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The controlled derivatization of natural products is of great importance for their use in drug discovery.

The ideally rapid generation of compound libraries for structure—activity relationship studies is of particu-

lar concern. We here use modified biosynthesis for the generation of such a library of reduced polyketides

to interfere with the oncogenic KRas pathway. The polyketide is derivatized via side chain alteration, and
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Introduction

Reduced polyketides form a well-known group of natural pro-
ducts with a multitude of bioactivities and high structural
diversity. Their controlled derivatization is often limited to a
few orthogonal functional groups available and thus is a main
obstacle for their introduction into modern medicinal chem-
istry programmes.’ Engineered biosynthesis has emerged in
recent years as a toolbox that complements total synthesis in
pursuing this goal. Strategies in which the use of synthetic
building blocks as supplements in fermentations reveal flexi-
bility in the specificity of the biosynthetic enzymes and pave
the way towards non-biological derivatives are of particular
relevance.” Structure-activity relationships (SAR) play a pivotal
role in modern drug discovery. Low yields in engineered bio-
synthesis, are frequent and limit SAR to a few described
cases.” The knowledge-guided construction of focused com-
pound libraries is important for efficient SAR studies using
natural products. This requires different suitable approaches
towards the modification of the biosynthetic machinery and,
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variations in its redox pattern and in its backbone chain length through manipulation in the corresponding
polyketide synthase. Structural and biophysical analyses revealed the nature of the interaction between
the polyketides and KRas-interacting protein PDE66. Non-natural polyketides with low nanomolar affinity

ideally, a preliminary understanding of the ligand-target
interactions.

Approaches to the derivatization of polyketides via artificial
extender units have been reported in recent years, leading to
derivatives of several different natural products. This was
enabled by either site-directed mutagenesis or by the innate
promiscuity of acyltransferase domains.* In this context, we
described the precursor-directed biosynthesis of the non-
natural shunt product premonensin.” In that study, the intrin-
sic substrate promiscuity of the monensin polyketide synthase
(PKS) acyltransferase in module 5 was exploited by supplying
small-scale cultures of S. cinnamonensis A495° with several
malonic acid derivatives bearing different substituents at posi-
tion 2. In the same study, premonensin B was shown to bind
to the delta subunit of the human phosphodiesterase 6
(PDE66).”> The prenyl-binding protein PDE686 mediates the
shuttling of the oncoprotein KRas between membrane com-
partments, thereby, facilitating its plasma membrane locali-
zation and activity.” Thus, small molecules inhibiting the
interaction between KRas and PDE6d have been considered as
promising drug candidates targeting Ras.® Based on these
findings, we opted to investigate the interactions between pre-
monensin and PDE6J with the intention of identifying deriva-
tives with an increased potency.

Results and discussion

We set up crystallization trials using different premonensin
derivatives to gain structural insights into the mode of inter-
action between premonensin and PDE6S. We were able to
solve the structure of PDE63 in complex with premonensin
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A at 2.4 A (data collection and refinement statistics are
summarized in Table S17).

Superimposition of the PDE63-premonensin A complex
structure with the structure of the PDE66-Rheb complex (PDB
code: 3T5G) (Fig. 1A; left) shows that premonensin A inserts
into the hydrophobic cavity of PDE6S, forming a similar hydro-
phobic interaction pattern as that mediated by the farnesyl
moiety of Rheb (Fig. 1A; right). However, several additional
interactions between premonensin A and PDE6S can be identi-
fied. The ethyl group on C16 of premonensin A forms hydro-
phobic interactions with the side chains of residues W90 and
1109 from PDE6S (Fig. 1B; left). Moreover, the methyl ketone
moiety of premonensin A mediates two H-bonds with the side
chains of residues Q78 and Ré61 from PDE6S (Fig. 1B; right).

These additional contacts of premonensin A might lead to
increasing affinity towards PDE6S as compared to farnesylated
Rheb (K4 214 + 10 nM). We decided to explore the SARs using
an engineered biosynthesis approach to further scan the inter-
action in the binding pocket.

Initially, we opted for precursor-directed biosynthesis to
replace the substituent at C16 with different alkyl-chains that
would point towards W90 instead of the ethyl chain in Fig. 1.
Based on our earlier investigations on the substrate flexibility
of the monensin PKS, we supplied 1.8 L of SM16-cultures of
S. cinnamonensis A495 with 10 mM of 2-propyl- and 2-butyl-
malonic acid-SNAC ester, respectively, and isolated 5.0 mg

Fig. 1 Crystal structure of premonensin A in complex with PDE6S. (A)
Superimposition of PDE65—premonensin A complex with the PDE65—
Rheb complex (PDB code: 3T5G). Premonensin A (green) inserts into the
hydrophobic pocket of PDE6S (grey) and retains the hydrophobic con-
tacts as mediated by the farnesyl moiety of Rheb (blue). (B) Selected
additional contacts mediated by premonensin A with the side chains of
PDEG66. The ethyl group on C16 (arrow) forms hydrophobic interactions
with W90 and 1109 (left). The methyl ketone group forms two hydrogen
bonds with Q78 and R61 (right). Note the pseudocyclic orientation of
the region involving the methyl ketone.
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16-propyl premonensin (1) and 3.8 mg 16-butyl premonensin
(2) from the resulting fermentations. Identity of the com-
pounds was confirmed by nuclear magnetic resonance (NMR)
spectroscopy for the first time (Fig. 2 and ESI, chapter 77).

Additionally, the pseudocyclic orientation of premonensin
(Fig. 1B) is important for the formation of the directional
H-bonds to Q78 and R61.

We, hence, chose a compound from our premonensin
library reported previously to probe this interaction. In premo-
nensin-ER2° (Fig. 34, 5 and 6),° the pseudocyclic orientation of
the premonensin chain to allow for the interaction between
the methyl ketone and R61 and Q78 would be disfavoured in
comparison to 1-4, as rotation around the z-bond between
C22 and C23 is hindered (highlighted in red in Fig. 3A). The
antibiotically active premonensin-ER2° is the result of an in-
activation of the enoylreductase domain in module 2 of the
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Fig. 2 A. Premonensin derivatives obtained by precursor-directed bio-
synthesis. 16-Propyl premonensin (1) results from feeding 2-propylmalo-
nic acid SNAC ester to S. cinnamonensis A495, 16-butyl premonensin (2)
from an analogous experiment with 2-butylmalonic acid SNAC. 3 and 4
are premonensin B and A, resulting from a non-supplemented fermen-
tation of S. cinnamonensis A495. B. H,H-COSY of 1, highlighting the 3J-
coupling between protons at C16” with the neighbours at C16™ and
C16'. C. H,H-COSY of 4, showing the 3J-coupling between protons at
C16" with its neighbours at C16”, thereby, highlighting the key difference
between the different compounds. See ESI (chapter 7)1 for full assign-
ments, including complete position numbering.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 A. Premonensin ER2°-A (5) and -B (6). B. Truncated premonensin
A (7) and B (8). C. H-NMR of the vinylic region of 7 (top) and 3 (bottom)
showing the missing vinylic proton. See ESI (chapter 7)f for full
assignments.

monensin PKS in S. cinnamonensis through point mutations in
its NADPH-binding Rossmann fold.

The long, hydrophobic chain of premonensin may be
important for two aspects. Firstly, it can serve as a scaffold for
positioning the polar head groups as well as the side-chain at
C16 in proper orientations. Secondly, it can contribute to the
affinity by hydrophobic interactions with the equally long and
hydrophobic-binding pocket of PDE65. To probe these inter-
actions, we isolated the novel premonensin derivatives that
were produced by a spontaneous variant of S. cinnamonensis
A495. The latter appeared on several independent occasions
during experiments on the genetic modification of the strain.
The NMR analysis of the fermentation products demonstrates
the production of shortened derivatives of premonensin (7 and
8, see Fig. 3B). Following the colinearity principle of polyketide
biosynthesis, these products must arise from a bimodular
skipping event of modules 7 and 8 in the monensin PKS. This
pathway towards compounds 7 and 8 is further corroborated
by the isolation of a shunt product after module 6 (see ESI,
Fig. 21-287), which indicates a slow transfer between module
6 and the subsequent extension module, in this case, module
9. To the best of our knowledge, this is the first bimodular

This journal is © The Royal Society of Chemistry 2016
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skipping event reported for type I PKS. The underlying bio-
synthetic mechanism remains elusive to date.

We used fluorescently labelled farnesylated and carboxy
methylated Rheb peptide and performed competitive fluo-
rescence polarization measurements, as previously described,
to measure the interaction of derivatives with PDE63.?
The results showed that premonensin derivatives bind to
PDE6S with affinities in the low nanomolar or submicromolar
range (Fig. 4).

Based on the affinity values and the chemical structure, we
classified the eight premonensin derivatives into three binding
modes. Compounds 1, 2, 3 and 4 bind to PDE6S with affinities
of 5.8, 4.0, 10.1 and 7.1 nM, respectively, as shown in Fig. 4A.
These four derivatives differ only in the length of the alkyl side
chains at C16 and can, thus, maintain the same interaction
mode with PDE6S. The increase in the affinity from compound
4 (premonensin A) to compound 2 (16-butylpremonensin)
could be explained by the increase of hydrophobic interactions
between the alkyl chains on C16 and the interacting residues
W90 and 1109 of PDE63J.

Compounds 5 and 6 also bind to PDE66 with low nano-
molar affinities of 5.7 nM and 6.4 nM, respectively (Fig. 4B).
However, the interaction of these two derivatives is expected to
be different from compounds 1, 2, 3 and 4, as rotation around
the double bond between C22 and C23 is prevented, thus,
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Fig. 4 Affinity determination of premonensin derivatives to PDE63.
Competitive fluorescence polarization measurements by titration of
increasing concentrations of premonensins into a preformed complex
of 25 nM FITC-labelled Rheb peptide and 350 nM PDEG65. Titration data
were fitted with a competition model and show displacement of the
ligand from PDEG63S by the polyketides.
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perturbing the orientation of the methyl ketone moiety towards
Q78 and R61 in PDE6J, as seen in the crystal structure with 4.

The shorter chain length of compounds 7 and 8, compared
to the other premonensin derivatives, resulted in an approxi-
mately 50-fold lower affinity towards PDE6S, with K4 values of
208.9 nM and 234.5 nM, respectively (Fig. 4C). This could be
explained by the fewer hydrophobic interactions within the
hydrophobic cavity of PDE6S or the lack of an ideal confor-
mation that would facilitate further non-covalent interactions.

Compounds 3, 4, 7 and 8 were subjected to proliferation
assays using the KRAS-dependent cell line RPMI-8226 (mul-
tiple myeloma). Compounds 1 and 2 were found to be poorly
soluble, while compounds 5 and 6 yielded inconclusive results
due to partial decomposition under assay conditions.'
Compounds 3 and 4 showed an ICs, value of 11.2 pM and
8.2 uM, respectively. The truncated derivatives 7 and 8 showed
low activity (IC5, > 18 pM) (see ESI, Table 2,7 for further
details).

Conclusions

In conclusion, we demonstrate here the structure activity
relationship between PDE68 and premonensin derivatives
afforded by different approaches to engineered biosynthesis.
Additionally, we report on the first described bimodular skip-
ping event involving a type I PKS. A crystal structure showed
premonensin A binding to the hydrophobic cavity of PDE65
and K43 measurements demonstrated nanomolar affinities for
the derivatives. Thus, these polyketides, originating from
engineered biosynthesis, are shown to perturb the interaction
between PDE6S and farnesylated Ras proteins, rendering them
potential inhibitors of the oncogenic KRas pathway.

Experimental
Crystallography

Stock solutions of premonensin derivatives (10 mM) were
mixed with PDE68 (500 pM) at a 1:1 molar ratio in the
crystallization buffer (30 mM Tris-HCL, pH 7.5, 150 mM NacCl
and 3 mM DTE). The crystallization hits of premonensin A in
complex with PDE6S appeared in the Core II suite from Qiagen
(0.16 M ammonium sulphate, 0.08 M sodium acetate an-
hydrous pH 4.6, 20% PEG 4000 and 20% glycerol) at 20 °C. The
diffraction dataset was collected at the X10SA beam-line of the
Suisse Light Source, Villigen. Data processing was performed
using the XDS programme. PDE66 from the PDE65-Rheb
complex structure (PDB code: 3T5G) was used as a model. The
structure was solved by molecular replacement and, finally,
refined by several rounds using Molrep and REFMAC5 pro-
grammes from CCP4 (suite).

Competitive fluorescence polarization

Fluorescence polarization measurements were carried out
using a Fluoromax-4 spectrophotometer (HORIBA Jobin Yvon,
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Munich, Germany) in the crystallization buffer at 20 °C. Exci-
tation and emission wavelengths of 495 nm and 520 nm,
respectively, were used for the fluorescein-labelled Rheb
peptide. Stock solutions of premonensin derivatives (10 mM)
were prepared as described.’ Affinities were determined by
titrating increasing amounts of premonensin derivatives into a
preformed complex of FITC-Rheb peptide with PDE63. Data
analysis was performed with OriginPro 9.0 with a competition
model derived from the law of mass action as described.®
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