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ABSTRACT: The generation of synthetic compounds with ex-
clusive target specificity is an extraordinary challenge of molecular
recognition and demands novel design strategies, in particular for
large and homologous protein families such as protein kinases with
more than 500 members. Simple organic molecules often do not
reach the necessary sophistication to fulfill this task. Here, we
present six carefully tailored, stable metal-containing compounds
in which unique and defined molecular geometries with natural-
product-like structural complexity are constructed around octahe-
dral ruthenium(II) or iridium(III) metal centers. Each of the six reported metal compounds displays high selectivity for an individual
protein kinase, namely GSK3a, PAK1, PIM1, DAPK1, MLCK, and FLT4. Although being conventional ATP-competitive
inhibitors, the combination of the unusual globular shape and rigidity characteristics, of these compounds facilitates the design of
highly selective protein kinase inhibitors. Unique structural features of the octahedral coordination geometry allow novel
interactions with the glycine-rich loop, which contribute significantly to binding potencies and selectivities. The sensitive correlation
between metal coordination sphere and inhibition properties suggests that in this design, the metal is located at a “hot spot” within
the ATP binding pocket, not too close to the hinge region where globular space is unavailable, and at the same time not too far out
toward the solvent where the octahedral coordination sphere would not have a significant impact on potency and selectivity. This
study thus demonstrates that inert (stable) octahedral metal complexes are sophisticated structural scaffolds for the design of highly

selective chemical probes.

B INTRODUCTION

Biological and medicinal research relies on chemical reagents
—often called “chemical probes” or “molecular probes”—that
selectively modulate biomacromolecular functions.'* Although
selectivity is a key criterion for the usefulness of such probes,* the
design of compounds that reach this desired exclusive target
selectivity is a truly extraordinary challenge of molecular recogni-
tion in view of the large number of different biomolecules in a cell
in addition to the existence of large and homologous protein
families.> Considering this situation, one might wonder whether
the standard small organic molecules currently used in pharmaco-
logical research contain sufficient structural complexity and struc-
tural preorganization to achieve the desired protein binding
selectivity.'* Therefore, novel and creative strategies are needed
for the design of highly target-specific bioactive compounds in order
to more precisely control and manipulate biological processes."?

A few years ago we initiated a research program to use metal
complexes as scaffolds for the design of enzyme inhibitors."*
Metals such as Ru(II), Os(II), Rh(III), and Ir(III) are capable of
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forming highly stable complexes that expand on the limited
coordination modes of carbon, thereby providing new opportu-
nities for building small molecular geometries and thus populating
unique regions of chemical space that cannot be explored with
purely organic compounds.'* "7 After spending considerable time
evaluating organometallic half-sandwich structures as scaffolds for
the design of enzyme inhibitors,"* we recently became particularly
intrigued by the structural opportunities offered by truly octahe-
dral coordination geometries.'**° Strikingly, an octahedral geo-
metry permits much larger structural complexity compared to, for
example, a tetrahedral binding mode. This can simply be illustrated
by the number of possible stereoisomers: whereas a tetrahedral
center is capable of building a maximum of two enantiomers, an
octahedral center can form up to 30 stereoisomers.'>'¢ Further-
more, an octahedral coordination sphere simplifies the design of
small globular and rigid structures because molecular geometries
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Figure 1. Octasporines as protein kinase inhibitors. (a) Staurosporine
as a structural inspiration for the design of metal-based protein kinase
inhibitors. (b) Binding of the octahedral pyridocarbazole metal complex
scaffold to the ATP-binding site of a protein kinase. The metal center in
combination with the coordinating ligands A—D controls the shape and
functional group presentation of the molecular scaffold. A unique aspect
of this octahedral scaffold is that the orthogonal orientation of the
pyridocarbazole heterocycle and the ligand A simultaneously enables
efficient interactions with both the hinge region and the glycine-
rich loop.

are basically constructed from a single center with chelating ligands
limiting the degree of conformational flexibility.'® Thus, in such
stable octahedral metal complexes, the metal can be considered as a
virtually hypervalent carbon providing untapped opportunities for
the design of novel globular, well-defined molecular structures
which populate previously inaccessible regions of chemical space.”!

As a proof of concept, the strategy of using inert metals as
templates for defining the structure of small molecules was
applied to the design of protein kinase inhibitors and we utilized
the natural product staurosporine as an inspiration for pyrido-
carbazole metal complexes (Figure 1)."* This scaffold binds to
the ATP binding site of protein kinases with the pyridocarbazole
moiety occupying the adenine pocket (Figure 1b) and the
remaining metal complex fragment with additional ligands
A—D filling the ribose triphosphate binding site. Building on
our extensive previous work on structurally simplified metallo-
pyridocarbazole half sandwich complexes (B, C, D = 7°-CsH; or
776-C6H6),14’22’23 we demonstrate here that truly octahedral
pyridocarbazole metal complexes, dubbed octasporines (OS),
are privileged scaffolds for the design of highly selective protein
kinase inhibitors, being superior to canonical organic structures.

B RESULTS

We started by selecting a panel of six diverse protein kinases,
namely GSK3a, PIM1, PAK1, DAPK1, MLCK (also known as

MYLK), and FLT4 (also known as VEGFR3) as our targets for
developing highly selective protein kinase inhibitors. These
kinases were identified as suitable targets for the octasporine
scaffold based on previous work (GSK3a,'® PIM1,"® PAK1,"
FLT4°°) and unpublished results (DAPK1, MLCK). Our goal
was to create highly selective metal-based inhibitors for each of
these protein kinases by exploiting different octahedral coordina-
tion spheres occupying the ATP-binding site. Accordingly,
Figure 2 illustrates six octasporine derivatives OS1-OS6 that
were developed utilizing structure-based design, combinatorial
chemistry, standard structure —activity relationships, and combi-
nations thereof.

A common feature of all six complexes is the designed hinge-
binding pyridocarbazole chelate ligand coordinated to an octa-
hedral metal center, which is either ruthenium or iridium. The
complexes differ in their substituents at the pyridocarbazole
heterocycle and the nature of the additional ligands that com-
plete the octahedral metal coordination sphere. These range
from monodentate ligands, such as CO, thiocyanate, azide,
selenocyanate, chloride, and methyl to bidentate ligands, such
as 2-aminomethylpyridine, 2-phenyliminomethyl-4-aminopyri-
dine, and dibenzo[a,e]cyclooctatetraene, and even tridentate
ligands such as 1,4,7-trithiacyclononane and its monosulfoxide
derivative. All complexes contain defined relative metal-centered
stereochemistries with OS1 and OS2 used as single A-enantio-
mers (A-OS1, A-OS2) whereas 0S3-0S6 were used as racemic
mixtures in this study. Some of the complexes are structurally
highly complicated as indicated by the number of theoretically
possible metal-centered stereoisomers. For example, whereas
083 and OS4 can only form two enantiomers due to the high
symmetry of the 1,4,7-trithiacyclononane ligand, OSS forms 6
stereoisomers, OS6 forms 10 stereoisomers, and OS1 and OS2
can theoretically form up to 20 stereoisomers (10 diastereomers
as pairs of enantiomers).

Although all six complexes contain ligands built around the
same canonical octasporine scaffold, they exhibit diverse protein
kinase inhibition profiles as shown in Table 1. For example, the
ruthenium complex A-OS1 was developed as a selective inhi-
bitor for the ot-isoform of glycogen synthase kinase 3 (GSK3a).
A-0OS81 displays an ICsq value of 0.9 nM at an ATP concentration
of 100 M and a selectivity of 15.6 to >111 000 fold in our small
panel of six protein kinases. This compound differs from a
previously reported and related complex by an additional amino
substituent on the pyridocarbazole moiety."® This introduced
substituent increases the affinity of A-OS1 for GSK3a by 1 order
of magnitude. To test its broader selectivity, we screened A-OS1
at a concentration of 10 nM (10 uM ATP) against every human
wild-type protein kinase in the Millipore KinaseProfiler panel
that was used in the assay at a concentration that was equal or
lower than the concentration of A-OS1, which covered 102
protein kinases. Strikingly, 98 out of the 102 kinases in this panel
showed an activity higher than 75% under these conditions,
whereas GSK3o. displayed a residual activity of only 6%. The
only kinases also significantly inhibited by this compound at 10
nM were PIM1 (13%, ICso = 14 nM, 100 uM ATP, Table 1),
CLK2 (33%), and GSK3f3 (58%) (Figure 3a). Thus, it can be
concluded that, within the tested panel, A-OS1 is a selective
inhibitor of GSK30..

In order to better understand the exact binding mode of
A-OS1 to GSK3, we expressed, purified, and crystallized full-
length human GSK33, as described recently,”® and then soaked
crystals with a solution of enantiomerically pure A-OS1. The

5977 dx.doi.org/10.1021/ja1112996 |J. Am. Chem. Soc. 2011, 133, 5976-5986



Journal of the American Chemical Society

H K
OO0 O N0 K 1+
o Oz N0
il @ ) \ o OH
) IR VAN hd =N N
0=C=R{uNH, O=C=R{ N H—NH, \ / PFs
/\ Q SmiRy=CZ0
of N= o’ N \
\J @ S/

A-081, GSK3a inhibitor

A-082, PAK1 inhibitor

083, Pim1 inhibitor

0.9 nM 350 nM 0.075 nM
K
H H O N0

O N0 O N 20
o) 0
F/_NY a2 ohl

S"-"Ru/-—N

S{-"Ru/—-N=C=S
§~—s

084, DAPK1 inhibitor
2.0nM

\
S™~——S

o/

085, MLCK inhibitor
4.4 nM

/_N O

H3C_/|r\|‘|ums\e

\
N\\

N

086, FLT4 inhibitor
42 nM

Figure 2. Molecular structures of highly selective octasporine protein kinase inhibitors developed in this study. The compounds A-OS1 and A-OS2 are
single enantiomers, whereas 0S3-OS6 are racemic mixtures (only one enantiomer shown). ICs, values were determined in the presence of 100

UM ATP.

Table 1. ICso Data (nM) for Octahedral Kinase Inhibitors at
100 #M ATP*

GSK3a PAK1 PIM1 DAPK1 MLCK  FLT4
A-0OS1 09 >100000 14 22800 22 1180
A-0S2 2000 350 1570 >30000 24300 2300
083 20 82 0.075  31S 22 29
084 >100000  >100000 169 2.0 25 163
0SS 31000 >100000 435 113 4.4 48
0S6 3900 10000 333 >100000  >30000 42

“ICso data were obtained by phosphorylation of substrates with
[y-**P]JATP and 100 4uM ATP in the presence of different concentra-
tions of octasporine kinase inhibitors. See the Supporting Information
for standard deviations.

structure of the complex was determined and refined to a
resolution of 3.0 A (Table 2). The overall structure revealed
the typical two-lobe protein kinase architecture,”* connected by
the so-called hinge region, with the catalytic site positioned in a
deep intervening cleft and A-OS1 occupying the ATP-binding
site, similar to the binding mode of staurosporine and many other
synthetic ATP-mimetic organic inhibitors (Figure 4a).>>% The
maleimide moiety of A-OS1 forms two canonical hydrogen
bonds with the hinge region by donating a hydrogen bond from
the maleimide NH to the backbone amide carbonyl group of
Asp133 (2.9 A) and accepting a hydrogen bond from the
backbone amide NH group of Val135 (2.7 A) to one of the
maleimide carbonyl groups (Figure 4b). Furthermore, the NH,-
substituent at the pyridine moiety is in hydrogen bonding
distance with the backbone carbonyl groups of Val135 (3.3 A)
and Pro136 (3.1 A). Together, the binding of A-OS1 to GSK3/3
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is stabilized by 3—4 hydrogen bonds to the hinge region. The
pyridocarbazole heterocycle is sandwiched by key hydrophobic
contacts from amino acids of the N-terminal (Ile62, Phe67,
Val70, Ala83, Lys8S, Val110) and C-terminal (Leul32, Glul137,
Thr138, Leul88, Cys199, Asp200) domains together with
Tyr134 and Val135 of the hinge region. The 2-aminomethylpyr-
idine ligand undergoes edge-to-face stacking with Phe67 and the
coordinated NH,-group forms a hydrogen bond with the back-
bone carbonyl group of GIn18S (2.9 A) (Figure 4b,c). Most
interestingly, the ruthenium-coordinated CO lngand interacts
extensively with the flexible glycine-rich loop®”** exploiting by
induced fit a small hydrophobic pocket formed by Ile62, Gly63,
Phe67, and Val70. This pocket perfectly accommodates the small
hydrophobic CO axial ligand. It is noteworthy that the related
natural product staurosporine cannot benefit from such strong
hydrophobic interactions as exemplified by Phe67 which is
rotated out toward the solvent in the complex with staurosporine
(Figure 4d). The same unusual interaction between coordinated
CO and the glycine-rich loop of GSK3p has been observed with
related CO-containing half-sandwich complexes.”>** Since we
have not observed any highly potent ruthenium-based inhibitors
for GSK3 lacking this CO ligand, we conclude that this interac-
tion with the flexible glycine-rich loop is a crucial driving force for
binding potency and selectivity to GSK3. However, this structure
does not provide any insight into the observed selectivity of
A-OS1 for the a- over 3-isoform of GSK3 (ca. 7-fold, GSK3/:
ICso = 6 nM at 100 uM ATP), since all amino acid residues
responsible for A-OS1 binding are identical in both isoforms.
One can hypothesize that the rigid ruthenium complex can
distinguish between the two isoforms based on dynamic effects
resulting from sequence differences at more distal sites.

dx.doi.org/10.1021/ja1112996 |J. Am. Chem. Soc. 2011, 133, 5976-5986
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Figure 3. Screening of compounds A-OS1, 0S4, 0SS, and OS6 against panels of human wild type protein kinases. Each bar represents the activity of one
individual protein kinase. Protein kinases in each panel (Millipore KinaseProfiler) were solely selected on the basis that their concentration was equal to or
lower than the concentration used of the screened compound. All assays were performed with 10 #M ATP. Data shown represent the mean value of
duplicate measurements. (a) GSK3at inhibitor A-OS1 tested at a concentration of 10 nM against 102 protein kinases. (b) DAPK1 inhibitor OS4 tested at a

concentration of 10 nM against 102 protein kinases. (c) MLCK inhibitor OSS tested at a concentration

of 100 nM against a panel of 191 protein kinases.

(d) FLT4 inhibitor OS6 tested at a concentration of 300 nM against a panel of 215 protein kinases. See the Supporting Information for more details.
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Table 2. X-ray Data Collection and Processing and Refine-
ment Statistics

DAPK1/(R)-OS4 GSK3f3/A-0S1
data collection and processing
space group P2,2,2, P2,2,2,

cell dimensions

ab,c(A) 5030, 77.80, 11130 83.32, 84.30, 178.12

o, B, 7 (deg) 90.00, 90.00, 90.00 90.00, 90.00, 90.00

resolution (A)" 24.53—2.20 49.33—-2.99
(2.26—2.20) (3.15—2.99)

unique observations” 21538 (3151) 25373 (3651)

completeness® (%) 95.1 (96.8) 97.3 (97.7)

redundancy” 5.0 (4.6) 5.0 (4.8)

Ronerge 0.098 (0.815) 0.186 (0.772)

1/oT* 139 (1.8) 63 (2.0)
refinement

resolution 2.20 2.99

Ruvort/Reree 19.8/26.0 20.4/24.9

number of atoms 2234/40/108 5324/70/—

(protein/other/water)

B-factors (A2) 32.5/30.2/36.0 $2.0/48.0/—

(protein/other/water)

rms deviations

bond lengths (A) 0.021 0.016

bond angles (deg) 1.78 1.52

Ramachandran plot

favored (%) 95.62 94.42

allowed (%) 2.55 4.55

disallowed (%) 1.82 1.03

“Values in parentheses correspond to the highest resolution shell.

Interestingly, starting from the GSK3a inhibitor A-OS1 and
introducing just a few modifications at the periphery, such as
changing the substitution pattern and orientation of the pyrido-
carbazole moiety and replacing the aminomethylpyridine for a
more bulky iminopyridine ligand, the compound A-OS2 is derived,
which exhibits a switched selectivity in favor of PAK1 over GSK3a.
(Figure 2 and Table 1). This is a remarkable observation since
A-OS1 does not detectably inhibit PAK1 (ICs, > 100 000 nM)
which translates to a change of the ICs value ratio of GSK30./PAK1
by S orders of magnitude, going from A-OS1 (ratio <0.000 009) to
A-0S2 (ratio = 5.7). PAKI has a very open active site and can
accommodate the bulky and rigid complex A-OS2 as opposed to
most other protein kinases.'” Replacing the bulky iminopyridine
ligand together with the chloride for a tridentate cyclic 1,4,7-
trithiacyclononane ligand, in addition to some variation at the
pyridocarbazole moiety, afforded the octasporine complex OS3
(racemic) which displayed a switched selectivity profile with a
subnanomolar ICg, value for the protein kinase PIM1 (ICsy =
0.075 nM at 100 uM ATP) and at the same time a selectivity over
PAK1 and GSK30. of 1093-times and 267-times, respectively.

All compounds discussed so far, A-OS1, A-OS2, and OS3,
contain a monodentate axial CO ligand which is oriented
perpendicular to the pyridocarbazole moiety and thereby inter-
acts with the flexible glycine-rich loop as revealed by the
interaction of A-OS1 with GSK3 but also revealed in multiple
other cocrystal structures of CO-containing metal complexes

with protein kinases.'”*****° We speculated that pointing other
monodentate ligands toward the glycine-rich loop might have
significant effects on the binding potencies and selectivities of
this class of compounds. Indeed, starting from the 1,4,7-trithia-
cyclononane scaffold OS3 and replacing the axial CO for a
thiocyanate ligand, in addition to some modifications at the
pyridocarbazole moiety, afforded complex OS4 (racemic) with a
switched selectivity profile now in favor of the protein kinase
DAPK1, with an ICs, value of 2.0 nM (100 uM ATP) and an 85-
fold selectivity over PIMI1. Interestingly, the protein kinases
GSK3a and PAK1 were not detectably inhibited by this com-
pound (ICs, > 100 uM). Figure 3b summarizes the screening
results of 0S4 at a concentration of 10 nM (10 #M ATP) against
every human wild-type protein kinase in the Millipore Kinase-
Profiler panel that was used in the assay at a concentration of 10
nM or less (102 protein kinases). As a result, 96 out of the 102
kinases in this panel showed an activity higher than 60%,
compared to DAPK1 which displayed a residual activity of only
12% under these conditions and the remaining kinases being
ZIPK (22%), RSK2 (27%), RSK1 (31%), MELK (37%), and
PIM1 (38%, see Table 1 for ICs,). We verified the ICs, value of
084 against ZIPK to be 8.8 nM at 100 #M ATP. Therefore, it can
be concluded that OS4 is selective for DAPK1 in this panel of 102
protein kinases with a selectivity factor of at least 4.4.

In order to better understand the binding mode of 0S84 to
DAPKI1, we expressed, purified, and cocrystallized DAPKI with
racemic 0S4, then solved and refined the structure to a resolu-
tion of 2.2 A (Table 2). The overall fold is shown in Figure Sa and
reveals that the (R)-enantiomer of OS4 occupies the ATP-
binding site. In analogy to A-OS1, the maleimide moiety of
(R)-0S4 forms two canonical hydrogen bonds with the hinge
region of DAPK1 (Glu94 and Val96) (Figure Sb). In addition,
the isopropyl ether oxygen of the indole moiety is in hydrogen
bonding distance to a water molecule (2.7 A), which is held in
place by three additional hydrogen bonds to amino acids Lys42
(3.0 A), Glu64 (2.8 A), and Asp161 (2.5 A) (Figure Sb,c). The
pyridocarbazole heterocycle is sandwiched by key hydrophobic
contacts from amino acids of the N-terminal (Leul9, Val27,
Ala40, 1le77, Leu93) and C-terminal (Met146, Ile160) domains
together with Val96 of the hinge region (Figure Sb). The
isopropyl substituent reaches into a small hydrophobic pocket
created by Lys42, Leu68, 1le77, Leu9l, Leu93, and Ile160,
whereas the 1,4,7-trithiacyclononane ligand points toward the
more hydrophilic entrance of the ATP-binding site with the most
important hydrophobic interactions to Glul43, Metl46, and
Ile160, but also to Gly20 and Ser21 of the glycine-rich loop. The
NCS ligand occupying the metal axial position is coordinated in a
slightly bent fashion (Ru—N—C = 143°) and points toward the
flexible glycine-rich loop, resulting in close contact with the side
chain residues of Ala25, Val27, and Lys42, as well as the backbone
residues of Gly20, Ser21, and Val26 (Figure Sc). Interestingly, in
a small molecule crystal structure of a compound closely related
to OS4, the NCS ligand is coordinated in a more linear fashion
(Ru—N—C = 172°) (see the Supporting Information). Density
functional theory (DFT) calculations reveal that the energy
differences between the straight and bent coordination mode is
only modest (see the Supporting Information), implying that the
binding angle of the NCS ligand can adjust to the geometry
necessary for an optimal interaction with the glycine-rich loop.
The steric demand of this axial substituent induces a more open
conformation of the glycine-rich loop when compared to a
DAPKI1 structure in complex with the nonhydrolyzable ATP
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Figure 4. Crystal structure of GSK3/ with A-OS1. (a) Overall structure with A-OS1 bound to the ATP-binding site. (b,c) Interactions of A-OS1
within the active site of GSK3/3. Labeled amino acids are involved in hydrogen bonds to the ruthenium complex. (d) Binding position of A-OS1
(the carbon atoms of the glycine-rich loop are shown in green) and staurosporine (the carbon atoms of the glycine-rich loop are shown in gray, PDB code
1Q3D) relative to the position of the glycine-rich loop of GSK3p. (e) Calculated 2F,,; — F,. difference electron density map of the inhibitor contoured

at 20.

analog AMPPnP (Figure 5d).*' It is noteworthy that the
glycine-rich loop of DAPK1 is much more “stretched out”
compared to the glycine-rich loop of GSK3/ (Figure 4d) and
other protein kinases, a conformation that generates a hydro-
phobic pocket that closely matches the shape of the NCS ligand,
whereas the smaller pocket formed by the glycine-rich loop of
GSK3 is better matched by the smaller and linear CO axial
ligand. Taken together, the selectivity data presented here in
combination with the protein crystal structures suggest that
selectivity for protein kinases can be tuned significantly by
tailored interactions with the glycine-rich loop, a surprising and
unique finding given that this region is known to be rather
flexible in protein kinases.

Using OS4 as a starting point and replacing the thiocyanate
ligand for an azide, removing the fluorine, and oxidizing one
thioether ligand to its sulfoxide, leads to the related complex OSS
(racemic) which again displays a switched inhibition profile, with
high selectivity for MLCK (ICso = 4.4 nM). Despite the high
structural similarity between OS4 and OSS, OSS displayed an
26-fold selectivity for MLCK over DAPK1, switched from 12.5-
fold in favor of DAPK1 over MLCK for OS4. In order to evaluate
its global selectivity profile, we screened OSS at a concentration
of 100 nM against 191 protein kinases (all wild type human
protein kinases in the Millipore KinaseProfiler which are used in
the assay at a concentration <100 nM). The resulting data
presented in Figure 3c revealed that 145 out of the 191 kinases
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Figure 5. Cocrystal structure of DAPK1 with (R)-OS4. (a) Overall fold with (R)-OS4 bound to the ATP-binding site. (b,c) (R)-OS4 stabilization
occurs via hydrogen bonds and hydrophobic contacts with various protein residues. (d) DAPK1/(R)-OS4 complex superimposed with the cocrystal
structure of DAPK1 and AMPPnP shown in gray (PDB code 1JKL). (e) 2F,; — F, difference electron density map of the inhibitor contoured at 10.
Note: The absolute configuration at the ruthenium was assigned according to the Cahn—Ingold—Prelog rules treating the complex as being
pseudotetrahedral with the 1,4,7-trithiacyclononane being formally regarded as a single substituent, with the priority order of the substituents being
1,4,7-trithiacyclononane > pyridine [N(C,C,C)] > NCS > indole [N(C,C,lone pair)].

were more than 50% active under these conditions whereas
MLCK showed a residual activity of only 3% under these
conditions (10 M ATP). No other kinases are inhibited more
potently with Ret (3%), ZIPK (4%), and DAPK1 (6%) being the
next most inhibited kinases in this panel. Subsequent inhibition
measurements revealed that these kinases exhibit higher ICsq
values than MLCK (ICs, values at 100 uM ATP: Ret =70 nM,
ZIPK = 18 nM, DAPK1 = 113 nM), thus demonstrating the high
selectivity of the MLCK inhibitor OSS.

Finally, based on a recently discovered iridium complex
scaffold,”® we developed the octahedral iridium complex OS6 as
a highly selective inhibitor for the receptor tyrosine kinase FLT4
(also known as VEGFR3). In this complex, iridium in the

oxidation state +3 is coordinated octahedrally to one pyridocar-
bazole moiety in addition to a CHj, a selenocyanate, and a
bidentate dibenzo[a,e]cyclooctatetraene ligand. OS6 displayed
an ICs value of 42 nM (100 uM ATP, Table 1) against FLT4
with a respectable selectivity of 8-fold to more than 2380-fold over
the other kinases listed in Table 1. The impressive selectivity of this
compound was further demonstrated by screening it against a
panel of 215 human wild-type protein kinases at a concentration of
300 nM (10 uM ATP). As in all other assays, the protein kinases
were selected solely on the basis of their assay concentration
(= the inhibitor concentration of OS6). As a result, as shown in
Figure 3d, 203 out of 215 kinases displayed activities of >50% at
300 nM OS6, whereas FLT4 was the most potently inhibited
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Figure 6. Molecular electrostatic potential surfaces of the octasporine
inhibitors. In this diagram, red represents negative electrostatic poten-
tial, green represents zero, and blue represents positive electrostatic
potential in hartrees. Note that the large regions of positive electrostatic
potential in OS3 is due to the monocationic nature of the metal complex.
The molecular electrostatic potential surface of OS3 does not include
the PF¢ counterion. The molecular electrostatic potential surface of OS3
including the associated PF4 counterion can be found in the Supporting
Information. The metal complex geometries were determined from
DFT calculations at the BP86/def2-SVP/CPCM level under considera-
tion of water solvation effects (see the Experimental Part and the
Supporting Information).

target to just 6% of residual activity. Interestingly, the closely
related protein kinases FLT1 (also known as VEGFRI)
(12%, determined ICso = 151 nM at 100 uM ATP), FLT3
(26%), and KDR (also known as VEGFR2) (56%) were in-
hibited more weakly. Thus, OS6 is a highly selective FLT4
inhibitor which can even significantly distinguish between
VEGEFR isoforms. We believe that this high selectivity is the
consequence of the scaffold rigidity combined with its large size
that almost fills the complete ATP binding site, thus rendering
the inhibitor very sensitive to even small structural differences.

W DISCUSSION

For the design and discovery of compounds with desired
biological properties, chemical biology and medicinal chemistry
rely predominately on organic molecules. Organic chemistry
provides without any dispute extremely powerful tools for
building diverse and complicated structures. However, it is also

Figure 7. Superimposed structures GSK3/3/A-OS1 (carbon atoms in
gray) and DAPK1/(R)-0S4 (carbon atoms in pink), revealing the relative
binding positions with the hinge region and the glycine-rich loop.

apparent that the construction of organic molecules, which are
globular and structurally highly preorganized, requires sophisti-
cated and complicated scaffolds that are typically synthetically
not accessible in a straightforward fashion. A recent study
investigated the protein binding properties of compounds from
natural and synthetic sources and found that protein binding
selectivity correlates with shape complexity (defined as the relative
content of sp>-hybridized carbons) and stereochemical complexity
(defined as the relative content of stereogenic carbons).** In this
respect, octahedral metal complexes may offer an attractive
alternative strategy for constructing complicated “natural-pro-
duct-like” three-dimensional structures with unique and defined
shapes and hitherto unprecedented properties. All six octahedral
metal-based kinase inhibitors developed in this study display very
defined globular, relatively rigid shapes and distinguished electro-
static potential surfaces, as mapped with a color code on electron
density isosurfaces in Figure 6. It is intriguing how sensitive the
binding properties of the individual metal complexes depend on
the exact ligand sphere around the metal center. Apparently, in our
octasporine design, the metal is located at a “hot spot” within the
ATP binding pocket, not too far inside toward the hinge region,
where globular space is not available, and at the same time not too
far out toward the solvent where the octahedral coordination
sphere would not have a significant impact on potency and
selectivity.”® We conclude that the combination of globular space
requirement and high rigidity facilitate the design of highly
selective protein kinase inhibitors.

Although the octahedral metal complexes presented in this
work are conventional ATP-competitive binders, their unique
shapes allow novel interactions with the glycine-rich loop of
protein kinases which appears to be a crucial factor for binding
potency and selectivity. We are not aware of other examples of
selectivity-determining noncovalent interactions between the
glycine-rich loop and purely organic protein kinase inhibitors.
A special and unique feature of the octahedral metal center in the
octasporine scaffold is its ability to present a ligand directly
perpendicular to the heterocyclic pyridocarbazole hinge binder
as indicated in Figure 1b, thus pointing functional groups directly
toward the glycine rich loop, a feature which can be further used
to exploit differences in the conformations of this loop and the
relative position to the hinge region as seen in the superimposed
GSK3(/A-0S1 and DAPK1/(R)-OS4 structures (Figure 7).
Such interactions between inhibitor and the glycine-rich loop of
protein kinases constitute a novel strategy for achieving protein
kinase selectivity.
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Table 3. Conditions for ICsy Value Determinations

kinase kinase conc (nM) substrate
GSK3a 1.8° PGSP-2
PAK1 0.2 MBP

PIM1 16" S6 peptide
DAPK1 1.0 ZIP peptide
MLCK 4.6 ZIP peptide
FLT4 8.8 JAK3tide
FLT1 6.1 IGF-IRtide
ZIPK 10 ZIP peptide
RET 2.5 IGF-IRtide

substrate conc (uM)

20
10
N
62.5
62.5
100
100
62.5
100

[y-*PJATP conc (uCi/uL) incubation time (min)

0.05 45
0.06 45
0.04 30°
0.08 30
0.1 30°
0.1 180
0.1 180
0.1 30
0.1 30

“ Concentration of GSK30t was 0.9 nM for A-OS1. " Concentration of PIM1 was 64 pM for OS3. “ Incubation time was 45 min for 083. ¢ Concentration

of MLCK was 1.8 nM for OS3.

B CONCLUSIONS

In conclusion, we presented here a detailed study on the protein
kinase binding and selectivity properties of carefully tailored
octahedral metal complexes. The octahedral metal centers provide
the opportunity to generate structures with natural-product-like
shape and stereochemical complexity in a straightforward fashion.
The globular and rigid nature of these complexes in combination
with a well positioned metal center within the ATP binding site
allows selectivity-determining interactions with the glycine-rich
loop. Therefore, although these octasporines are conventional
ATP-competitive binders, they display exquisite selectivities and
will serve as powerful chemical probes for deciphering kinase
activity and understanding cellular signaling.

W EXPERIMENTAL PART

Synthesis and Characterization of A-OS1, A-0S2, and
0S3-0S56. A detailed description of the synthesis and characterization
of these compounds is given in the Supporting Information.

Selectivity Profiles Using Protein Kinase Panels. Percentage
kinase activities of octasporine inhibitors each at a single concentration
(A-OS1 = 10 nM, 084 = 10 nM, OS5 = 100 nM, OS6 = 300 nM) in
panels of human wild type protein kinases were determined by
KinaseProfiler (Millipore UK Ltd.). Measurements were performed in
duplicate and the average was taken. Protein kinases were selected from
the Millipore KinaseProfiler panel solely based on the concentration of
the protein kinase used in the assay so that the kinase concentration is
equal to or lower than the concentration of the inhibitor (A-OS1 and
084 = 102 kinases, OS5 = 191 kinases, OS6 = 215 kinases).

Protein Kinase Activity Assays. The PAKI1 kinase domain
(residues 249—545) was expressed and purified as previously described."®
All other kinases (human) and substrates were purchased from Millipore
or MoBiTec GmbH. ICy, values were obtained by a conventional
radioactive assay in which kinase activity was measured by the degree of
phosphorylation of a substrate with [y-**P]JATP (Perkin-Elmer). Accord-
ingly, different concentrations of the inhibitors were preincubated with
protein kinases in 20 mM MOPS pH 7.0, 30 mM MgCl,, 0.8 ug/uL
bovine serum albumin (BSA), and 5% DMSO (resulting from the
inhibitor stock solution) in the presence of substrates for 15 min, except
for FLT4 and FLT1 which were incubated for 45 min. Reactions were
initiated by adding ATP to a final concentration of 100 uM including
[y-**P]ATP in a final volume of 25 uL. After incubation for a period of
time, the reactions were terminated by spotting 17.5 4L onto circular P81
phosphocellulose paper (diameter 2.1 cm, Whatman), followed by
washing three times with 0.75% phosphoric acid and one time with
acetone. The dried P81 papers were transferred to scintillation vials and
S mL of scintillation cocktail were added. The counts per minute (CPM)
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were measured with a Beckmann Coulter LS6500 Multi Purpose Scintilla-
tion Counter, and the ICs values were defined to be the concentration of
inhibitor at which the counts per minute were 50% of the control sample,
corrected by the background CPM. Specifics for each kinase and ligand
used are given in Table 3.

Expression, Purification, and Crystallization of the Cata-
lytic Domain of Human DAPK1. DH10B TonA cells transformed
with pCR-XL-TOPO plasmid containing cDNA of human DAPKI1
(accession number: BC113660) were purchased from Open Biosys-
tems. Sterile LB media (50 mL) was inoculated with § 4L of DH10B
TonA cells and grown overnight. The plasmid was isolated the following
day with a MidiPrep kit (Qiagen). The sequence corresponding to the
catalytic domain of human DAPK1 (amino acids 1—285) was amplified
by PCR from a plasmid using suitable primers and ligated into a pET 151
vector (Champion pET-151 Directional TOPO Expression kit, In-
vitrogen) (forward primer §-CACCATGACCGTGTTCAGGCAG-
GAAAACGTG-3'; reverse primer $-TCAACTAAGTGCCTGTTGT
GTATCTTTAGG-3'). Protein production was carried out in E. coli
Rosetta2-DE3 cells (Novagen). Cells were grown at 37 °C until they
reached an O.D. = 0.6, then the temperature was reduced to 17 °C and
protein expression was induced by the addition of 1 mM IPTG. Cells
were allowed to grow for 4 h and then were harvested and stored at —80
°C until further use.

Frozen cell pellets were thawed and resuspended in 50 mM HEPES
pH 7.2, 300 mM NaCl, 10% glycerol, 1 ug/mL PMSE. Cells were lysed
by sonification on ice for 3 min (in 3 intervals). After spinning (30 min at
42 500g), the supernatant was collected and loaded to a Ni-NTA column
(Qiagen). The column was washed with 10 mM and 50 mM imidazole
containing 50 mM HEPES pH 7.2, 300 mM NaCl, 10% glycerol
followed by the elution of the protein with a gradient of 10—250 mM
imidazole containing buffer. The solution was diluted with 50 mM
HEPES pH 7.2, 10% glycerol, 20 mM DTT, 4 mM MnCl,. In order to
cleave the N-terminal fusion tag and minimize the different phosphor-
ylation states, the protein was incubated with TEV protease and lambda
phosphatase overnight at 4 °C. The following day the protein solution
was diluted twice with the same buffer to decrease the salt concentration
and then reconcentrated. The sample was then loaded to a MonoQ 5/50
column (GE Healthcare). After washing the column with SO mM
HEPES pH 7.2, 3 mM DTT, 10% glycerol, a gradient of 0 to 0.5 M
NaCl was applied in S0 column volumes. The fractions containing
DAPKI,; _,g5 were identified by SDS-PAGE and pooled together. In
order to remove remaining His-tagged DAPK1, _,55, the sample was again
loaded to Ni-NTA column, but this time the unbound fraction was
collected to obtain cleaved DAPK-1,_,g5 (reversed Ni-NTA column).
Finally, the sample was applied to a Superdex 26/60 column (GE
Healthcare) and eluted in 20 mM Tris pH 7.6, 100 mM NaCl, 1 mM
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DTT, and 1 mM EDTA. The solution was concentrated to 5 mg/mL for
crystallization. The yield was 30 mg protein/L growth culture.

Racemic ruthenium complex OS4 was added to the protein solution
to a final concentration of 0.5 mM. The total concentration of DMSO
was 5% which resulted from the inhibitor stock solution. The mixture
was incubated on ice for 1 h followed by centrifugation at 15000g.
Crystallization trials were carried out by sitting drop vapor diffusion at
4 °C with 2 uL protein solution plus 2 #L precipitant solution. Crystals
appeared in 100 mM Tris pH 7.6 and 7.5—10% PEG 6000 within 2—3
days. Crystals were cryoprotected in the crystallization buffer supple-
mented with 25% glycerol and flash frozen in liquid nitrogen.

Expression, Purification, and Crystallization of Human
GSK3f. GSK3p was expressed and purified as previously described.”®
GSK3[ was prepared in 20 mM HEPES pH 7.2, 1 mM DTT, 2 mM
MgCl,, and 500 mM NaCl and concentrated to 3 mg/mL for crystal-
lization. Crystals of the apoprotein were obtained at 4 °C in 4 uL
hanging drops by mixing 2 uL protein solution with 2 L precipitant
containing 100 mM Tris pH 7.4, 20% PEG 6000. Crystals grew within
3—S5 days. Further optimization of the crystal size was achieved by tuning
the diffusion rate by overlaying 400 L Al’s oil (50:50 v/v mixture of
paraffin oil and silicon oil) onto reservoir solution (600 #L). The crystals
of the native protein were soaked with A-OS1 at a final ligand
concentration of 0.5 mM for 6 h in 1% glycerol and 10% DMSO (in
precipitant buffer). Crystals were cryoprotected in the crystallization
buffer supplemented with 25% glycerol and flash frozen in liquid
nitrogen.

X-ray Crystallography. The DAPK1/(R)-OS4 complex was
crystallized in spacegroup P2,2,2; with & = = y = 90° and a = 50.3
A, b=778 A, and ¢ = 111.3 A. X-ray data were collected at beamline
ID23-2 (14.20 keV, 0.873 A) of the European Synchrotron Radiation
Facility (ESRF, Grenoble, France), at 100 K from a single crystal with a
MarMosaic 225 detector system. Data reduction was carried out using
XDS and XSCALE.* The structure was determined using in-house
structural data of DAPK1 (unpublished) by molecular replacement
using PHASER™ of the CCP4° package. The Phaser solution with data
up to 2.2 A yielded one molecule per asymmetric unit with z scores of
32.4 for the rotation function and 52.0 for the translation function.
Further refinement was carried out with REFMACS,*” and the model
was manually built using COOT?® at 2.2 A, which led to five outliers
(5/274, 1.82%) and four residues in allowed regions (7/274, 2.55%)
according to the Ramachandran plot. The final statistics reported R-
factors of Ryon = 19.8 and Ry, = 26.0 for the complex with the (R)-
enantiomer of 0S4 (Table 2). Coordinates and structure factors of
DAPK1/(R)-OS4 have been deposited in the protein data bank under
the accession code 2YAK.

The GSK3[3/A-OS1 complex was crystallized in spacegroup P2,2,2,
withoo=f=y=90°anda=83.32A,b=84.30 A, and c = 178.12 A. X-ray
data were collected at beamline ID23-2 (14.20 keV, 0.873 A) of the
European Synchrotron Radiation Facility (ESRF, Grenoble, France), at
100 K from a single crystal with a MarMosaic 225 detector system.
Indexing and integration were carried out using MOSFLM™ and scaling
was performed with SCALA.* Initial phases were calculated by molec-
ular replacement with PHASER** using a known model of GSK3/3 (PDB
code 2JLD).>® The ligand was modeled into the experimental density
and building was completed manually with COOT.*® Refinement was
carried out in REFMACS.>” Thermal motions were analyzed using
TLSMD,*" and hydrogen atoms were included in late refinement cycles.
The final statistics reported R-factors of R o = 20.4 and Ry = 24.9 for
the complex with A-OS1 (Table 2). Coordinates and structure factors of
GSK3/3/A-081 have been deposited in the protein data bank under the
accession code 3PUP.

Computational Methods. The geometry optimization and fre-
quency calculations of A-OS1, A-OS2, and single enantiomers of OS3-
086 were carried out using the BP86*>*’ functional in conjunction with

the def2-SVP™ basis set as implemented in Gaussian03.* The CPCM-
SCRF***’ calculations were performed to address solvation effects. The
dielectric constant of water (¢ = 78.39) was utilized in order to simulate
the solvent environment. In CPCM, the choice of cavities is important,
because the computed energies and properties depend on the cavity size.
In this study, the united atom topological model (UAO)** was used,
which uses radii from the UFF* force field. The energy difference
between bent and linear coordinated NCS ligand in OS4 was calculated
in methanol (& = 32.63) by using the MO05°%*! functional and the CPCM
method in conjunction with the def2-SVP basis set at CPCM and BP86/
def2-SVP/CPCM level. Molecular electrostatic potential surfaces were
created with GaussView 5.0.8. See the Supporting Information for more
information.
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