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Introduction

Chemical genetics has been conceived for an approach that
uses small molecules as probes to study protein functions in
cultured cells and whole organisms.[1] This area of research is
focused almost entirely on the design of organic molecules.
Our laboratory is instead interested in exploring inorganic and
organometallic moieties as structural scaffolds for the design
of biologically active compounds.[2–9] In this strategy, a metal
center plays a structural role by organizing the organic ligands
in the three-dimensional receptor space. We believe that this
approach allows access to unexplored chemical space, thus
giving new opportunities for the design of small molecules
with unprecedented properties.[10]

We initially designed metal complexes that can mimic more
complicated natural products. For example, in order to match
the overall shape of the ATP-binding site of protein kinases in
a fashion similar to the ATP (1)-competitive staurosporine (2),
but with less synthetic effort and more extended structural op-
tions, we replaced the indolocarbazole alkaloid scaffold with
simple metal complexes in which the main features of the in-
dolocarbazole aglycon are retained in the metal-chelating pyri-
docarbazole 3 (Scheme 1).[5–9] Ligand 3 is derived from arcyria-
flavin A (4) by substituting one indole moiety for a pyridine.
We established that ligand 3 can serve as a strong bidentate
ligand for ruthenium and we discovered that the half-sandwich
ruthenium complexes 5 and 6 are potent and ATP-competitive

inhibitors for glycogen synthase kinase 3 (GSK-3) and protein
kinase Pim-1.[5,6,9] Compound 6 was also demonstrated to be
active in human embryonic kidney cells, as well as in Xenopus
embryos.[6] Compounds 5 and 6 are air-stable, stable in water,
and can even withstand millimolar concentrations of thiols.

The real value of a molecular probe for chemical genetics
depends on its specificity for the target protein. This is a formi-
dable challenge in the area of designing protein kinase inhibi-
tors, since the human genome codes for more than 500 indi-
vidual members,[11] all of them displaying highly conserved
ATP-binding sites.[12] Since the ATP-binding site is the most
common target for the design of inhibitors, it is not surprising
that many recent reexaminations of reportedly selective pro-
tein kinase inhibitors reveal that they in fact hit multiple
ACHTUNGTRENNUNGkinases.[13,14]
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A chiral second-generation organoruthenium half-sandwich com-
pound is disclosed that shows a remarkable selectivity and cellu-
lar potency for the inhibition of glycogen synthase kinase 3 (GSK-
3). The selectivity was evaluated against a panel of 57 protein
kinases, in which no other kinase was inhibited to the same
extent, with a selectivity window of at least tenfold to more than
1000-fold at 100 mm ATP. Furthermore, a comparison with organ-
ic GSK-3 inhibitors demonstrated the superior cellular activity of
this ruthenium compound: wnt signaling was fully induced at
concentrations down to 30 nm. For comparison, the well-estab-
lished organic GSK-3 inhibitors 6-bromoindirubin-3’-oxime (BIO)

and kenpaullone activate the wnt pathway at concentrations
that are higher by around 30-fold and 100-fold, respectively. The
treatment of zebrafish embryos with the organometallic inhibitor
resulted in a phenotype that is typical for the inhibition of GSK-3.
No phenotypic change was observed with the mirror-imaged
ruthenium complex. The latter does not, in fact, show any of the
pharmacological properties for the inhibition of GSK-3. Overall,
these results demonstrate the potential usefulness of organome-
tallic compounds as molecular probes in cultured cells and whole
organisms.
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We here demonstrate that organometallic compounds can
fulfill the criteria for an exemplary molecular probe for protein
kinases: high cellular potency and high target selectivity. We
disclose the ruthenium complex (R)-7, which we obtained by
performing a simple structure–activity relationship study. Orga-
noruthenium compound (R)-7 is highly selective for GSK-3 in a
panel of 57 different protein kinases. In addition, the com-
pound has a subnanomolar binding constant for GSK-3 and is
significantly more active in cell-based assays than some well-
established organic GSK-3 inhibitors.

GSK-3 has been shown over the last several years to be a
key component of a diverse range of cellular processes, for ex-
ample, the signal transduction in the insulin and wnt signaling
pathways.[15] Dysregulation of GSK-3 is linked to several diseas-
es, such as diabetes, Alzheimer’s disease, other neurodegenera-
tive diseases, and cancer. Highly selective and cellular active
pharmacological inhibitors of GSK-3 are therefore desired to-
wards the goals of understanding the function of GSK-3 and
the development of potential drug candidates.[16]

Results and Discussion

Selectivity profile of ruthenium complex 5

In order to evaluate the kinase selectivity of the initial half-
sandwich scaffold 5, we profiled the racemate (R,S)-5 against a
panel of 57 representative protein kinases. Table 1 shows the
percentages of inhibition at 100 nm of (R,S)-5, or alternatively
for some kinases, the concentration at which 50% of the pro-
tein kinase is inhibited (IC50). Most data points were measured
at 100 mm ATP, which is above the KM of ATP for most of the
tested kinases. Compound (R,S)-5 displays an IC50 for GSK-3a

of 20 nm and for GSK-3b of 50 nm (100 mm ATP). For compari-
son, more than 50 of the kinases in the panel are not signifi-
cantly inhibited at 100 nm of (R,S)-5. Interestingly, this includes
the phylogenetically and structurally closely related cyclin-de-
pendent kinases (CDKs), which show activities between 74 and
97% at 100 nm of (R,S)-5.[17] However, (R,S)-5 inhibits the pro-
tein kinase Pim-1 with an even higher potency (IC50=3 nm at
100 mm ATP) than it does GSK-3 (a and b), and also inhibits the
protein kinases MSK1 (IC50=120 nm, 100 mm ATP), Rsk1 (IC50=

300 nm, 100 mm ATP), and TrkA (IC50=70 nm, 100 mm ATP) to
some considerable extent.

Towards a selective GSK-3 inhibitor

For a compound to be a truly useful molecular probe, the se-
lectivity is a crucial parameter. Therefore, in an attempt to im-
prove the selectivity profile for GSK-3, we performed a simple
structure–activity relationship study starting by modifying the
indole moiety and the cyclopentadienyl ligand of the half-
sandwich scaffold 5. From a small random library of ten newly
synthesized racemic compounds (see Supporting Information),
we identified compound 7, having a hydroxyl group and bro-
mine at the 5 and 7 positions of the indole, respectively, and a
methyl ester at the cyclopentadienyl ligand, as the most selec-
tive derivative (Scheme 1). Compound 7 was synthesized as
shown in Scheme 2. Accordingly, (methylcarbonyl)cyclopenta-
dienyl sodium 8 was first treated with [Ru ACHTUNGTRENNUNG(benzene)Cl2]2 to pro-
vide sandwich complex 9 in 59% yield.[18] Compound 9 in ace-
tonitrile was subsequently photolyzed with a medium-pressure
mercury lamp; this resulted in the replacement of the benzene
ligand by three acetonitriles, followed by the substitution of
one acetonitrile by CO (9!10, 93%).[19] Next, pyridocarbazole
ligand 11[7] was brominated at the indole with phenyltrimeth ACHTUNGTRENNUNGyl-
ACHTUNGTRENNUNGammonium tribromide at room temperature to give 12 in 44%
yield; this was followed by the reaction with 10 in the pres-
ence of K2CO3.

[7] Removal of the TBS groups with TBAF yielded
ruthenium complex 7 in 50% yield over two steps.

Half-sandwich compound 7 has metal-centered chirality. We
resolved the racemic mixture of 7 with a ChiralPak AD-H ana-
lytical HPLC column (Daicel/Chiral Technologies).[20] The abso-
lute configuration was assigned by correlation with the circular
dichroism (CD) spectra of (S)-5 and (R)-6, both of which have
recently been cocrystallized with the protein kinase Pim-1 (see
Supporting Information).[9] In DMSO at room temperature, the
enantiomers racemize with around 2% over 24 h, as deter-

Scheme 1. Designing ruthenium complexes as protein kinase inhibitors by
using the ATP-competitive natural product staurosporine as a lead structure.
The half-sandwich compounds 5–7 are pseudotetrahedral and exist in two
mirror-imaged configurations. The absolute configuration at the ruthenium
center has been assigned according to the priority order of the ligands
being h5-C5H5>pyridine [N ACHTUNGTRENNUNG(C, C, C)]> indole [N(C, C, lone pair)]>CO.
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mined by chiral HPLC. However, if stored in the freezer, DMSO
solutions of the individual isomers are configurationally com-
pletely stable. Of the two enantiomers, only the R isomer dis-
plays the desired properties.

Compound (R)-7 displays low
IC50 values of 350 pm against the
a-isoform of GSK-3 and 550 pm

against the b-isoform at an ATP
concentration of 100 mm. Impor-
tantly, the IC50 for Pim-1 is
35 nm, thus satisfactory selectivi-
ty factors of 100 (with respect to
GSK-3a) and 64 (with respect to
GSK-3b) are reached. These data
and all other data in Table 1
were obtained by a conventional
radioactive assay, in which the
phosphorylation event was mea-
sured by the degree of phos-
phorylation of a substrate with
[g-32P]ATP. In most cases, the
protein kinase was first incubat-
ed with the inhibitor, then the
phosphorylation event was initi-
ated by the addition of ATP,
along with [g-32P]ATP. Interest-
ingly, if the inhibitor (R)-7 is in-
stead preincubated with the pro-
tein kinase in the presence of
ATP (60 min) and the reaction
then initiated by the addition of
Mg2+ ions, the IC50 values of (R)-
7 for GSK-3 increased to 1.5 nm

and 2.0 nm for the a- and b-iso-
forms, respectively. We attribute
this effect, which we have not
observed with the weaker inhibi-
tor (R,S)-5, to the slow off-rate of
(R)-7 once bound to GSK-3. In
any case, even under these con-
ditions, (R)-7 still shows satisfac-
tory selectivities for GSK-3 over
Pim-1 of 17-fold (a-isoform) and
13-fold (b-isoform).

Tested against an extended
panel of protein kinases
(Table 1), (R)-7 also shows an im-
proved selectivity against the
other problematic protein kinas-
es MSK1 (IC50=3 mm, 10 mm

ATP), Rsk1 (IC50=800 nm, 10 mm

ATP), and TrkA (IC50=350 nm,
10 mm ATP), with selectivity fac-
tors of more than two orders of
magnitude. All other kinases are
not significantly inhibited at

concentrations below 100 nm of (R)-7 (Table 1). In conclusion,
in this panel of protein kinases, (R)-7 is highly selective for
GSK-3. Thus, with (R)-7, we have succeeded in developing a
highly selective GSK-3 inhibitor.

Scheme 2. Synthesis of GSK-3 inhibitor 7.

Table 1. Protein kinase selectivity profile of the ruthenium complexes (R,S)-5 and (R)-7 against a panel of 57
protein kinases. The activities at 100 nm inhibitor or IC50 values are displayed. Experiments were performed at
100 mm ATP unless indicated otherwise.

Kinases ACHTUNGTRENNUNG(R,S)-5 (R)-7 Kinases ACHTUNGTRENNUNG(R,S)-5 (R)-7

Abl 5 mm
[b] >1 mm IRAK4 77% 97%

ALK 87% 86% JNK1a1 116% 102%
Arg 96% 105% Lck 3 mm

[b] >1 mm
[a]

ASK1 98% 103% Lyn 105% 97%
Aurora-A 102% 104% MAPK1 93% >1 mm

[a]

Bmx 84% 100% MAPKAP-K2 94% 97%
CaMKII(r) 91% 97% MEK1 99% 101%
CDK1/cyclin B 95% 99% Met 126% 97%
CDK2/cyclin A 3 mm

[b] 600 nm
[a] MSK1 120 nm 3 mm

[a]

CDK2/cyclin E 74% 53% MSK2 82% 98%
CDK3/cyclin E 76% 96% NEK6 104% 101%
CDK5/p35 79% 88% PAK4 88% 85%
CDK6/cyclin D3 97% 90% PDGFRa 107% 100%
CDK7/cyclin H 92% 99% PDK1 93% 110%
CHK1 25 mm

[b] >1 mm
[a] Pim-1 3 nm 35 nm

ACHTUNGTRENNUNG(25 nm)[c]

CHK2 77% 92% PKA 99% 96%
CK1d 96% 101% PKBa 93% 93%
c-RAF 87% 78% PKCa 100 mm

[b] >1 mm
[a]

CSK 105% 85% PKCbII 97% 104%
c-Src 4 mm

[b] 67% PRAK 94% 105%
EGFR 81% 88% ROCK-I 88% 99%
EphB2 130% 85% Ros 86% 94%
EphB4 97% 93% Rsk1 300 nm 800 nm

[a]

Fes 111% 85% Rsk2 84% 80%
FGFR3 89% 94% SAPK2a 103% 95%
Fyn 77% 72% Syk 95% 96%
GSK-3a 20 nm 0.35 nm TrkA 70 nm 350 nm

[a]

ACHTUNGTRENNUNG(1.5 nm)[c]

GSK-3b 50 nm 0.55 nm ZAP-70 15 mm
[b] >1 mm

[a]

ACHTUNGTRENNUNG(2 nm)[c]

IKKa 97% 96%

[a] Determined at 10 mm ATP. [b] Determined at 20 mm ATP. [c] Compounds were preincubated with the kinase
in the presence of ATP for 1 h before initiation of the phosphorylation with the addition of MgCl2 (30 mm) and
[g-32P]ATP.
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It is noteworthy that the pyridocarbazole ligand 13 itself
(synthesized by TBAF treatment of 12, Scheme 2), devoid of
the ruthenium, considerably prefers Pim-1 (IC50=10 nm,
100 mm ATP) over GSK-3 (a-isoform: IC50>30 nm, b-isoform:
IC50>50 nm, 100 mm ATP).[21] Consequently, the ruthenium half-
sandwich fragment in (R)-7 not only increases the potency for
GSK-3 by more than an order of magnitude, but also reverses
the kinase selectivity in favor of GSK-3 inhibition. It is also
noteworthy that the stereochemistry of the ruthenium frag-
ment plays a crucial role, as demonstrated with the IC50 curves
in Figure 1. The mirror-image isomer (S)-7 significantly prefers

Pim-1 (IC50=3 nm, 100 mm ATP) over GSK-3 (a-isoform: IC50=

80 nm, b-isoform: IC50=90 nm, 100 mm ATP), thus leading to a
complete switch in kinase selectivity.

Cellular activity of (R)-7

We next investigated the cellular potency of (R)-7 by probing
the wnt signal-transduction pathway.[15] In this pathway, GSK-
3b acts as a negative regulator by phosphorylating b-catenin.
Phosphorylated b-catenin itself is unstable and is degraded
rapidly by the proteasome. In the presence of a wnt signal,
GSK-3b is inactivated, and this results in an accumulation of b-
catenin in the cytoplasm, followed by a subsequent transloca-
tion into the nucleus where b-catenin serves as a transcription-
al coactivator through its interaction with the T-cell factor
(TCF) family of transcription factors (Figure 2). Thus inhibition
of GSK-3b by pharmacological inhibitors or by wnt signaling
leads to increased b-catenin levels and activation of wnt de-
pendent transcription.

In order to determine the activation of the wnt pathway as
a response to intracellular inhibition of GSK-3b, we used
human embryonic kidney cells (HEK293OT) that have stably
ACHTUNGTRENNUNGincorporated a Tcf-luciferase transcription reporter (OT-Luc
cells).[22] This transcription reporter generates luciferase in re-
sponse to increased concentrations of b-catenin. We incubated

these OT-Luc cells with varying concentrations of compounds
5, (R)-7, and the organic GSK-3 inhibitors kenpaullone[23] and 6-
bromoindirubin-3’-oxime (BIO)[24] for a period of 24 h. An upre-
gulation of luciferase was determined by the luminescence
signal upon addition of luciferin to the cell lysate. Intriguingly,
(R)-7 shows high activities at down to nanomolar concentra-
tions. For example, at 30 nm, (R)-7 displays almost complete
activity with a luminescence increase by a factor of almost 700.
No other tested compound could match this cellular activity:
the initial ruthenium compound (R,S)-5 and the organic inhibi-
tors kenpaullone and BIO need micromolar concentrations for
significant activities (Figure 3).

We next analyzed the cellular b-catenin concentration by
Western blotting after incubation with (R)-7. Figure 4 qualita-
tively demonstrates a clear increase in b-catenin even in the
presence of only 30 nm (R)-7. To further verify the activation of
the wnt pathway that results in the translocation of b-catenin
into the nucleus, we performed b-catenin staining experiments
in melanoma cells (1205Lu) after exposure to (R)-7.[25,26] For
this, cells were fixed and incubated first with a primary anti-
body against b-catenin followed by a secondary Texas Red-
conjugated antibody. Immunofluorescence microscopy demon-
strated that most of the b-catenin was indeed located in the
nuclei and that this effect was observed at low concentrations
of only 30 nm (R)-7 (Figure 5). Thus, these experiments unam-
biguously demonstrate that (R)-7 activates the wnt pathway in
cell culture at nanomolar concentrations.

It is notable that all the tested organic and organometallic
GSK-3 inhibitors display a bell-shaped activity profile. De-
creased expression of luciferase at higher concentrations of
the kinase inhibitors might reflect cytotoxicity resulting from
the complete inhibition of the ubiquitous kinase GSK-3.[27] In
fact, incubation of HeLa cells with different concentrations of
(R,S)-5, (R)-7, BIO, and kenpaullone for a period of 24 h, fol-
lowed by testing the cell viability with an MTT assay, confirmed

Figure 1. IC50 curves of the half-sandwich organometallics (R)-7 (*) and (S)-7
(&) against GSK-3b (c) and Pim-1 (····). See Experimental Section for de-
tails.

Figure 2.Wnt pathway: Inactivation of GSK-3b by a wnt signal or small-mol-
ecule inhibitor results in the transcription of target genes.
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that both the organic and organometallic compounds are cy-
totoxic at higher concentrations (see Supporting Information
for more details). This cytotoxicity correlates with the IC50

against GSK-3. Thus, the cytotoxicity might be directly related
to the inhibition of GSK-3; however, the involvement of un-
identified protein kinase targets cannot be excluded at this
point.

Zebrafish embryo phenotype

In order to demonstrate the utility of the organometallic re-
agent (R)-7 for experiments in entire organisms, we performed
phenotypic experiments in zebrafish embryos. Wnt signaling,
and thus GSK-3b, plays a crucial role in the development of
metazoan.[28] For example, the exposure of zebrafish embryos
at the four-hour stage to LiCl, a known GSK-3 inhibitor, pro-
motes a perturbed development of the head structure with a
no-eye phenotype, among others.[29] In order to test the activi-
ties of (R)-7 in zebrafish, we exposed the embryos to this com-
pound at early stages of development. Accordingly, the em-
bryos were collected and maintained in E3 media at 28.5 8C,
and (R)-7 was added at 4 h post fertilization (hpf) to a final
concentration of 1 mm. When the phenotypes are compared at
25 hpf, reduced development of the anterior and posterior ter-
mini was observed. Treatment with (R)-7 results in a decrease
of head structure without eyes and a stunted and crooked tail.

Figure 3. Cellular activities of ruthenium complexes (R,S)-5 and (R)-7, and comparison with organic GSK-3 inhibitors. Cells transfected with a b-catenin-respon-
sive luciferase reporter were treated with different concentrations of (R)-7, (R,S)-5, BIO, or kenpaullone for 24 h. Luminescence signals were measured after
cell lysis and the addition of luciferin.

Figure 4. Qualitative detection of cellular concentrations of b-catenin as a
function of incubation with (R)-7. DMSO (0.5%) and LiCl (30 mm) were used
as negative and positive controls, respectively. The cells were incubated
with the compounds for 24 h, and the concentration of b-catenin was veri-
fied by Western blotting. Each lane contains the same total amount of pro-
tein.

Figure 5. Cellular b-catenin staining in melanoma cells (1205 Lu) as a func-
tion of the concentration of (R)-7. The cells were seeded onto glass cover-
slips and incubated overnight in the presence of 0, 30, or 300 nm (R)-7. Cells
were then fixed in 4% formaldehyde solution, permeabilized with Triton X-
100, incubated with a primary antibody raised against b-catenin, and sub-
ACHTUNGTRENNUNGsequently treated with an anti-mouse Texas Red-conjugated secondary anti-
body. Coverslips were then analyzed by immunofluorescence microscopy.

ChemBioChem 0000, 00, 1 – 9 < 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org &5&

These are not the final page numbers! ��

Cellular Inhibitor for Glycogen Synthase Kinase 3

www.chembiochem.org


In addition, the yolk is enlarged and misshapen (Figure 6C).
However, zebrafish embryos that were treated under identical
conditions with (S)-7 develop completely normally (Figure 6A
and B). Thus, these observations are consistent with an inhibi-
tion of GSK-3 by (R)-7, but not (S)-7.

Conclusion

We have here demonstrated that metal-containing compounds
are suitable as molecular probes in chemical genetics. In fact,
as a molecular probe for the function of GSK-3, (R)-7 is superior
to many reported organic GSK-3 inhibitors with respect to
binding affinity, cellular potency, and kinase selectivity. It is
likely that structures such as (R)-7 cannot be easily mimicked
by an organic scaffold, and we are consequently accessing an
area of chemical space that is unexplored or even inaccessible
to organic compounds. Therefore, our approach of using
ACHTUNGTRENNUNGorganometallic scaffolds for the design of enzyme inhibitors
promises to yield bioactive molecules with novel properties.

Experimental Section

General procedures and materials: NMR spectra were recorded
on a Bruker AM-500 (500 MHz) or DMX-360 (360 MHz) spectrome-
ter. High-resolution mass spectra were obtained with a Micromass
AutoSpec instrument by using either CI or ES ionization. Infrared
spectra were recorded on a Perkin–Elmer 1600 series FTIR spec-
trometer. Solvents and reagents were used as supplied from Fisher,
Sigma–Aldrich, Acros, or Strem (Newburyport, MA). The GSK-3 in-
hibitors BIO and kenpaullone were purchased from CalBioChem
(La Jolla, CA). Reactions were performed under argon unless other-
wise specified. TBS-protected pyridocarbazole 11 was synthesized
as published recently.[7] Protein kinases (human) were purchased
from Upstate (Charlottesville, VA). The substrate for TrkA was syn-
thesized by Bachem (KKSPGEYVIEFG). All other substrates were
purchased from Upstate.

Kinase assays: Percentage kinase activities at concentrations of
100 nm (R,S)-5 and (R)-7 were measured by Upstate (Kinase Profil-
er). The ATP concentration was 100 mm. IC50 determinations with
CDK2/cyclin A, GSK-3a, GSK-3b, MSK1, Pim-1, and Rsk1: various
concentrations of inhibitors were incubated at room temperature
in MOPS (20 mm), MgCl2 (30 mm), bovine serum albumin (BSA;
0.8 mgmL�1), DMSO (5%; resulting from the inhibitor stock solu-
tion), pH 7.0, in the presence of substrate (CDK2/cyclin A:
0.1 mgmL�1 histone H1; GSK-3a and GSK-3b : 20 mm phosphoglyco-
gen synthase kinase-2; MSK1: 30 mm crosstide; Pim-1: 50 mm S6
kinase/Rsk2 substrate peptide; Rsk1: 50 mm MAPKAP kinase 2 sub-

strate) and kinase (CDK2/cyclin A: 0.08 ngmL�1; GSK-3a and GSK-
3b : 0.0027 ngmL�1 for (R)-7, 0.02 ngmL�1 for (S)-7, 0.01 ngmL�1 for
(R,S)-5 ; MSK1: 0.04 ngmL�1; Pim-1: 0.01 ngmL�1; RSK1: 0.04 ngmL�1).
After 15 min, the reaction was initiated by adding ATP to the final
concentrations indicated in Table 1, including [g-32P]ATP (ca.
0.2 mCimL�1). Reactions were performed in a total volume of 25 mL.
After 60 min for (R,S)-5, or 120 min for (R)-7, the reactions were ter-
minated by spotting 17.5 mL onto a circular P81 phosphocellulose
paper (diameter 2.1 cm, Whatman), followed by washing with
0.75% phosphoric acid (1P ) and with acetone (4P ). The dried P81
papers were transferred to a scintillation vial and scintillation cock-
tail (5 mL) was added. The counts per minute (CPM) were deter-
mined with a Beckmann 6000 scintillation counter. IC50 values were
defined as the concentration of inhibitor at which the CPM was
50% of the control sample, corrected by the background.

Assays with TrkA : Assays were performed by following the same
procedure as above, but in MOPS/NaOH (42 mm, pH 7.2), EDTA
(1.1 mm), 0.5% glycerol, 0.001% Brij 35, 0.01% b-mercaptoethanol,
and BSA (0.1 mgmL�1) in the presence of substrate (100 mm) and
TrkA (0.2 ngmL�1). After 15 min, the reactions were initiated by
adding ATP to the final concentrations indicated in Table 1, includ-
ing [g-32P]ATP (ca. 0.2 mCimL�1) and MgCl2 (final concentration of
25 mm).

Alternative assay procedure (IC50 values in brackets in Table 1):
The same procedure as above was used, but the compounds were
preincubated with the kinase, in the presence of ATP and peptide,
in MgCl2-free buffer. After a preincubation time of 1 h, the phos-
phorylation was started by the addition of MgACHTUNGTRENNUNG(OAc)2 to a final con-
centration of 30 mm, and the addition of [g-32P]ATP (final concen-
tration ca. 0.2 mCimL�1).

Luciferase assays: Human embryonic kidney cells (HEK293T) with
stably incorporated Tcf-luciferase transcription reporter (OT-Luc
cells) were maintained in DMEM plus 10% fetal bovine serum (FBS)
containing 1% penicillin/streptomycin at 37 8C under an atmos-
phere of 5% CO2 at constant humidity. Prior to the luciferase assay,
cells were plated on six-well plates (ca. 2.5P105 cells were grown
in 2 mL culture media) and allowed to grow for 24 h. Thereafter,
the medium was replaced by fresh medium (2 mL), and inhibitor
solution (10 mL, 200 times concentrated in 100% DMSO; LiCl was
added as a sterile aqueous solution) was added. The cells were
subsequently incubated with the inhibitors for 24 h. The medium
was removed from each well, and each well was washed with
phosphate buffered saline (PBS; 1 mL). The luciferase assay system
(Promega) was used for lysing the cells and for the following luci-
ferase assay. Cells were lysed by adding lysis buffer (200 mL) sup-
plemented with protease inhibitor cocktail and phosphatase inhibi-
tor cocktails I and II from Sigma. The lysis procedure was carried
out on ice. The lysates were transferred to 500 mL tubes, vortexed
for 10–15 s, and left on ice for 20 min before being separated in a
centrifuge at 10000 rpm and 4 8C for 10 min. Supernatants were
transferred into different tubes and stored at �80 8C. For the luci-
ferase assay, the substrate was dissolved in buffer (both provided
in the kit) according to the manufacturer’s protocol. Luciferase
assay substrate (100 mL) was added to the cell lysate (10 mL), and
the luminescence signal was measured immediately by using a
Monolight 3010 Luminometer from BD Biosciences.

Western blotting: The lysates obtained for the luciferase assays
were used for Western blots. Each lane of the protein gel was
loaded with the same amount of protein (14 mg total), based on
the concentration values determined by a Bradford assay. The pro-
tein gel contents were transferred to a nitrocellulose membrane,

Figure 6. Exposure of zebrafish embryos to A) DMSO (2%), B) 1 mm (S)-7, and
C) 1 mm (R)-7. The embryos were collected and maintained in E3 medium at
28.5 8C, compounds were added at 4 hpf, and the phenotypes were com-
pared at 25 hpf.
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which was immunoblotted for b-catenin and b-tubulin as a loading
control.

b-Catenin fluorescence staining experiments: Melanoma cells
(1205Lu) were seeded onto glass coverslips in six-well plates and
incubated overnight in 2% tumor medium (MCDB153/L15 4:1, sup-
plemented with 2 mm CaCl2), heat-inactivated FBS (2%), and insu-
lin (5 mgmL�1) at 37 8C under an atmosphere of 5% CO2 at con-
stant humidity. Cells were then fixed in 4% formaldehyde solution
(Electron Microscopy Systems, Hatfield, PA) and permeabilized with
Triton X-100 (0.2% v/v) before being blocked in PBS containing 1%
BSA. Coverslips were incubated with a primary antibody raised
against b-catenin (1:50; BD Pharmingen, San Diego, CA) at 37 8C in
a humidified atmosphere for 1 h. Coverslips were then washed in
PBS (3P ) before being incubated with an anti-mouse Texas Red-
conjugated secondary antibody (Vector Laboratories, Burlingame,
CA) for 1 h under similar conditions to those used for the primary
antibody (dilution factor of 1:250). Coverslips were then further
washed in PBS and sterile water before being treated with Vector-
Shield anti-fade and analyzed by immunofluorescence microscopy.

Compound 9 : Compound 8 (58.4 mg, 0.4 mmol), synthesized from
cyclopentadienyl sodium and dimethylcarbonate,[30] and [Ru-
ACHTUNGTRENNUNG(benzene)Cl2]2 (100 mg, 0.2 mmol) in acetonitrile (10 mL) were
heated under reflux overnight under argon. The resulting suspen-
sion was filtered through celite and evaporated to result in a
yellow oil, which was dissolved in MeOH and precipitated as hexa-
fluorophosphate salt upon addition of ammonium hexafluoro-
phoshate. The resulting pale yellow solid was collected by filtra-
tion, washed with cold water, and dried under high vacuum. Yield:
106 mg (59%); 1H NMR (360 MHz, CD3CN): d=6.16 (s, 6H), 5.78 (m,
2H), 5.46 (m, 2H), 3.81 ppm (s, 3H); 13C NMR (90 MHz, CD3CN): d=
166.3, 88.5, 86.5, 83.3, 81.9, 53.7 ppm; IR (thin film): ñ=3129, 3102,
1725, 1474, 1435, 1399, 1372, 1290, 1202, 1152, 964, 829 cm�1;
HRMS calculated for C13H13O2Ru: 302.9959 [M�PF6]

+ , found
302.9947 [M�PF6]

+ .

Compound 10 : A solution of compound 9 (100 mg, 0.2 mmol) in
acetonitrile (225 mL) was irradiated with a medium-pressure mer-
cury lamp through a uranium filter for 4.5 h while argon was bub-
bled through the solution. The solution was then concentrated to
10 mL, purged with CO, and left overnight under positive CO pres-
sure. The resulting solution was evaporated and dried under high
vacuum to give 10 as a yellow-brown oil (97 mg, 93%). 1H NMR
(500 MHz, CD3CN): d=5.84 (m, 2H), 5.19 (m, 2H), 3.79 (s, 3H),
2.39 ppm (s, 6H); 13C NMR (75 MHz, CD3CN): d=197.8, 166.2, 130.6,
90.2, 81.6, 80.4, 53.3, 4.4 ppm; IR (thin film): ñ=3124, 3011, 2959,
2014 (CO), 1731, 1473, 1434, 1366, 1292, 1193, 1151, 1038, 961,
842, 773 cm�1; ES-MS: 335 [M�PF6]

+ .

Compound 12 : Solid phenyltrimethylammonium tribromide
(177 mg, 0.47 mmol) was added to a solution of 11 (50 mg,
0.094 mmol) in CH2Cl2 (5 mL). The resulting orange solution was
stirred at room temperature overnight. The solvent was then
evaporated, and the crude material was purified by silica gel chro-
matography, elution with hexanes/ethyl acetate (10:1). The desired
product was isolated as a yellow-orange solid (26 mg, 44%).
1H NMR (500 MHz, CDCl3): d=10.18 (br s, 1H), 9.42 (dd, J=8.5,
1.3 Hz, 1H), 9.00 (dd, J=4.2, 1.6 Hz, 1H), 8.73 (s, 1H), 7.80 (s, 1H),
7.66 (dd, J=8.5, 4.3 Hz, 1H), 1.14 (s, 9H), 1.08 (s, 9H), 0.64 (s, 6H),
0.41 ppm (s, 6H); 13C NMR (90 MHz, CDCl3): d=175.3, 173.9, 148.9,
148.1, 139.3, 136.5, 135.2, 131.2, 122.9, 122.4, 122.3, 120.6, 117.1,
116.1, 115.8, 114.5, 113.3, 26.7, 26.2, 19.3, 18.7, �3.9, �4.2 ppm; IR
(thin film): ñ=2955, 2930, 2858, 1750, 1695, 1528, 1463, 1335,
1306, 1257, 1225, 1185, 1127, 1069, 1048, 1011, 881 cm�1; HRMS

calcd for C29H37N3O3Si2Br: 610.1557 [M+H]+ , found 610.1579
[M+H]+ .

Compound 7: A suspension of 12 (18.5 mg, 0.039 mmol), 10
(16.2 mg, 0.039 mmol), and potassium carbonate (5.3 mg,
0.039 mmol) in acetonitrile/methanol (2:1, 2.4 mL) was purged
with argon for 15 min. The suspension was then stirred under
argon overnight at room temperature during which time a color
change from yellow to red/purple was observed. Tetrabutylammo-
nium fluoride (1m in THF, 193 mL, 0.193 mmol) was added, and the
solution was stirred for 15 min. Glacial acetic acid (3.3 mL,
0.058 mmol) was added to the resulting solution. This mixture was
stirred for additional 15 min, after which time the solvent was re-
moved in vacuo. The crude material was dissolved in a minimal
amount of CH2Cl2 and subjected to silica gel chromatography (hex-
anes/ethyl acetate 2:1). Compound 7 was obtained as a pink/
purple solid (13 mg, 50%). 1H NMR (360 MHz, [D6]DMSO): d=11.09
(s, 1H), 9.99 (s, 1H), 9.14 (d, J=5.2 Hz, 1H), 9.08 (d, J=8.4 Hz, 1H),
8.30 (s, 1H), 7.77 (dd, J=8.4, 5.2 Hz, 1H), 7.69 (s, 1H), 6.23 (m, 1H),
6.15 (m, 1H), 5.72 (m, 1H), 5.65 (m, 1H), 3.61 ppm (s, 3H); 13C NMR
(125 MHz, [D6]DMSO): d=199.4, 170.6, 170.5, 166.2, 155.7, 154.3,
147.8, 147.2, 143.9, 133.6, 131.1, 123,3, 121.3, 118.6, 113.9, 112.3,
110.5, 108.9, 90.6, 88.8, 82.4, 81.1, 77.0, 52.0, 45.8; IR (thin film): ñ=
3415, 3273, 1968 (CO), 1752, 1718, 1701, 1585, 1438, 1343, 1290,
1190, 1143, 1014, 843 cm�1; HRMS calcd for C25H15N3O6BrRu:
633.9188 [M+H]+ , found 633.9174 [M+H]+ .
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Organometallic Compounds with
Biological Activity: A Very Selective
and Highly Potent Cellular Inhibitor
for Glycogen Synthase Kinase 3

A very picky organoruthenium inhibi-
tor. The shown enantiomerically pure
ruthenium half-sandwich compound
has been identified as a highly selective
inhibitor for glycogen synthase kinase 3
(GSK-3) in a panel of 57 protein kinases.
In addition, this compound displays a
superior cellular activity compared to
some organic GSK-3 inhibitors; this indi-
cates that organometallic compounds
can be attractive tools in chemical biol-
ogy.
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