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The synthesis of a small library of resorcylic acid lactones and evaluation of their biological properties as
kinase inhibitors is described. Within the series E-enones were found more active than corresponding
Z-enones as inhibitors of a subset of kinases containing a conserved cysteine. Replacement of the enone
moiety with a B-haloketone group led to compounds with an interesting kinase selectivity profile and

also antiproliferative activity against Jurkat cells. An E-enone derivative also showed activity against
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capillary tube formation based on a co-culture of primary human umbilical cord endothelial cells
(HUVECs) and vascular smooth muscle cells (vSMCs).
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Protein kinases have become one of the most intensively
pursued classes of drug targets. As virtually every signal transduc-
tion process is dependant on phosphate transfer, inhibition of
kinase activity can elicit a physiological response.' Initial concerns
raised about kinases as suitable drug targets have given way to
much research in this area? and some kinase inhibitors have now
been approved for clinical use.?~>

Macrocyclic compounds are attractive for the bioactive mole-
cule discovery because their rigid scaffolds can decrease the entro-
pic cost of target binding and limit access to non binding
conformations, resulting in higher affinity and greater binding
specificity than corresponding linear counterparts.®’ Resorcylic
acid lactones (RALs) constitute a family of polyketide mycotoxins
with a variety of biological activities.® Representative examples
of this family are the heat shock protein 90 (Hsp90) inhibitor rad-
icicol® and the estrogen agonist zearalenone.'® Hypothemycin,'! a
RAL containing a Z-enone moiety that initially did not reveal any
particularly interesting activity, was later shown to inhibit ras-
transformation and T cell activation.'>!® Hypothemycin and other
closely related RALs (LL-Z1640-2'* and L-783,277'°) gained atten-
tion as compounds that irreversibly and selectively inhibit a subset
of protein kinases such as mitogen-activated protein (MAP) kinase
(MAPK) kinase (MEK), extracellular signal-regulated kinase (ERK)
and TAK1, and platelet-derived growth factor receptor
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(PDGFR).!*15> These findings have been recently corroborated by
Santi and co-workers, who reported that hypothemycin irrevers-
ibly inactivates ERK2 by forming a covalent Michael adduct with
the cys166 positioned in the ATP-binding pocket of this kinase.!'®
A structure-bioinformatics analysis of the kinome revealed that
46 out of the 518 putative kinases contain a cysteine residue ade-
quately positioned to participate in the Michael addition to the Z-
enone of hypothemycin. As many of the kinases from this group
contribute to the development, progression, and aggressiveness
of cancer, RALs are currently considered a highly promising class
of compounds for oncology drug discovery. Herein, we report a
preliminary biological evaluation of the library of RAL derivatives
shown in Figure 2 in both enzymatic and cellular assays.
Structure-activity relationship (SAR) studies'® related to the
RALs (Fig. 1) indicate that the Z-enone and that the homoallylic diol
are important in order to achieve highly potent kinase inhibition.!”
When the homoallylic diol is present then E-enones were signifi-
cantly less active than the corresponding Z-enones.!”> Methylation
of either of the hydroxyl groups of the diol led to reduction in
potency.'®® Removal of the conjugated ketone as in aigialomycin
D'® or pochonin-based'® resorcylides led to compounds where
kinase inhibitory activity was conserved, albeit the compounds
were less potent. We were interested in evaluation of analogues
1-6 where the Z-enone group found in RALs is replaced with a
haloethyl ketone isostere. We believed that the B-haloketo deriva-
tives would also have the potential to undergo nucleophilic
displacement reaction with the same conserved cysteine residue
in kinases that bind RALs. We thus developed the synthesis of such
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Figure 2. RALs evaluated herein.

halogenated compounds 1-7, and also prepared analogous E-enon-
es 8-10, Z-enone 11 as well as the reduced congeners 12-14. The
nature of the group adjacent to the aromatic ring (C1-C2')
influences the macrocycle conformation and consequently the
selectivity of RALs.!” Thus 5, 6, and 10 which have a Z-configura-
tion at the styryl double bond were prepared; interestingly this
stereochemical feature has being recently found in naturally
occurring aigialomycin E.2°

The details of the synthetic route to all compounds in Figure 2
with the exception of 4-7, 10, and 13 have been recently dis-

closed.?! p-Bromoketone 4?2 was prepared by treatment of 9 with
boron tribromide. The preparation of 7 was completed with a view
to investigating the effect of removing the ketone at C6’ on the bio-
logical properties; this was achieved by reduction of 1 using so-
dium borohydride in methanol. An 87:13 mixture of
diastereoisomers was obtained after chromatographic purification
(stereochemistry not assigned). To generate analogues bearing a Z-
alkene at the C1’-C2’ position, halides 1 and 3 were recognized as
valuable intermediates and were subjected to a photoisomeriza-
tion reaction. Hence, upon exposure to light (350 nm) 1 and 3 were
readily isomerised, affording Z-olefins 5 and 6 in 82% and 60% yield
respectively.?® Under basic conditions (EtsN, CH,Cl,) 5 was trans-
formed to E-enone 10%* to complete the series (Scheme 1).

A subset of the library members shown in Figure 2 was next
screened against a panel of 13 kinases,?> which, with the exception
of ERK5, were all putative cysteine containing kinases with poten-
tial for irreversible inhibition by RALs (Table 1). Thus, a commercial
sample of the potent kinase inhibitor LL-Z1640-22% and stauro-
sporine were tested together with the synthetic library as controls.
The ICs9 values of LL-Z1640-2 are considerably lower than the
those reported previously;!” it is believed that the differences are
due to the different assay conditions.?” All the compounds selec-
tively inhibited kinases which had the conserved cysteine residue
in the ATP-binding site (i.e., PDGFRa vs ERK5). However, they did
not indiscriminately inhibit all kinases with the same potency
demonstrating that selectivity may be achieved within this subset
of the kinome. PDGFRa was the most potently inhibited kinase in
the panel for all RAL library members followed by FLT3, VEGFR2,
VEGFR3, and c-kit. The absence of the C4/,C5'-diol generally results
in a significant reduction in inhibitory activity compared to the
highly potent LL-Z1640-2 (0.24 nM, PDGFRa) and deletion of abil-
ity of the RALs to inhibit a number of the kinases (ERK1, ERK2,
GSK3B, GSK3a). However, E-enones 8 (27 nM) and 9 (89 nM) were
considerably more active as inhibitors of PDGFRa than Z-enone 11
(440 nM). All the B-haloketones are less potent than the corre-
sponding E-enones but bromide 3 (87 nM, PDGFRa) is also more
potent than the Z-enone. The B-chloroketones 1 (1.2 uM) and 2
(1.4 nM), although generally less active than enones as inhibitors
of kinases, do show an interesting selective inhibition of PDGFRa.

The lower inhibitory activity observed for the chlorides 1, 2, and
5 compared to the enones 9-11 could be due to a mechanism
where elimination needs to occur first of all. This could be slow
in some kinase assays. The lower activity could also be due to a
slower rate of reaction of the chlorides with the cysteine in the
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Scheme 1. Synthesis of RAL analogues.
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Table 1
ICso (LM) of selected library members against a panel of 13 kinases?®
RAL PDGFRa VEGFR2 VEGFR3 MEK1 FLT3 c-kit VEGFR1 PDGFRB ERK2 ERK1 GSK3B GSK3a ERK5
LL-Z1640-2 0.00024 0.00049 0.0005 0.002 0.0049 0.0096 0.012 0.041 13 1.4 19 18 >100
1 1.2 nc >100 nc 34 >100 nc nc nc nc nc nc nc
2 14 93 17 nc 16 47 nc nc nc nc nc nc nc
3 0.087 >100 5.5 nc 25 2.8 nc >100 nc nc nc nc nc
4 23 43 5.8 nc 2.4 11 >100 nc nc nc nc nc nc
5 14 82 >100 nc 12 100 nc nc nc nc nc nc nc
6 8.6 24 65 nc 7.1 81 nc nc nc nc nc nc nc
8 0.027 1.0 1.4 22 0.33 13 51 9.2 >100 >100 >100 >100 nc
9 0.089 0.31 0.72 12 0.33 13 33 21 >100 >100 >100 nc nc
10 0.45 23 1.6 >100 0.59 1.4 15 >100 nc nc nc nc nc
11 0.44 0.54 1.2 17 0.85 4.1 >100 42 nc nc nc nc nc

>concn ICso value above the highest test concentration. Concentration-response curve showed less than 50% effect at the highest tested concentration.

a

kinase active site or to reduced affinity of the halide for the kinase
compared to enone.”® We thus investigated susceptibility of the
chlorides to elimination in the kinase assay conditions. The repre-
sentative chloride 1 was stable at pH 7.0-7.5 in HEPES buffer at
22 °C over a 24 h period according to mass spectrometric analysis
of the reaction mixture. This would suggest that if elimination was
to occur it would require the presence of the kinase. In the pres-
ence of the kinase we could not detect the formation of the enone
or any other RAL derivative by mass spectrometry at the concen-
trations at which the assay was carried out. When an N-protected
cysteine was exposed to the halide in the presence of triethylamine
in CDCl; then elimination occurred over 24 h and this was followed
by conjugation of the cysteine. The halide was stable to the cys-
teine in the absence of the base but it is difficult to rule out the pos-
sibility that a substitution reaction could take place in the enzyme
active site. Overall bromides show higher potency than the corre-
sponding chlorides. This could be due to a more rapid substitution
reaction in the kinase active site or a higher rate of elimination in
the presence of the kinase. The inhibitory activities and selectivity
profiles of the halides are not identical with the enones. It is not
possible based on these experiments and observations to confirm
if elimination occurred before reaction with the kinase.
Compounds 1-14 were next assayed against human T leukemia
(Jurkat) cells using the CellTiter-Glo™ luminescent cell viability as-
say.?% Table 2 shows the antiproliferative activities measured after
24 and 48 h exposure of cells to test compounds. The activity of
analogues containing either the enone or B-haloketone moieties
is within a fourfold range of the activity of LL-Z1640-2. The B-
haloketones are slightly more potent than the corresponding enon-
es and the activity of 6 is comparable to that of LL-Z1640-2. The Z-

Table 2

Antiproliferative activity of selected library members against a Jurkat cell line®
RAL ICs0 (M)

24h 48 h

LL-Z1640-2 7.0+14 55+2.8
1 10.9+0.7 92+14
2 10.6 £0.8 84+22
3 11.7+04 9.7+0.7
4 11.4+0.7 9.7+0.2
5 9.5+2.7 88+13
6 6.1+0.03 7.5+35
7 nc® nc®
8 11.0+14 89+15
9 13.0+x14 9.7+1.6
10 19.5+0.7 154+0.8
11 26.0+4.2 11.0+0.3

@ ICsp values calculated using percent of growth versus untreated control. Values
expressed as mean + SD of two experiments.
b nc: ICso value not calculable.

nc: ICsp value not calculable. Concentration-response curve showed less than 25% effect at the highest tested concentration.

enone 11 is almost twofold less active than the corresponding E-
enone 9 after 24 h exposure. However, its activity appears to be
highly time-dependent, as shown by the data measured after
48 h of exposure. The time-response correlation is less pronounced
for other members of the library. Compounds 7 and 12-14 are
inactive at concentrations up to 100 pM. The data suggests that
proliferation of this cell line is not highly dependant on kinases
in Table 1 given that LL-Z1640-2 is not significantly more potent
than weaker kinase inhibitors.

In a preliminary screening, selected analogues 7,9, and 12 were
evaluated for their ability to inhibit capillary like tube formation
in vitro. A co-culture of primary human umbilical cord endothelial
cells (HUVECs) and vascular smooth muscle cells (vSMC) results in
formation of an organotypic capillary network (Fig. 3a) recapitulat-
ing many facets of in vivo angiogenesis and would be more highly
dependant on some kinases in Table 1, especially those which are
angiogenic promoters. The co-culture assay entails live image anal-
ysis of fluorescent protein-expressing primary human endothelial
cells that form tubular networks within 72h postseeding.3°
Compounds 9 (11 uM) and 7 (33 pM) show a moderate inhibitory
effect, while the full reduced congener 12 is inactive at
concentrations up to 100 uM. Evaluation of the other members of
the RAL series in the angiogenic assay is currently under
investigation.
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Figure 3. Capillary-like network formation. (a) The endothelial cells gradually
interact to generate a capillary-like network. (b) Enone 9 inhibits tube formation
(11 uM). (c) Quantitative analysis of the dose-response experiments for com-
pounds 7,9 and 12.
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The SAR data reported in this study show that B-haloketone is
potentially an effective replacement of the enone moiety, yielding
compounds which show activities in enzymatic and cellular assays.
Moreover, E-resorcylides 8 and 9 exhibit interesting biological
activities, inhibiting with high selectivity PDGFRa kinase in the
nanomolar range. This would suggest that potentially more potent
kinase inhibitors could be obtained by introducing modifications at
the C1’-C5’ chain in combination with other isosteric replacements
for the Z-enone. Thus far we have not established a synthetic strat-
egy to generate RAL analogues containing both the B-halo and de-
sired diol functional groups. Synthetic approaches to these and
other RAL analogues are underway.
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