

Clonogenic Survival Assay. HeLa cells were plated at a density of
250 000−300 000 cells/mL. After 24 h cells, the cells were irradiated in
a dose-dependent manner (0−4 Gy) using a 137Cs gamma source.
After treatment, the cells were trypsinized and plated at a density
between 300 and 4000 cells in 60 mm dishes. Cells were allowed to
grow colonies (1 colony ≥ 50 cells) for 10−14 days, stained with
0.25% crystal violet, and manually counted to measure the number of
colonies. Survival fractions were normalized against positive controls
(colony formation with no radiation) and plotted as the log percent
survival versus dose of radiation. Each experiment was performed an
average of four times with cells propagated on several different days.

Detection of γH2AX Formation. HeLa cells were plated at a
density of 40 000 cells/mL in 24-well glass bottom plate for 24 h. After
this time, cells were treated with Au(I)−indole compounds at the
desired concentration for an additional 24 h. The cells were irradiated
at 2 Gys. Cells were fixed with 4% paraformaldehyde for 15 min at 37
°C at time points corresponding to 0.5, 1, 2, and 4 h. Cells were
washed with 1X PBS and permeabilized in 0.2% Triton X-100 for 15
min at 37 °C. Cells were washed with 1X PBS and subsequently
blocked with 1% BSA, 0.1% Tween in 1X PBS for 1 h at room
temperature. Mouse monoclonal antiphospho-histone H2AX antibody
(Millipore) was applied (1:500 dilution) to each well for 1 h. After
washing several times with blocking buffer, a 1:500 dilution of goat
antimouse secondary antibody conjugated with Alexa 647 (Invitrogen)
was added for 1 h. The wells were then washed several times, and the
number of γH2AX foci per nuclei was measured using an iCyte laser
scanning cytometer with a red long pass filter (650 nm). To collect
accurate data, a threshold was set to minimize noise produced by
unrelated events using iNovator software (version 3.4.2.52). Each well
was scanned using a 40× magnification with 0.25 μm × step and a field
size of 250 × 186 μm (1000 × 768 pixels). Data were plotted as the
percentage of cells as a function of foci number. The resulting
histogram was fit to the equation for a Gaussian distribution (eq 2).

= πσ − χ− σy e1/(2 ) m2 1/2 [( )2/2 2] (2)

where y is the percentage of cells, μ is the mean, and σ is the variance
used to define the width of the mean.

Reactivity of Au(I) Compounds with Biological Thiols. BSA
concentrations were determined measuring A280 (ε =36 600 M−1

cm−1) or using the Bradford assay measuring samples at A595 as
described.73 The SH titer of BSA was determined using DTNB (ε414 =
13 600 M−1 cm−1) as previously described.74 BSA (0−120 μM) was
treated with variable concentrations of compound 3 (120 μM) and
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compound 4 (120 μM), yielding Au(I)/BSA ratios of 4:1, 2:1, 1:1, and
0:1. Phosphate-buffered saline (PBS) was used as the buffer in these
experiments. After incubation for 1 h at 37 °C, the reaction mixtures
were applied to Penefsky spun columns using Bio-Gel P2 gel filtration
resin and centrifugal force to rapidly and efficiently separate unreacted
Au(I)-containing complexes from BSA. Penefsky spun columns were
prepared using the following procedure: P2 resin was preswelled in 10
mM Tris, pH 7.5, and 1 mM EDTA. The resin was then loaded into 1
mL tuberculin syringes (Becton-Dickinson) and spun in a fixed-angle
rotor at 2000 rpm for 2 min. Reaction mixtures described above were
then loaded into the column and spun at 2000 rpm for 2 min. The
eluants were removed and analyzed for Au(I)-containing compounds
and BSA. Compound 3 and compound 4 were analyzed measuring
absorbances at 212 and 280 nm before and after spinning through the
Penefsky column. Note that these experiments were performed in the
absence of BSA; thus, there is no spectral overlap between the Au(I)
complexes and protein. In all cases, free Au(I)-containing complexes
were retained in the P2 resin, as their presence was not detected in the
eluant. The concentration of BSA was quantified before and after
spinning through the Penefsky column using Bradford assay dye. In
these cases, the concentration of BSA was reduced less than 5% after
elution through the Penefsky column. This result indicates that BSA
was not retained in the P2 resin under these conditions. In some
experiments, a wavelength of 319 nm was used to quantify the
presence of Au(I)−indole compounds when the Au(I)−indole
(compound 3) was incubated with BSA. This higher wavelength
avoids spectral overlap with protein. Finally, the SH titer of BSA before
and after elution through the Penefsky column was determined using
DTNB (ε414 = 13 600 M−1 cm−1) as described.74

Interactions of compound 3 with cysteine were measured via the
quantitation of reactive sulfhydryls using DTNB (ε414 = 13 600 M−1

cm−1) as previously described.74 A linear standard curve for L-cysteine
was measured by reacting variable concentrations of L-cysteine (0−800
μM) with 2 mM DTNB at 37 °C for 60 min. PBS was used as the
reaction buffer. The reactivity of DTNB was measured using an
absorbance of 412 nm (ε414 = 13 600 M−1 cm−1). Incubation of 400
μM L-cysteine with an equivalent concentration of compound 3 does
not change the titer of free SH present on L-cysteine.
Inhibitory Effects of Au(I) Compounds against Thioredoxin

Reductase. The inhibitory effects of compound 3, compound 4, and
the unprotected Au(I)−phosphine ligands (BrAuPPh3 and
BrAuPCy3) were measured against rat liver TrxR. All assays were
performed at 25 °C. Experiments were performed, adding 600 nM
TrxR to a preincubated solution containing 100 mM potassium
phosphate, pH 7.0, 10 mM EDTA, 5 mM 5,5′dithiobis(2-nitrobenzoic
acid) (DTNB), 0.2 mg/mL BSA, and 240 μM NADPH in the absence
and presence of Au(I)-containing compounds. The amount of TNB
formed as a function of time was measured by examining changes in
absorbance at 412 nm. Under all conditions tested, the change in
absorbance was linear under the time frame tested (5 min). Time
courses in product formation were fit using eq 3

=y mt (3)

where y is the change in absorbance at 412 nm, m is the rate of the
reaction, and t is time.
Computations. Spin-unrestricted density-functional theory com-

putations were performed within the Gaussian 03 program suite.75

Calculations employed the exchange functional of Becke76 and the
correlation functional of Lee, Yang, and Parr.77 Nonmetal atoms were
described with the TZVP basis set of Godbelt, Andzelm, and co-
workers.78 Gold orbitals were described with the Stuttgart effective
core potential and the associated basis set.79 Gas-phase equilibrium
geometries were optimized in redundant internal coordinates without
imposed symmetry. Harmonic frequency calculations confirm the
structures so generated to be energy minima. All other calculated
properties reported here include implicit water solvation, which was
incorporated in single-point calculations of the gas-phase geometries
with Tomasi’s polarizable continuum model.80
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