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ABSTRACT: The protein kinase C-related kinase 2 (PRK2)-
interacting fragment (PIF) pocket of phosphoinositide-dependent
kinase-1 (PDK1) was proposed as a novel target site for allosteric
modulators. In the present work, we describe the design, synthesis, and
structure−activity relationship of a series of 2-(3-oxo-1,3-
diphenylpropyl)malonic acids as potent allosteric activators binding
to the PIF pocket. Some congeners displayed AC50 values for PDK1
activation in the submicromolar range. The potency of the best
compounds to stabilize PDK1 in a thermal stability shift assay was in
the same order of magnitude as that of the PIF pocket binding peptide
PIFtide, suggesting comparable binding affinities to the PIF pocket. The
crystal structure of PDK1 in complex with compound 4h revealed that
additional ionic interactions are mainly responsible for the increased
potency compared to the monocarboxylate analogues. Notably, several compounds displayed high selectivity for PDK1.
Employing a prodrug strategy, we were able to corroborate the novel mechanism of action in cells.

■ INTRODUCTION

The Ser/Thr kinase phosphoinositide-dependent kinase-1
(PDK1) is a pivotal regulator constitutively phosphorylating
some substrates and also acting downstream of insulin- and
growth factor receptor-activated phosphatidylinositol-3 (PI3)
kinase. PDK1 phosphorylates and activates at least 23 protein
kinases from the AGC family.1,2 The PDK1 substrates,
including all isoforms of p70 S6 kinase (S6K), p90 ribosomal
S6 kinase (RSK), serum- and glucocorticoid-induced protein
kinase (SGK), PKC isoforms, protein kinase C-related kinase 2
(PRK2), and PKB/AKT, are implicated in various cellular
processes such as metabolism, cell growth, differentiation, and
survival.2−4 Hence, constitutive activation of PDK1 can lead to
cancer and other disorders including inflammation, arthritis,
diabetes, and cardiovascular disease. In the past, PDK1 has
been extensively investigated as an oncology target, while other
potential indications have received little attention so far.
A lot of effort was dedicated to the development of inhibitors

targeting the ATP binding pocket.5−9 However, analysis of
several structural classes of small-molecule PDK1 inhibitors did
not reveal any selective compound, which can be attributed to
their purely ATP-competitive mechanism of action.10,11 Only
recently, an inhibitor binding to the inactive form of PDK1 by
stabilizing a DFG-out conformation in the active site was
reported, which displayed a high selectivity.11 Interestingly, this

type II inhibitor diminished only anchorage-independent
growth and cell migration but not normal proliferation of
several tumor cell lines, suggesting that the mode of action of
an inhibitor can largely influence its potential therapeutic
effect.11 With respect to a potential application for the
treatment of diabetes type 2, the requirements for a PDK1
inhibitor would be to inhibit downstream activation of substrate
kinases responsible for desensitization of insulin signaling, in
particular S6K,12 while not affecting the activity of other
substrates that function as downstream mediators of insulin
action. Such a pharmacological profile can hardly be reached by
compounds directed to the ATP binding site, which are
expected to prevent the activation of all substrate kinases,
including AKT/PKB. Whereas evidence from knockout studies
suggests that inhibition of S6K-catalyzed phosphorylation of
the insulin receptor substrate (IRS)1 might lead to attenuation
of a negative feedback loop and sensitize cells to insulin,13−15

PKB plays a pivotal role in mediating glucose uptake and
storage (reviewed in ref 16). Knockdown of PKBβ caused
insulin resistance and severe diabetes.16 Similarly, systemic
RNAi-mediated knockdown of the PDK1 activity by 90%
induced hyperglycemia and hyperinsulinemia in mice, which
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might be due to repression of PKB activation.17 In a further
study, pancreas-specific PDK1 knockout mice developed severe
hyperglycemia and pancreatic hypoplasia.18

In contrast to ATP-competitive inhibitors, allosteric ligands
binding to the so-called PRK2-interacting fragment (PIF)
pocket of PDK1 might allow a more selective modulation of
downstream activations and hence could be explored as
potential agents for the treatment of diabetes type 2. The
PIF pocket is a shallow hydrophobic pocket on the small lobe
of the catalytic domain, which is shared with all members of the
AGC kinase family.19 In PDK1, it serves two functions: (i) as
an allosteric site regulating the catalytic activity, and (ii) as a
docking site for the transient interaction with the C-terminal
hydrophobic motif (HM) peptides of the substrate kinases,
which share the consensus core sequence F-X-X-F-S(P)/T(P)/
D-Y (X: any amino acid; P: phosphate group).
Most inactive substrate kinases of PDK1 depend on binding

of their C-terminal HM peptide to the PIF pocket in order to
become phosphorylated and activated, according to point (ii)
above.2,20 Therefore, compounds directed to the PIF pocket are
expected to compete with the essential docking of the
substrate's HM peptides, thus preventing the activation of
many substrates in the insulin signaling pathway, including S6K.
In this regard, PIF pocket ligands are predicted to function as
inhibitors of protein−protein interactions between the PIF
pocket and the HM peptides. Interestingly, the PIF pocket
meets the criteria as identified by Bogan and Thorn for
druggable hot spots in protein−protein interfaces, which were
characterized as being enriched by hydrophobic aromatic
residues, and basic residues, in particular arginine.21

As an important exception in the PDK1 pathway, the
activation of PKB is not dependent on the PIF pocket.20

Rather, the phosphorylation of PKB is triggered by
colocalization with PDK1 at the membrane, mediated by
binding of their pleckstrin homology (PH) domains to
phosphatidylinositol (3,4,5)-trisphosphate.22,23 Thus, com-
pounds directed to the PIF pocket of PDK1 should not affect
the activation of PKB, compatible with a potential application
for the treatment of diabetes type 2.
Of concern is rather the potential inhibition of PKCζ, which

was reported to enhance glucose transport in skeletal muscle,
and its activation was shown to be impaired in diabetes type
2.24−26 PKCζ is phosphorylated by PDK1 at the activation loop
residue Thr410.27 In agreement with the postulated PIF-
pocket-dependent mechanism of activation, expression of
glutathione-S-transferase (GST)-PIFtide, which competes
with binding of the PKCζ HM peptide to the PIF pocket,
prevented the T-loop phosphorylation and activation of PKCζ
in HEK293 cells.28 However, the phosphorylation of the PKCs
by PDK1 is believed to initiate the maturation process after
biosynthesis, leading to a PKC species constitutively
phosphorylated at the activation loop, obviating the need for
PDK1 activity at later stages of the protein life span.29 So far,
the effect of a short-term blocking of the PDK1 PIF pocket on

the PKCζ phosphorylation state in intact cells was not analyzed
yet.
Of note, the selective effects of PIF pocket blockage in cells

as outlined above are expected to occur with any PIF-pocket
ligands that are either allosteric activators or neutral antagonists
with respect to the influence on catalytic activity. By contrast,
allosteric inhibitors would affect the phosphorylation of all
substrates, including PKB.
In our previous work, we published the first small molecules

that were able to allosterically activate PDK1 by binding to the
PIF pocket.30 Furthermore, we described the structure−activity
relationship (SAR) of a larger series of 3,5-diphenylpent-2-
enoic acids as PIF-pocket-directed PDK1 activators, providing
evidence that the PIF pocket might be a druggable site.31 The
binding mode of one of these compounds and part of the
allosteric mechanism were characterized by methods in solution
and using X-ray analysis of a cocrystal structure with PDK1.32

Further compounds suggested to bind to the PIF pocket were
discovered by other groups employing different techniques
including NMR-based fragment screening, molecular docking,
and ultrahigh throughput screening.33−35 While most small
molecule PIF-pocket ligands were activators of the catalytic
activity, Sadowsky et al. reported small fragments that acted as
allosteric inhibitors after covalent disulfide linkage to a mutated
Cys residue at the PIF-pocket border.36

The affinity of the most potent HM peptide known so far,
PIFtide (a 24-mer deriving from the PDK1 substrate PRK2),
was determined in the range 43−90 nM (Kd value).30,37

However, the affinity of most reversible ligands described
hitherto was rather low, in the micromolar Kd range, which
appeared insufficient to effectively compete with binding of the
substrate HM peptides to the PIF pocket in cells. Wei et al.34

reported a series of PDK1 activators exhibiting an up to 5 times
greater potency in displacing PIFtide from PDK1 protein than
compound I (Figure 1). However, this finding was obscured by
unexpectedly high AC50 values toward the PDK1 preparation
used (>15 μM). Thus, the potential efficacy toward native
PDK1 in a cellular setting remains unclear. In addition to
strong binding affinity, high selectivity is another prerequisite to
perform detailed cellular and in vivo studies for a proof-of-
principle; selectivity data were only reported for a few PDK1
PIF-pocket ligands hitherto. The objective of the present study
was therefore to develop high affinity ligands for the PDK1 PIF
pocket that were able to compete with endogenous HM
peptides and that were not targeting the PIF pockets of related
kinases from the AGC family. As an additional prerequisite, the
effects of the PIF pocket ligands on the catalytic activity were
preferred to be activating or neutral, in order to prevent
inhibition of PKB.
In the following, we describe the design, synthesis, and SAR

of 2-(3-oxo-1,3-diphenylpropyl)malonic acids as a new class of
PDK1 activators with improved potency and high selectivity
even toward closely related AGC kinases. Furthermore, the
binding mode was elucidated by cocrystallography. In order to

Figure 1. Design of the novel allosteric modulator 4a based on the previous scaffolds I and II.
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enable cellular studies, some of the highly polar compounds
were converted into prodrugs. Finally, the effect of one prodrug
on the phosphorylation of the PDK1 substrates S6K, PKCζ,
and AKT/PKB was examined in cells.

■ RESULTS AND DISCUSSION
Chemistry. In order to optimize potency of previous

compound series, we designed a chimeric compound retaining
the ketone function from compound I combined with the
shorter carboxyl side chain from compound class II (Figure 1).
While the keto group offered potential for additional H-bond
interaction, a further goal was to provide a better mimetic for
the phosphate group, since the natural ligands of the PDK1 PIF
pocket are mostly phosphopeptides. We assigned this role to
the malonic acid moiety, thus yielding compound 4a. Scheme 1
depicts the synthetic route for the new compound classes.
The malonic acid derivatives were prepared starting from the

previously described 1,3-(heteroaryl/aryl)-prop-2-en-1-ones
(chalcones)31 1a−v in three steps. These were accessible by
classical Claisen−Schmidt condensation of benzaldehydes or
heteroarylaldehydes with acetophenones or heteroaryl methyl
ketones. The chalcones were converted to the corresponding
dialkyl 2-(3-oxo-1,3-diheteroaryl-/arylpropyl)malonates via
base-catalyzed Michael addition of CH-acidic malonates. Due
to its mildly basic nature, magnesium oxide was used whenever
possible, ensuring facile product isolation and good activity of
most of the Michael adducts 2a, 2b, 2d, 2h, 2k, 2n, 2p−s, 2u,
and 2v.38 However, because of the limited activity depending
on the solvent and the chalcone, the remaining malonate
derivatives were obtained using alternative catalysts, potassium
carbonate for 2g and sodium hydride for 2c, 2e−j, 2l, 2m, 2o,
and 2t.39,40 Treatment with sodium hydride in methanol caused
transesterification leading to the dimethyl intermediates.

Alkaline hydrolysis of the alkyl malonate analogueues under
reflux afforded the corresponding (3-oxo-1,3-diheteroaryl/
arylpropyl)malonic acids 4a−v. Finally, pyrolysis of the
corresponding malonic acid analogues at about 165 °C
provided facile access to the 5-oxo-3,5-diheteroaryl/arylpenta-
noic acids 6a−d, 6f−i, 6k, 6n, 6q−s, and 6u.41 To enable cell
permeation of the highly polar carboxylic acids, carrier prodrug
forms were synthesized. Treatment of the (3-oxo-1,3-
diheteroaryl/arylpropyl)malonic acids 4a−v with bromo
methylacetate and triethylamine in dimethylformamide af-
forded the bis- or monoacetoxymethylester derivatives 5a, 5e,
5g−i, 5l, 5n, 5o, 5q, 5r, 7g, and 7q in modest yields.42

Synthesis of 4m, starting from 4-hydroxyacetophenone,
required protection of the nucleophilic alcohol function. To
this end, the methoxymethyl (MOM) group was introduced
using bromomethyl-methylether with sodium hydride in
dimethylformamide.43 Finally, the MOM group was cleaved
under acidic conditions to give the desired dimethyl 2-(1-(4-
chlorophenyl)-3-(4-hydroxyphenyl)-3-oxopropyl)malonate 3m
followed by hydrolysis to furnish the target molecule 4m.43

Biological Activity. 1,3-Diaryl Malonyl Propanones
Potently Activate PDK1 via Binding to the PIF Pocket. We
analyzed the effect of the malonic acid analogues on the activity
of PDK1 using a radioactive kinase assay exactly as previously
described.30 For comparison, the effect of compound II was
measured in parallel, whereby the published data31 were
essentially reproduced (AC50: 8 μM; Amax: 3-fold). As can be
seen from Table 1, most of the dicarboxyl compounds
including the most comparable analogue 4a prompted a
stronger allosteric activation of PDK1 and displayed lower
AC50 values than II. Several analogues, comprising 4f, 4o, 4q,
4u, and 4v, were found to be even more potent under these

Scheme 1. Synthetic Procedures Used to Prepare the Title Compoundsa

aReagents and conditions: (i) bromomethyl-methylether, NaH, DME, 0 °C, 1 h; (ii) method A: NaOH, EtOH, 1 h, rt; (iii) method B1: diethyl
malonate, MgO, toluene, reflux, 2 h; (iv) method B2: diethyl malonate, K2CO3, ethanol, reflux, 2 h; (v) method B3: diethyl malonate, NaH,
methanol, reflux, 2 h; (vi) 10% HCl, methanol, reflux, 2 h; (vii) method C: NaOH, EtOH, rt, 4 h; (viii) method D: 160−170 °C, 2 h; (ix) method E:
bromomethyl acetate, NEt3, DMF, rt, 4 h. For substituents “Ar” see Table 1.
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Table 1. Activity of the 1,3-Diaryl Malonyl Propanones and the Corresponding Monoacids towards PDK1 (Cell-Free Kinase
Activity Assay)
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assay conditions than the PIF pocket-binding peptide PIFtide
(Table 1).
To gain insight into the binding mode and the essential

interactions of the dicarboxylic acid compounds with the
protein, we cocrystallized 4h by soaking the compound with
the His-PDK1 50-556 crystal. X-ray analysis revealed that
binding solely occurred in the PIF pocket (Figure 2;
crystallographic details will be published elsewhere44). The
overall binding mode was very similar to the one previously
published for II in complex with PDK1 (PDB code: 3HRF)
(see overlay in Figure 2A). Both phenyl rings occupied the two
hydrophobic subpockets separated by Leu155, whereby ring B
exhibited T-shaped CH−π interactions with Phe157. The
protein crystal specifically selected the S-enantiomer of 4h,
probably driven by the more favorable carboxylic side chain
interactions. One of the two carboxylates occupied a position
similar to that found with II, interacting with Lys76, Thr148,
and Arg131.
The second carboxylate group formed an additional salt

bridge with Arg131 as the sole interaction with the binding site
(Figure 2B). Obviously, the ionic interaction (distance to
Arg131: 3.2 Å) was preferred over the also possible H-bond
formation with Gln150 (distance to Gln150-N: 3.5 Å) and was
mainly responsible for the increase in potency of the
dicarboxylic acid compounds. This observation highlighted
again the importance of Arg131 for high binding affinity.
While the X-ray structure substantiated that 4h exploited

most of the molecular interactions achievable for a small
molecule with the active conformation of the PIF pocket, it did
not provide direct evidence for H-bond formation with the
Gln150 and Thr128 side chains. To establish H-bonding with
at least one of these residues bordering the PIF pocket is
straightforward to further enhance binding affinity without
having to increase considerably the molecular mass and was
therefore another goal of our compound design. At least it was
noticeable that, in spite of the too large distance in the cocrystal
(3.6 A), the ketone of 4h and the Thr128-OH from helix α-C
already appeared appropriately oriented toward each other. It
should be considered that the cocrystal structure appears to
represent one of the most active states of the kinase44 and that
H-bond formation between the ketone and Thr128 may be
relevant at other conformational states. The same could be true

for the interaction between the carboxylate oxygen and the
Gln150 carboxamide group.

Structure−Activity Relationships of the 1,3-Diaryl Malonyl
Propanones. Although there was obviously a predominant
contribution of the dicarboxyl moiety to the affinity, the activity
could be further improved by optimization of the ring
substituents. A comparison of the test compounds 4a and 4b
(Table 1) suggested a somewhat higher potency of the para-
substituted compound, so we prioritized this position for
systematic variation of further substituents. Within the p-
halogen substituted series, the AC50 improved in the order Cl,
Br, I at comparable 4-fold activation efficacies. The iodine
analogue 4f showed a significantly reduced AC50 in the high
nanomolar range (0.4 μM). A particular enhancement of
potency by iodine was also observed in the homologous set 4c,
4e, and 4g. The increase in affinity according to estimates based
on the AC50 values was only 1.8-fold from 4a (4-Cl) to 4d (4-
Br), but 3.5-fold from 4d to 4f (4-I), and 6-fold from 4e (4-Br)
to 4g (4-I). Altogether, these SARs prompted our speculation
that halogen bonding might be involved, which is most strongly
mediated by iodine.45 It is conceivable that p-iodine might take
the place of the trifluoromethyl group from 4h in the
hydrophobic subpocket and interact with the Lys115 backbone
carbonyl. A similar strong effect of the iodine was observed
previously with allosteric inhibitors of PKCζ that are binding to
the homologous PIF pocket.46,47

Looking at the efficacy, we found that, interestingly, the para-
trifluoromethyl malonic acid derivative 4h activated PDK1 to a
higher degree than PIFtide (5.5-fold vs 3.4-fold activation,
respectively, Table 1). The particular effect of the trifluoro-
methyl substituent might be related to the multiple interactions
with the helix α-B area (Figure 2B): the hydrophobic
interactions with Val124, Ile 118, and Ile119 are complemented
by an orthogonal multipolar interaction with the backbone
carbonyl from Lys115. Although the CO···F distance in the
latter case (3.9 Å) is not among the short distance contacts
observed in several cocrystal structures (between 2.9 and 3.1
Å), it falls into the more abundant range of observed distances,
and the angles between the CF bond and the carbonyl plane
match the average of typical values (CO···F: 102.5°; C
F···O: 128.3°).48 Thus, the orthogonal interaction, albeit weak

Table 1. continued

aAll compounds were tested as racemates except the 4h eutomer and distomer. bMean value of at least two independent experiments, standard
deviation <20%. Amax: maximum activation of PDK1 compared to DMSO control (=100%); AC50: concentration required for half-maximum
activation; n.e.: no effect.
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by itself, might increase the affinity synergistically with the
hydrophobic contacts.
In comparison, the 4-ethylphenyl derivative 4k also exhibited

a pronounced activation; however, it was binding with 2-fold
lower affinity as assessed from the AC50. Interestingly, the
highest possible PDK1 activation was not yet reached by 4h
and 4k, since 4n was able to induce a 7-fold increase in PDK1
catalytic activity; however, significantly higher concentrations
were needed to achieve this high activation, as reflected by the
poor AC50 of 7 μM. A similar tendency was observed for the

benzoazepin-2-one analogues in the study of Wei et al., where
some compounds achieved a more than 10- to 14-fold
activation of the PDK1 construct used, which was however
accompanied by AC50 values estimated to exceed 15 μM.34

However, within a certain range of maximum activation, there
was no strict correlation with AC50 values both in our present
and previous series of PDK1 activators.31 For instance,
compounds 4g, 4h, and 4s displayed the same AC50 values,
while their activation efficacies were quite different. Presumably,
these compounds bound to and stabilized distinct conforma-
tions of the PIF pocket, while the complex formation in each
case proceeded with similar affinity constants. A comparison of
different PDK1−activator cocrystal structures (PDB codes:
3HRF, complex with PS48; 4AW1, complex with 4h) with the
apo form (PDB code: 3HRC) proves that different activators
indeed stabilize different conformations that possess distinct
catalytic capacities; while the less potent activator PS48 from
our previous study (II in Figure 1) induced a local movement
of the active site Lys111 and ordering of the activation loop,32

only 4h was able to stabilize a more closed active structure of
the catalytic domain of PDK1.44 On the other hand,
compounds 4a, 4f, and 4q activated PDK1 to the same degree,
while their AC50 values were quite different. Presumably, these
compounds allosterically stabilized PDK1 conformations of
similar catalytic activity but exhibited different binding affinities
to the corresponding conformations of the PIF pocket.
Since 4h was endowed with several favorable properties (see

also below), the racemic mixture was separated by chiral high-
performance liquid chromatography (HPLC) to analyze the
biological activity of the individual enantiomers. We noticed
that nearly all of the biological activity was confined to one
enantiomer, which had been eluted from the column with the
higher retention time. Due to limited amounts of material, it
was not possible to determine the absolute configuration for the
two peak fractions. However, the cocrystal structure suggested
that the S-enantiomer is the eutomer, since it was selected by
the crystallized protein from the racemate and presented with a
strong electron density, thus ruling out any mixed occupancy of
the PIF pocket by both enantiomers. The sharp discrimination
can be explained by the interactions visible in the cocrystal that
make clear that only the S-enantiomer of 4h is able to form two
salt bridges with Arg131 (Figure 2).
Additional introduction of a chlorine into phenyl ring B in

the 4-position of the above presented compounds 4a, 4d, 4f,
4h, and 4k abolished the activating effect on PDK1
considerably. Presumably, this halogen in the para position
impaired the edge-to-face interaction with Phe157. In contrast,
the activity did not decrease when introducing a chlorine atom
in the 2-position of phenyl ring B (compound 4j) suggesting
unfilled space around this position that could be exploited to
further increase potency by appropriate substituents. The
complete lack of activity of 4m showed that polar functional
groups are not well tolerated by the subpocket that
accommodates ring A. The 4-phenylthiophene analogue 4p
was synthesized in order to probe whether an elongated
aromatic ring system could be forced to enter deeper regions of
the pocket, for example, by pushing away the phenyl of Phe157,
which apparently did not happen. On the other hand,
condensed aromatic ring systems were generally found to be
more favorable for affinity, as seen with 4o (AC50 = 0.2 μM,
Table 1), and even well tolerated at both ends of the compound
as exemplified by 4s. The positive trend observed for the
naphthyl compound 4q was further corroborated by the

Figure 2. Cocrystal structure of compound 4h complexed with the
PIF- pocket of PDK1. (A) Superimposition of the PIF pockets with 4h
(yellow) and II (cyan) (PDB code: 3HRF) as bound ligands,
respectively. The binding modes of 4h and II present in the cocrystal
structures are largely identical. The phenyl rings of both compounds
bind to the same subpocket areas, and the carboxylate of II exactly
superimposes with one of the 4h carboxyl functions, exhibiting the
same set of interactions. Arg131 in the 4h cocrystal has moved to
establish additional interactions with the second carboxylate. (B)
Interactions of 4h (yellow) with the PIF pocket. Dashed lines in
magenta indicate directed polar interactions comprising ionic
interactions, H-bonding (with Thr148), and fluoro−carbonyl inter-
action (Lys115 carbonyl); distances are given in angstrom. Dotted
lines with distances indicated in black denote potential additional H-
bonding interactions in other conformational states. It is also
noteworthy that the depicted Thr128 rotamer with the hydroxyl
pointing to the 4h keto function is not present in the cocrystal with II
(cf. A). Phenyl ring B (see Figure 1) additionally contributes to the
binding energy by forming edge-to-face CH−π interactions with
Phe157. The image was generated using PyMOL (http://pymol.
sourceforge.net/).
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phenanthrene derivative 4u and the carbazole analogue 4v,
resulting in potent activators with submicromolar AC50 values.
The second substance class presented here, the monoacid

derivatives (right portion of Table 1), generally exhibited
reduced potency compared with the corresponding dicarboxyl
analogues, corroborating the importance of the second
carboxylate for the enhancement of both affinity and efficacy
of activation.
Obviously, the single negative charge of one carboxyl moiety

was not sufficient to satisfy the two cationic residues
surrounding the PIF pocket, Lys76 and Arg131. Similarly,
phosphotyrosine mimetics had also been reported to benefit
from two negative charges, for example, provided by a malonic
acid residue or by a combination of carboxylate and tetrazole.
Cyclohexylmalonic acid was identified as a potent phospho-
tyrosyl mimetic in a nonpeptidic C-terminal SH2 domain
inhibitor of the Syk tyrosine kinase.49 In the case of growth
factor receptor-bound protein-2, dicarboxyl analogues bound to
the SH2 domain with a strength similar to the phosphonate-
based phosphotyrosyl mimetics.50 However, it remains unclear
whether the malonic acid moiety of the 2-(3-oxo-1,3-
diphenylpropyl)malonic acids 4a−v occupies the same position
as the phosphate of the natural HM phosphopeptides.
Moreover, the matched pairs of di- and monocarboxylate

analogues allowed us to analyze the relative contribution of the
second carboxylate in dependence on further variations at the
aromatic rings. Notably, fused aromatic rings appeared to
increase the CH−π and van der Waals interactions to a level
where the overall binding affinity became less dependent on the
ionic interactions, as exemplified by 6q, 6s, and 6u compared to
their dicarboxylate counterparts 4q, 4s, and 4u. These findings
suggested that it might be possible to combine a bicyclic
aromatic system, especially a more drug-like benzoheterocycle,
as ring B with less acidic moieties, such as sulfonamides,
without a substantial loss of potency.
The hydroxynaphthyl derivative 6r was designed to probe

potential H-bond formation with the Lys115 carbonyl (cf.
Figure 2B). However, the loss of activity compared to 6q
indicated that this either did not happen or did not provide
sufficient energy gain to outbalance the desolvation enthalpy of
the polar hydroxyl group in the mostly hydrophobic subpocket.
It should be noted that the AC50 values given in Table 1 can

only be a rough measure for the relative affinity of the
modulators described here. Although we observed a correlation
with the Kd values in our previous study, the AC50 values of
some of the compounds presented herein approached or went
below the concentration of PDK1 protein in the assay, which
was 0.25 μM. Thus, a linear relationship between AC50 and Kd
could not be expected. Our attempts to accurately measure Kd
values using isothermal calorimetry were hampered by the
strongly exothermic dilution reaction of the dicarboxylic acid
compounds that conferred a high error rate to the much lower
binding enthalpy. As an alternative to compare the binding
affinity of our small molecule ligands with that of PIFtide, we
analyzed the compound-mediated thermal stabilization of
PDK1 using differential scanning fluorimetry (DSF). It was
previously shown that the potency of a kinase inhibitor to
increase the denaturation temperature of the protein structure
was proportional to its binding affinity, both in the case of
ATP-competitive51 and non-ATP-competitive compounds.52

Analyzing the effect of our most potent modulators (AC50 < 1
μM) along with PIFtide on the thermal stabilization of PDK1,
we found that the EC50 values of 4o and 4v were comparable to

that of the 24-mer peptide PIFtide (13.0 and 30.2 μM vs 14.2
μM, respectively, Table 2). However, PIFtide raised the

denaturation temperature to a higher level than any of the
small molecules (ΔTm = 7.3 °C, Table 2), suggesting that
potencies should not be compared solely based on the EC50
values. Therefore, the concentration required to produce a ΔTm
shift of 1.5 °C was calculated as a further parameter. This ΔTm
was chosen because it was located in the linear slope of the
sigmoidal EC50 curve for each compound. Again, 4o and 4v
emerged as the most potent small ligands, both requiring 6-fold
higher concentrations than PIFtide to increase the ΔTm by 1.5
°C. Taken together, the potencies of our best modulators, 4o
and 4v, and PIFtide to enhance the thermal stability to PDK1
were in the same order of magnitude. This suggested that the
affinities to the PIF pocket were also comparable, especially
since the high binding affinity of PIFtide is only reached by
interacting with additional sites outside the PIF pocket. Thus, it
is reasonable to assume that the small molecule ligands are able
to effectively compete with PIFtide and HM peptides with
lower affinity by blocking the “hot spot” PIF pocket.
Compound 4h was included in the thermal stability shift
assay to assess whether the AC50 values might correlate with the
potency to protect against denaturation. Indeed, 4h was found
to be the weakest stabilizator of PDK1, in agreement with the
significantly higher AC50 value of 4h compared to the other
three compounds.

1,3-Diaryl Malonyl Propanones Are Highly Selective for
PDK1. The selectivities of the 2-(3-oxo-1,3-diphenylpropyl)-
malonic acids were evaluated toward a panel of AGC kinases,
which all share a homologous PIF pocket with PDK1. If at all,
there was only a weak influence on the other AGC kinases
examined. Some selectivity data is exemplarily given for 4a and
4h in Table 3. Only at concentrations of about 25-times the
AC50 value for PDK1, 4a and 4h appeared to inhibit S6K by
about 50% and had a marginal activating effect on RSK. These
results demonstrate that, despite the similarity of the
homologous PIF pockets, differences suffice to develop highly
selective modulators.
Since kinases not belonging to the AGC family do not

possess an equivalent binding pocket, it was expected that these
should not be affected by the allosteric modulators. Indeed,
compound 4h did not show any effect on 121 further kinases
representing all branches of the kinome in our parallel study.44

Cell Permeation Studies involving a Prodrug Strategy. All
dicarboxylic acid compounds were inactive in cellular assays
due to the high polarity of the carboxylate groups. In a first

Table 2. Potencies of Compounds 4f, 4h, 4o, and 4v to
Increase the Thermal Stability of PDK1 in Comparison to
PIFtidea

compd no. EC50 (μM) ΔTm maxb (°C) c(ΔTm 1.5 °C)c (μM)

4f 60.0 5.2 30.9
4h 85.8 3.9 67.6
4o 13.0 2.4 18.9
4v 30.2 4.9 18.2
PIFtide 14.2 7.3 3.1

aValues from one of two independent experiments are shown that
gave essentially similar results. The standard deviation was <15% for all
ΔTm values used to calculate the EC50.

bMaximum shift of thermal
stability. cConcentration required to increase thermal stability by 1.5
°C.
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attempt to achieve cellular delivery, we utilized the correspond-
ing methyl and ethyl esters of the 2-(3-oxo-1,3-diphenyl-
propyl)malonic acids that were readily available as synthetic
precursors. However, these derivatives displayed no cellular
activity either, suggesting that they were resistant to hydrolysis
by esterases. Hence, we decided to synthesize esters with higher
enzymatic lability; in this regard, acyloxyalkyl esters represent
established prodrug moieties that are in therapeutic use; for
instance, the penicillin derivative pivampicillin exhibits
improved bioavailability, whereas simple alkyl esters of
penicillin lacked therapeutic potential .53−56

We synthesized the bisacetoxymethyl esters 5a, 5h, and 5q
starting from the corresponding malonic acid derivatives 4a, 4h,
and 4q (Scheme 1). In the cell-free assay, these ester derivatives
were completely inactive like all simple alkyl esters that we
tested. However, the para-trifluoromethyl-phenyl prodrug
analogue 5h showed the most promising activity in a
preliminary cellular screening, so we selected this compound
for a detailed analysis of the concentration and time
dependency of prodrug cleavage to identify optimal conditions
for cell assays. Initially, we checked the chemical stability of the
ester prodrug 5h in cell-free medium at 37 °C; under these
conditions, the half-life due to spontaneous hydrolysis was 4.8
h, suggesting that no significant degradation would occur in the
absence of esterases outside the cells.
To evaluate the cellular conversion of the prodrug, the rat L6

skeletal muscle cell line was chosen as a model because it
derives from a potential target tissue for antidiabetic drugs and
displays acetoxymethyl esterase activity in the postfusional
form.57 The intracellular accumulation of the ester prodrug 5h
and the corresponding malonic acid derivative 4h was

monitored by mass spectrometry (MS) after extraction of the
compounds under acidic conditions using ethyl acetate.
First, we aimed to analyze the concentration dependency of

the prodrug conversion to the free malonic acid derivative in
the cells. As can be seen from Figure 3A, the rate of conversion
showed little concentration dependency over a wide range.
Only at concentrations higher than 40 μM, saturation of the
intracellular enzyme began to show. For the subsequent
experiment, we chose a prodrug concentration of 20 μM.
The bisacetoxymethyl ester 5h exhibited a high membrane

permeation rate as judged from its appearance inside the cells
already after 5 min (Figure 3B). However, it reached only
moderate concentrations and declined steadily thereafter, most
likely because of the rapid conversion to the free dicarboxylic
acid analogue 4h in the cytoplasm. Based on the measured rate
of 4h production, the rate constant of hydrolysis in the cells was
calculated to be 67 times higher than that of the uncatalyzed
reaction, reducing the half-life of 5h to 4.3 min.
The dicarboxylate compound 4h concomitantly accumulated

in the cells until it reached a plateau after approximately 1 h.
The main reason for this halt of increase was the depletion of
the prodrug compound from the medium. In a further
experiment, we observed that, after one hour, the prodrug
form was degraded to more than 90% in the cell medium. Since
this was considerably faster than the spontaneous hydrolysis,
the degradation was probably caused by esterases leaking from
the cells. The maximum levels of 4h reached in the cells can
roughly be estimated to be 80 μM, if an average cell volume of
3 pL is assumed.58,59 This suggested that the dicarboxylic acid
compound became trapped and was about 4-fold enriched in
the cells.

Table 3. Selectivity Profile of Compound II and the Dicarboxyl Compounds 4a and 4ha

compd no. μM PDK1 S6K1 PKCζ SGK PKBα PKA PRK2 RSK MSK

II 2 n.e. n.e. n.e. n.e. n.e. n.e. n.e. n.d. n.d.
50 242 84 n.e. n.e n.e. 74 n.e. n.d. n.d.

4a 2 228 84 n.e. n.e. n.e. n.e. n.e. n.e. n.e.
50 558 47 n.e. n.e. n.e. n.e. n.e. 160 n.e.

4h 2 305 82 n.e. n.e. n.e. n.e. n.e. n.e. n.e.
50 637 46 n.e. n.e. n.e. 80 n.e. 140 n.e.

aValues show the % catalytic activity of the DMSO-treated control (= 100%); n.e.: no effect; n.d.: not determined. Each value is representative of at
least two independent assays that essentially gave the same results.

Figure 3. Prodrug 5h is efficiently taken up by rat L6 cells and converted into the active compound 4h. (A) Dependency of intracellular formation of
4h on the prodrug concentration. L6 cells were incubated for 2 h with the indicated concentrations of the prodrug 5h and then extracted with
ethylacetate, and the content of 4h was quantified using HPLC-MS/MS. (B) Time course of the intracellular accumulation of 4h and concomitant
disappearance of the prodrug 5h. L6 cells were incubated with 20 μM of the prodrug 5h or of 4h for the indicated times, the cells were extracted, and
the compounds were quantified. Analysis revealed that 4h (▰) is released from 5h (⧫) in a time-dependent manner, whereas 4h itself is not cell-
permeable (●).
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In sharp contrast to the prodrug, the free malonic acid
analogue could not be detected, neither in the soluble nor in
the insoluble cell fractions under the same incubation
conditions (closed circles in Figure 3B, and data not shown).
Having established that 4h was released from its prodrug form,
we analyzed the gross intracellular distribution of 4h in a
further experiment. To this end, treated cells were disrupted by
sonication and centrifuged at high speed. Subsequent HPLC-
MS analysis showed that the product 4h of the enzymatic
conversion was only detectable in the soluble fraction,
excluding accumulation in the membrane (data not shown).
Effects of the Prodrug 5h on the Phosphorylation of S6K,

PKCζ, and PKB in Intact Cells. The effects of 5h on PDK1-
catalyzed phosphorylations were investigated in HEK293 cells.
To analyze the influence on the phosphorylation state of the
activation loops of S6K and PKCζ, the cells were transfected
with expression plasmids encoding GST-S6K[T412E] and
GST-PKCζ, and the recombinant proteins were isolated after
cell treatment with 5h or DMSO and stimulation by insulin-like
growth factor (IGF)-I. Probing of the western blots with
phospho-specific antibodies revealed that 5h decreased the
phosphorylation of the S6K activation loop, while there was no
significant effect on the PKCζ Thr410 phosphorylation (Figure
4A). This result indicated that 4h, which was generated in the

cells, bound to the PIF pocket, thereby preventing phosphor-
ylation of S6K at the activation loop residue Thr229. In
contrast, transient blockage of the PDK1 PIF pocket did not
significantly affect the activation loop phosphorylation of
PKCζ, confirming the hypothesis that PKC is constitutively
phosphorylated by PDK1. Only permanent blockage of the PIF
pocket, for example, as exerted by cellular overexpression of
GST-PIFtide in the study of Balendran et al.,28 would probably
prevent activation loop phosphorylation of newly synthesized
PKCζ. In another experiment, nontransfected HEK293 cells
were identically treated with the prodrug 5h or a DMSO
control followed by IGF-I stimulation, and the cell lysates were
directly used for immunoblotting. The antibodies used here did
not require prior overexpression or pull-down of the proteins.
Upon treatment with 5h, phosphorylation of the ribosomal S6
protein by S6K was strongly inhibited (Figure 4B), indicating
that the reduction of the activation loop phosphorylation by
PDK1 resulted in a diminished catalytic activity of S6K.
Importantly, treatment of the HEK293 cells with 5h did not
significantly inhibit the PDK1-dependent T-loop phosphor-
ylation of PKB, which is in line with similar experiments
performed by us using C2C12 myoblasts.44

■ CONCLUSIONS

The introduction of a second negatively charged carboxylate
resulted in a strong increase of potency of the new PDK1
modulator class presented in this study, yielding several
compounds that allosterically activated PDK1 at submicromolar
concentrations. According to our thermal stability shift assay
results, some of the 2-(3-oxo-1,3-diphenylpropyl)malonic acids
are expected to possess binding affinities to the PIF pocket in a
range comparable to that of PIFtide. Thus, further considering
that the PIF pocket might truly represent a “hot spot” due to its
interaction with the core motif of the HM peptide, the allosteric
ligands should be able to effectively compete with substrate
HM peptides for the binding to the PIF pocket in cells. Indeed,
our results indicated that blockage of the pocket is the major
cellular effect of the compounds binding to the PIF pocket,
which is independent of whether the compound is an activator
of PDK1 in the cell-free assay. The remarkable selectivity of the
compounds for PDK1 confirmed once again that, by targeting
less conserved allosteric sites, modulators even specific for a
single kinase might be developed.
To enable the cellular delivery of the highly polar

compounds, we applied an established prodrug strategy. The
prodrug 5h efficiently reached the cytoplasm and was readily
converted to the active malonic acid derivative 4h. Altogether,
we developed a new series of PIF pocket ligands that are potent
and selective enough to conduct the first detailed validation
studies in cells. The pharmacological profile of allosteric PIF
pocket ligands is expected to be novel and distinct from type I
and type II inhibitors directed to the ATP-binding site. In first
experiments, we analyzed the effects of our prodrug 5h on key
substrates of PDK1 that play major roles in insulin-dependent
signaling, namely, S6K, PKCζ, and PKB. The following short-
term cellular effects of 5h were observed: inhibition of S6K
phosphorylation and activation with no influence on PKCζ and
PKB. Hence, further studies will be designed to evaluate
whether targeting the PIF pocket could become a novel
approach for the treatment of diabetes type 2.

Figure 4. Effect of the prodrug 5h on the PDK1 substrates S6K,
PKCζ, and PKB in intact cells. (A) HEK 293 cells were transfected
with GST-S6K[412E] and GST-PKCζ, incubated with 50 μM 5h for 2
h, and stimulated by IGF-I for 20 min. The recombinant proteins were
isolated and analyzed by immunoblotting using antibodies detecting
the activation loop phosphorylyations. Signals from the same blots
probed with anti-GST antibody were used to normalize the quantified
phosphorylation levels. (B) Serum-starved HEK293 cells were treated
with 50 μM 5h for 2 h and stimulated by IGF-I for 20 min. Cell lysates
were analyzed by immunoblotting using phospho-specific antibodies as
indicated. Antiphospho-S6(Ser235/236) detects S6K-dependent
phosphorylations in the ribosomal S6 protein, and Thr308 is the
PDK1 phosphorylation site in the activation loop of PKB. Normal-
ization of the quantified phosphorylation signals was done after
reprobing the blots with antiactin antibody (not shown). In (A) and
(B), one representative experiment out of two separate experiments is
depicted.
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■ EXPERIMENTAL SECTION
Chemical Methods. Solvents and reagents were obtained from

commercial suppliers and were used without further purification. Flash
column chromatography was carried out using silica-gel 40 (35/40−
63/70 μM) with hexane/ethyl acetate mixtures as eluents, and the
reaction progress was determined by thin-layer chromatography
(TLC) analysis on Alugram SIL G/UV254 (Macherey−Nagel).
Visualization was accomplished with UV light. 1H NMR and 13C
spectra were recorded at 500 MHz on a Bruker DRX-500
spectrometer. 1H shifts are referenced to the residual protonated
solvent signal (δ 2.50 for DMSO-d6 and δ 7.26 for CDCl3), and

13C
shifts are referenced to the deuterated solvent signal (δ 39.5 for
DMSO-d6 and δ 77.2 for CDCl3). Chemical shifts are given in parts
per million (ppm), and all coupling constants (J) are given in hertz.
The purities of the title compounds 4a−v, 5a, 5h, 5q, 6a−d, 6f−i, 6k,
6n, 6q−s, and 6u were determined by HPLC coupled with mass
spectrometry and were higher than 95% in all cases.
Mass spectrometric analysis (HPLC-ESI-MS) was performed on a

TSQ quantum (Thermo Electron Corporation) instrument equipped
with an electrospray ionization (ESI) source and a triple quadrupole
mass detector (Thermo Finnigan, San Jose, CA). The MS detection
was carried out at a spray voltage of 4.2 kV, a nitrogen sheath gas
pressure of 4.0 × 105 Pa, an auxiliary gas pressure of 1.0 × 105 Pa, a
capillary temperature of 400 °C, a capillary voltage of 35 V, and source
CID of 10 V. All samples were injected by autosampler (Surveyor,
Thermo Finnigan) with an injection volume of 10 μL. A RP C18
NUCLEODUR 100-3 (125 mm × 3 mm) column (Macherey−Nagel)
was used as the stationary phase. The solvent system consisted of
water containing 0.1% TFA (A) and 0.1% TFA in acetonitrile (B).
HPLC method was as follows: the flow rate was 400 μL/min. The
percentage of B started at an initial 5%, was increased to 100% during
16 min, kept at 100% for 2 min, and flushed back to 5% within 2 min.
All masses were reported as protonated parent ions. Melting points
(mp) were determined in open capillaries on a Mettler FP1 melting
point apparatus and are uncorrected.
General Synthetic Methods and Experimental Details for

Some Key Compounds. Method A: Claisen−Schmidt Condensa-
tion, for the Preparation of 1a−v. The corresponding benzaldehyde
(1 equiv) was dissolved in EtOH (2 mL per mmol of aldehyde), 3 M
NaOHaq solution (1 mL per mmol of aldehyde) and acetophenone (1
equiv) were added, and the resulting mixture was stirred at rt for 2 h
forming a yellow precipitate. The yellow solid was separated by
vacuum filtration and was washed three times with 10 mL of ice water.
The crude product was purified by recrystallization from MeOH.
(E)-3-Phenyl-1-(4-(trifluoromethyl)phenyl)prop-2-en-1-one (1h).

Synthesized according to method A using benzaldehyde (1.62 mL,
15.95 mmol) and 1-(4′-(trifluoromethyl)phenyl)ethanone (3.0 g,
15.95 mmol); pale yellow solid; yield: 3.05 g (70%); 1H NMR (500
MHz, CDCl3): δ (ppm) = 7.49−7.43 (m, 3H), 7.50 (d, J = 15.8 Hz,
1H), 7.67−7.65 (m, 2H), 7.77 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 15.8
Hz, 1H), 8.10 (d, J = 8.0 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ
(ppm) = 121.6, 123.6 (q, 1JC−F = 272.9 Hz), 125.69 (q, 3JC−F = 4.3
Hz), 128.6, 128.8, 129.0, 130.9, 133.9 (q, 2JC−F = 32.3 Hz), 134.5,
141.1, 146.1, 189.7.
(E)-1-(4-Iodophenyl)-3-(naphthalen-2-yl)prop-2-en-1-one (1o).

Synthesized according to method A using 2-naphthaldehyde (1.90 g,
12.19 mmol) and 4′-iodoacetophenone (3.0 g, 12.19 mmol); pale
yellow solid; yield: 3.90 g (83%); 1H NMR (500 MHz, CDCl3): δ
(ppm) = 7.51−7.56 (m, 2H), 7.58 (d, J = 15.6 Hz, 1H), 7.76 (d, J =
8.5 Hz, 2H), 7.76−7.80 (m, 1H), 7.82−7.89 (m, 3H), 7.88 (d, J = 8.5
Hz, 2H), 7.98 (d, J = 15.6 Hz, 1H), 8.04 (s, 1H); 13C NMR (125
MHz, CDCl3): δ (ppm) = 100.6, 121.6, 123.6, 126.8, 127.5, 127.8,
128.7, 128.8, 129.9, 130.8, 132.2, 133.4, 134.5, 137.6, 137.9, 145.5,
189.6.
Method B1: Michael Addition Reaction, for the Preparation of

2a, 2b, 2d, 2h, 2k, 2n, 2p−s, and 2u−v. The corresponding
chalcone (1 equiv) and magnesium oxide (0.1 g per 0.1 mmol of
chalcone) were dissolved in toluene, and diethyl malonate (1 equiv)
was added. The reaction was stirred at rt for 2 h. The magnesium oxide
was separated by vacuum filtration and was washed three times with 10

mL of dichloromethane. The solvent was evaporated, and the crude
product was crystallized from diethyl ether and hexane.

Diethyl 2-(3-Oxo-1-phenyl-3-(4-(trifluoromethyl)phenyl)propyl)-
malonate (2h). Synthesized according to method B1 using (E)-3-
phenyl-1-(4-(trifluoromethyl)phenyl)prop-2-en-1-one (1.5 g, 5.42
mmol) and diethyl malonate (0.82 mL, 5.92 mmol) and magnesium
oxide (0.54 g); white solid; yield: 1.8 g (76%); 1H NMR (500 MHz,
(CD3)2SO): δ (ppm) = 0.85 (t, J = 7.2 Hz, 3H), 1.16 (t, J = 7.2 Hz,
3H), 3.46 (dd, J = 3.8, 17.0 Hz, 1H), 3.69 (dd, J = 3.8, 17.0 Hz, 1H),
3.83 (q, J = 7.2 Hz, 2H), 3.90−3.98 (m, 2H), 4.08−4.18 (m, 2H), 7.15
(t, J = 7.6 Hz, 1H), 7.22 (d, J = 7.6 Hz, 2H), 7.29 (d, J = 7.8 6z, 2H),
7.87 (d, J = 8.2 Hz, 2H), 8.05 (d, J = 8.2 Hz, 2H); 13C NMR (125
MHz, (CD3)2SO): δ (ppm) = 13.4, 13.7, 40.4, 56.7, 60.6, 61.2, 116.2,
116.4, 125.6 (q, 3JC−F = 3.7 Hz), 126.8, 127.9, 128.2, 128.5, 140.2,
167.7, 168.4, 197.2.

Method B2: Michael Addition Reaction, for the Preparation of
Diethyl 2-(1-(4-Chlorophenyl)-3-(4-iodophenyl)-3-oxopropyl)-
malonate (2g). (E)-3-(4-chlorophenyl)-1-(4-iodophenyl)prop-2-en-
1-one (2.0 g, 4.07 mmol) and diethyl malonate (0.68 mL, 4.47 mmol,
1.1 equiv) were dissolved in ethanol, and potassium carbonate (1.12 g,
8.14 mmol, 2 equiv) was added. The mixture was heated at reflux for 2
h. The reaction was quenched with H2O (50 mL) and extracted with
CH2Cl2 (3 × 20 mL). The organic layer was washed with brine, dried
with MgSO4, and evaporated under vacuum. The crude product was
crystallized from methylene chloride and hexane; pale beige solid;
yield: 0.86 g (40%); 1H NMR (500 MHz, CDCl3): δ (ppm) = 1.05 (t,
J = 7.2 Hz, 3H), 1.25 (t, J = 7.2 Hz, 3H), 3.35 (dd, J = 9.5, 9.5 Hz,
1H), 3.49 (dd, J = 4.1, 4.1 Hz, 1H), 3.76 (d, J = 9.8 Hz, 1H), 3.98 (q, J
= 7.2 Hz, 2H), 4.09−4.25 (m, 3H), 7.18 (d, J = 8.8 Hz, 2H), 7.22 (d, J
= 8.8 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 7.79 (d, J = 8.8 Hz, 2H); 13C
NMR (125 MHz, CDCl3): δ (ppm) = 13.8, 14.0, 40.1, 42.3, 57.2, 61.5,
61.8, 101.2, 128.6, 129.5, 129.6, 133.0, 133.9, 138.0, 138.8, 167.5,
168.1, 196.6.

Method B3: Michael Addition Reaction, for the Preparation of
2c, 2e, 2f, 2i, 2j, 2l, 2m, 2o, 2t. The corresponding chalcone (1
equiv) and diethyl malonate (1 equiv) were dissolved in methanol, and
sodium hydride (cat.) was added. The mixture was heated at reflux for
2 h. The reaction was quenched with H2O (50 mL) and extracted with
CH2Cl2 (3 × 20 mL). The organic layer was washed with brine, dried
with MgSO4, and evaporated under vacuum. The crude product was
crystallized from methylene chloride and hexane.

Dimethyl 2-(3-(4-Iodophenyl)-1-(naphthalen-2-yl)-3-oxopropyl)-
malonate (2o). Synthesized according to method B3 using (E)-1-(4-
iodophenyl)-3-(naphthalen-2-yl)prop-2-en-1-one (1.5 g, 3.90 mmol),
diethyl malonate (0.59 mL, 3.90 mmol), and sodium hydride (cat.);
pale yellow solid; yield: 1.10 g (55%); 1H NMR (500 MHz, CDCl3): δ
(ppm) = 3.47 (s, 3H), 3.53 (dd, J = 8.8, 16.9 Hz, 1H), 3.59 (dd, J =
4.7, 16.9 Hz, 1H), 3.73 (s, 3H), 3.95 (d, J = 9.1 Hz, 1H), 4.31−4.36
(m, 1H), 7.39 (dd, J = 1.9, 8.5 Hz, 1H), 7.41−7.45 (m, 2H), 7.60 (d, J
= 8.5 Hz, 2H), 7.67 (ds, J = 1.26 Hz, 1H), 7.74−7.77 (m, 3H), 7.78 (d,
J = 8.5 Hz, 2H); 13C NMR (125 MHz, CDCl3): δ (ppm) = 40.8, 42.2,
52.4, 52.7, 57.2, 101.1, 125.9, 126.0, 126.1, 127.6, 127.8, 128.3, 129.5,
132.6, 133.3, 136.0, 137.8, 137.9, 168.0, 168.7, 196.5.

Method C: Hydrolysis, for the Preparation of 4a−v. A solution of
the corresponding malonic ester (2a−l, 2n−v, and 3m) (1 equiv) and
10 M NaOHaq (1−3 mL per mmol malonic ester, as indicated) in
EtOH was refluxed for 4 h. After completion of the reaction, the
cooled mixture was poured into water (30 mL), acidified to pH 2 with
10% HCl, and extracted with ethyl acetate (3 × 20 mL). The ethyl
acetate extracts were collected and further extracted with aqueous
sodium bicarbonate solution (4 × 20 mL). The pH of the bicarbonate
extractions was adjusted to 2 with 10% HCl. White solids formed that
were further extracted with ethyl acetate (3 × 50 mL). The organic
solution was dried over MgSO4 and evaporated to afford a residue
consisting of the free acid, which was purified by crystallization.

2-(3-Oxo-1-phenyl-3-(4-(trifluoromethyl)phenyl)propyl)malonic
acid (4h). Synthesized according to method C using diethyl 2-(3-oxo-
1-phenyl-3-(4-(trifluoromethyl)phenyl)propyl)malonate (1.76 g, 4.03
mmol) and 10 M NaOHaq (6.71 mL); white solid; yield: 1.25 g (82%);
mp 128−130 °C; 1H NMR (500 MHz, CD3OD): δ (ppm) = 3.53 (d, J
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= 9.7 Hz 1H), 3.56 (d, J = 6.9 Hz, 1H), 3.83 (d, J = 10.9 Hz, 1H),
4.02−4.08 (m, 1H), 7.14 (t, J = 7.2 Hz, 1H), 7.21 (t, J = 7.6 Hz, 2H),
7.27 (d, J = 7.9 Hz, 2H), 7.75 (d, J = 8.2 Hz, 2H), 8.05 (d, J = 8.2 Hz,
2H); 13C NMR (125 MHz, CD3OD): δ (ppm) = 42.6, 44.3, 58.7,
125.2 (q, 1JC−F = 272.2 Hz), 126.7 (q, 3JC−F = 3.7 Hz), 128.0, 129.3,
129.6, 129.8, 135.2 (d, 2JC−F = 32.9 Hz), 141.3, 142.0 (d, 4JC−F = 1.8
Hz), 171.5, 171.8, 199.2; LC/MS (+ESI): m/z = 381.2 [MH+]; Rt =
4.35 (≥96%).
2-(3-(4-Iodophenyl)-1-(naphthalen-2-yl)-3-oxopropyl)malonic

acid (4o). Synthesized according to method C using dimethyl 2-(3-(4-
iodophenyl)-1-(naphthalen-2-yl)-3-oxopropyl)malonate (0.7 g, 1.36
mmol) and 10 M NaOHaq (4.4 mL); white solid; yield: 0.5 g (75%);
mp 150−151 °C; 1H NMR (500 MHz, (CD3)2SO): δ (ppm) = 3.41
(dd, J = 3.5, 17.02 Hz, 1H), 3.71 (dd, J = 10.4 Hz, 1H), 3.85 (d, J =
10.7 Hz, 1H), 4.02 (dt, J = 3.8, 10.4 Hz, 1H), 7.41−7.46 (m, 2H), 7.50
(dd, J = 1.6, 8.5 Hz, 1H), 7.74−7.77 (m, 2H), 7.79−7.82 (m, 2H),
7.86 (d, J = 8.5 Hz, 21H), 12.84 (s, 2OH); 13C NMR (125 MHz,
(CD3)2SO): δ (ppm) = 40.2, 40.5, 57.3, 101.7, 125.5, 125.8, 126.7,
126.9, 127.2, 127.3, 127.4, 129.5, 131.8, 132.6, 134.4, 135.7, 137.5,
138.7, 168.9, 169.6, 192.4; LC/MS (+ESI): m/z = 489.2 [MH+]; Rt =
5.05 (≥97%).
Method D: Esterification, for the Preparation of 5a, 5h, and 5q.

To a stirred solution of the corresponding malonic acid derivative or
(1 equiv) and NEt3 (5 equiv) in anhydrous DMF (5 mL),
bromomethyl acetate (3 equiv) was added. After stirring for 4 h at
rt, the mixture was hydrolyzed, extracted with ethyl acetate (3 x),
washed with brine, dried over MgSO4, filtered, and concentrated at
reduced pressure. The residue was purified by flash column
chromatography.
Bis(acetoxymethyl) 2-(3-Oxo-1-phenyl-3-(4 (trifluoromethyl)-

phenyl)propyl)malonate (5h). Synthesized according to method D
using 2-(3-oxo-1-phenyl-3-(4-(trifluoromethyl)-phenyl)propyl)-
malonic acid (4h) (0.2 g, 0.52 mmol), bromo methylacetate (0.206
mL, 2.10 mmol), and triethylamine (0.44 mL, 3.12 mmol); white
solid; yield: 0.17 g (62%); mp 89−90 °C; 1H NMR (500 MHz,
CD3OD): δ (ppm) = 1.98 (s, 3H), 2.09 (s, 3H), 3.50 (dd, J = 8.8 Hz,
1H), 3.60 (dd, J = 4.2 Hz, 1H), 3.96 (d, J = 9.1 Hz, 1H), 4.17−4.21
(m, 1H), 5.55 (q, J = 5.7 Hz, 2H), 5.76 (d, J = 5.7 Hz, 2H), 7.18−7.21
(m, 1H), 7.23−7.28 (m, 4H), 7.69 (d, J = 8.2 Hz, 2H), 7.98; 13C NMR
(125 MHz, CD3OD): δ (ppm) = 20.5, 20.6, 40.4, 40.5, 56.5, 79.4,
79.8, 118.0, 125.6 (q, 3JC−F = 4.6 Hz), 127.6, 128.1, 128.4, 128.7,
164.9, 165.8, 166.0, 166.5, 169.2, 169.3, 196.4; LC/MS (+ESI): m/z =
525.3 [MH+]; Rt = 5.31 (≥99%).
Method E: Decarboxylation, for the Preparation of 6a−d, 6f−i,

6k, 6n, 6q, 6s, and 6u. The corresponding malonic acid derivative (1
equiv) was subject to pyrolytic treatment in an oil bath at 160 °C for 1
h. Heating was stopped after the CO2 evolution ceased. The crude
product was dissolved in acetone/methanol and precipitated with
dichloromethane to afford the acid.
5-Oxo-3-phenyl-5-(4-(trifluoromethyl)phenyl)pentanoic acid

(6h). Synthesized according to method E using 2-(3-oxo-1-phenyl-3-
(4-(trifluoromethyl)-phenyl)propyl)malonic acid (4h) (0.10 g, 0.26
mmol); white solid; yield: 0.70 g (68%); mp 99−101 °C; 1H NMR
(500 MHz, CDCl3): δ (ppm) = 2.75 (dd, J = 7.0, 16.1 Hz, 1H), 2.87
(dd, J = 7.0, 16.1 Hz, 1H), 3.36 (dd, J = 6.8, 17.0 Hz, 1H), 3.42 (dd, J
= 6.8, 17.0 Hz, 1H), 3.83−3.89 (m, 1H), 7.20 (tt, J = 1.6, 6.9 Hz, 1H),
7.22−7.31 (m, 4H), 7.69 (d, J = 8.2 Hz, 2H), 7.90 (d, J = 8.2 Hz, 2H);
13C NMR (125 MHz, CDCl3): δ (ppm) = 37.2, 39.9, 44.8, 114.8,
115.3, 116.0, 116.5, 125.7 (q, 3JC−F = 3.7 Hz), 127.1, 127.3, 128.4,
128.8, 175.6, 199.4; LC/MS (+ESI): m/z = 337.2 [MH+]; Rt = 4.80
(≥99%).
Biological Assays. PDK1 Activity Assay. Determination of the

PDK1 activity was performed exactly as described previously.30 In
brief, T308tide (KTFCGTPEYLAPEVRR) was used as the substrate
peptide and the phosphorylation was started by addition of γ32P-ATP/
Mg2+. The phosphorylated peptides were captured on P81
phosphocellulose paper (Whatman) and detected by phosphorimag-
ing. The sequence of the reference effector peptide PIFtide was
REPRILSEEEQEMFRDFDYIADWC.

HPLC-MS/MS Detection of Hydrolysis of the Prodrugs in L6 Cells.
L6 cells were seeded in 10 cm Petri dishes at a density of 106/mL in
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with
penicillin/streptomycin and 10% fetal bovine serum (FBS). After
having reached confluency, the L6 cells were washed with phosphate-
buffered saline (PBS), the medium was replaced by DMEM without
FBS, and the cells were treated with the compounds for appropriate
time intervals (5−90 min). At the end of the incubation periods, the
supernatant was removed, and the cells were washed three times with
cold PBS. The cells were harvested by trypsin/EDTA treatment, the
cell suspensions were transferred to a flask, and the cells per volume
were counted using a Neubauer chamber. At that point, carbamazepine
was added to the suspension as an internal standard to determine the
recovery rate. One mL of 0.6 N HCl in water was added, and the
dicarboxylic acids were extracted using 3 mL of ethyl acetate with
shaking of the samples for 20 min. The samples were centrifuged, and
1 mL aliquots of the ethyl acetate supernatants were taken and
evaporated to dryness. The samples were resuspended in 500 μL of
methanol and used directly for mass spectrometric analysis (HPLC-
ESI-MS/MS). The amounts of the compounds were calculated using a
standard calibration curve. DMSO-treated cells were processed in
parallel and analyzed as a control. The disappearance of the ester and
the appearance of the corresponding dicarboxylic acid were addionally
confirmed by UV peak quantifications and spiking of the samples with
the purified compounds. In the HPLC runs, mobile phase A was water
containing 0.5% trifluoracetic acid, and mobile phase B was methanol
containing 0.5% trifluoracetic acid. From 0 to 8 min, a gradient of 70−
100% B was applied, followed by 100% B until the end; sample volume
was 25 μL, the flow rate was 0.5 mL/min, and the column temperature
was 40 °C.

Cell Transfections, Pull-Down of Recombinant Proteins, and
Immunoblotting. HEK293 cells (ATCC collection) were cultured in
DMEM containing 10% fetal bovine serum (FBS, Gibco)
supplemented with 1% (v/v) antibiotic/antimycotic solution
(Gibco). The cells were transiently transfected at 80% confluency in
6-well plates using pEBG2T plasmids coding for full length
S6K[412E] and PKCζ as GST-fusion proteins. In the S6K construct,
the phosphorylatable residue Thr412 in the hydrophobic motif was
mutated to glutamate in order to mimic a constitutive phosphor-
ylation, which promotes interaction with the PDK1 PIF pocket.
Transfections were performed using polyethyleneimine (PEI, Poly-
sciences Inc., USA), with a PEI/DNA ratio of 10:1 (μL/μg) and 2 μg
of DNA per well. The cells were serum-starved during 24 h before
treatment with compound 5h for 2 h. Then, IGF-I (10 ng/mL) was
added for 20 min, and the cells were lysed. Isolation of the
recombinant proteins was performed using glutathione sepharose
essentially as described previously.30 Aliquots of the isolates were
resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to nitrocellulose membranes (Protan 0.2
μm, Whatman), and probed using phospho-specific antibodies: anti-
phospho-S6K(Thr229) (cat. no. NSB918, Novus Biologicals) and anti-
phospho-PKCζ/λ(Thr410/403) (cat. no. 9378, Cell Signaling). To
quantify the blotted amounts of the recombinant proteins, the
membranes were also developed using an anti-GST antibody (cat. no.
2622, Cell Signaling). In another experiment, serum-starved HEK293
cells were treated with 5h for 2 h, followed by IGF-I stimulation (10
ng/mL) for 20 min. Lysates from the cells were subject to western
blotting, and the blots were developed using phospho-specific
antibodies: anti-phospho-S6(Ser235/236) (cat. no. 2211, Cell Signal-
ing), which detects the phosphorylation specifically catalyzed by S6K
on the ribosomal S6 protein, and anti-phospho-PKB(Thr308) (cat. no.
9275, Cell Signaling) which is specific for the PDK1-dependent T-loop
phosphorylation of PKB. The quantified phosphorylation signals were
normalized after reprobing the blots with anti-actin antibody (cat. no.
A5441, Sigma−Aldrich).

Differential Scanning Fluorimetry. Protein unfolding was moni-
tored by the increase in the fluorescence of the fluorophor SYPRO
Orange (Invitrogen) using a realtime PCR device (StepOnePlus,
Applied Biosystems) basically following the protocol described by
Niesen et al.60 PDK1 was diluted in 10 mM HEPES pH 7.5 buffer
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containing 150 mM NaCl. Reactions were performed in a 10 μL final
volume in 96-well PCR microtiter plates (Greiner) and contained 1
μM PDK1, 10 mM HEPES pH 7.5, 150 mM NaCl, 1/1000 SYPRO
Orange, and 1 mM dithiotreitol. PIFtide or compounds (1% final
DMSO concentration) were added to this reaction mixture. The
temperature gradient was performed in steps of 0.3 °C in the range
25−70 °C. To calculate the midpoint temperature of transition (Tm)
of PDK1 for each compound concentration, the data were exported to
GraphPad Prism software, and the curves fitted to a Boltzmann
sigmoidal equation with all R2 > 0.998. Subtraction of the value
obtained for the DMSO control (T0) yielded ΔTm values. Each ΔTm
data point reflected the average of a duplicate experiment. The ΔTm
values from different compound concentrations were then used to
calculate EC50 values following to a dose−response curve fitting
procedure embedded in Origin 8 software.
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