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Introduction

The rubromycins (Fig. 1) belong to a family of structurally related
pigments that were firstisolated from Streptomyces collinus in the
1950s and 1960s.''! With the exception of o-rubromycin, this
class of compounds possesses a densely oxygenated naphtho-
quinone moiety and an isocoumarin unit connected through an
optically active bisbenzannulated 5,6-spiroketal ring system. The
rubromycins initially garnered scientific interest due to their vivid
colours but they were later found to exhibit antimicrobial and
cytostatic activity against several enzymes including the human
telomerase reverse transcriptase, an enzyme strongly associated
with cell immortalisation.”] 3-Rubromycin and -y-rubromycin
appeared to be the most potent telomerase inhibitors, with 1Cs

a-Rubromycin
IC50 >200 uM

OMe O B-Rubromycin
IC50=3 uM

values of ~3 uM. In contrast, the ring-opened o-rubromycin
displayed substantially decreased potency (ICsy >200puM),
suggesting the role of the spiroketal core as an essential phar-
macophore for telomerase inhibition. To lend further support to
this theory, the closely related spiroketal-containing purpur-
omycin and griseorhodins A and C were also shown to exhibit
comparable inhibition of human telomerase (ICso=3—
12 pM). 123

Given our long standing interest in the total synthesis and
biological evaluation of spiroketal-containing natural pro-
ducts,'™ we were attracted to the rubromycins, motivated in
no small part by the prominent synthetic challenge posed by the
presence of the electron-withdrawing isocoumarin unit in the

IC50=3 uM

Purpuromycin
IC50=3 uM

Griseorhodin A
IC5p~12 uM

Griseorhodin C
IC5q=6 UM

Fig. 1. The rubromycin family.
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molecules. Despite substantial efforts towards the synthesis of
this family of natural products by several research groups, only a
single total synthesis of the heliquinomycin aglycon had been
achieved by Danishefsky™! at the commencement of this proj-
ect. The low success rate for the total synthesis of the rubromy-
cins was attributed to difficulties assembling the spiroketal core
under acidic conditions. Through comprehensive modelling
studies, Kozlowski'® and Reissig!”! established that the pres-
ence of electron-withdrawing groups in the isocoumarin moiety
markedly diminished the nucleophilicity of the phenolic group
by inductive and mesomeric effects, thus reducing the efficiency
of the key spiroketalisation step.

Based on the premise that the spiroketal moiety of the
rubromycins acts as the crucial pharmacophore for telomerase
inhibition,”®! we focussed our attention on the preparation of
y-rubromycin and a series of modified spiroketal analogues to
establish additional insight into the underlying structure-activity
relationship and the key pharmacophore for this class of com-
pounds. Recent studies by the Pettus group has provided further
mechanistic insight into the role of B-rubromycin in telomerase
inhibition and identified the spiroketal scaffold to be the best lead
inhibitor.”®] Biological assay results for the parent compound,
vy-rubromycin together with our synthetic analogues are reported
herein.

Results and Discussion

The chemical structures of the rubromycin analogues evaluated
in the in vitro telomerase inhibition assay are depicted in Figs 2
and 3. The analogues were designed to establish the role of the
spiroketal unit to inhibit telomerase activity. Specifically, two
classes of spiroketal compounds with varying ring sizes, bulk and
substitution pattern were prepared: (1) closely related analogues
of 'y-rubromycin;[gl and (2) modified analogues containing a 5,5-,
6,5- or 6,6-spiroketal scaffold.”™'”) The choice of compounds
was also governed by the availability of reagents and their ease of
preparation. The synthesis of all spiroketal compounds has been
published previously and the original papers should be consulted
for detailed experimental procedures.

All the synthesised spiroketal derivatives (1-30) were eval-
uated for their anti-telomerase activity using a real-time quanti-
tative telomeric repeat amplification protocol (RQ-TRAP)
assay, with HEKneo cells as a source of telomerase. The results
are summarised in Table 1 and the relative anti-telomerase
activity at 0.3, 3 and 30 pM are expressed as means of fold
change relative to the DMSO-treated control.

Amongst the closely related rubromycin-related analogues
(Fig. 2), compound 9 displayed moderate levels of telomerase
inhibition at 30 puM whereas the parent compound (4)-vy-
rubromycin 1 was the most effective inhibitor. Whilst the
rubromycins have been shown to competitively bind to the
telomerase substrate primer by steady-state kinetic analysis,>”
little information is known regarding the exact mechanism of
telomerase inhibition or the role of functional groups such as the
isocoumarin moiety. Thus, ring-opened lactone derivative 10 was
subjected to the biological assay with HEKneo cells. Interes-
tingly, 10 showed a significant decrease in anti-telomerase
activity in comparison to the reference compound 1, suggesting
the possibility of additional synergistic enzyme-substrate inter-
actions between the isocoumarin subunit and the telomerase
enzyme.

Next, we investigated the effects of various spiroketal
scaffolds and substitution patterns on telomerase activity
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Fig. 2. Structures of closely related analogues of y-rubromycin."!
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Fig. 3. Structures of 5,5-, 6,5- and 6,6-spiroketal analogues.

(Fig. 3). Among the 3,4,3’,4'-tetrahydro-2,2'-spirobis(2H-1-
benzopyran) hetero-cyclic compounds (14-24), compounds
15, 16, and 18 promoted telomerase activity at 3 uM, yet
surprisingly exhibited modest levels of telomerase suppression
at 30 uM. Although the influence of substitution of the phenyl
ring on telomerase inhibition is not apparent, these results are
intriguing as they suggest the dual ability of some spiroketals to
act as telomerase inhibitors or activators, depending on the
substrate concentration. Whilst a tremendous amount of
research is being conducted in the area of telomerase inhibition
for cancer treatment,!'!) the impact of telomerase activation in
the context of age-related disorders is still in its infancy.!'”!
Thus, further evaluation of the representative samples will be
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Table 1. Telomerase activity of spiroketal analogues of the
rubromycins

Compound Fold change in telomerase activity®

0.3 uM 3uM 30 uM
1 1.00 0.22 0.14
2 0.80 1.02 0.86
3 0.97 1.09 1.20
4 0.56 0.84 0.50
5 1.13 0.98 0.62
6 0.76 0.75 0.59
7 0.98 0.85 0.69
8 0.93 0.97 0.97
9 0.92 0.52 0.31
10 1.17 0.42 0.40
11 0.99 0.86 1.01
12 0.57 0.68 0.62
13 0.88 0.86 1.15
14 0.88 1.36 1.17
15 1.08 1.35 0.51
16 1.55 1.36 0.41
17 0.92 1.22 0.94
18 1.00 1.32 0.45
19 0.84 0.75 0.69
20 1.25 1.15 0.57
21 0.87 1.01 0.62
22 1.25 1.01 0.83
23 1.17 1.16 1.26
24 1.38 1.09 0.95
25 0.62 0.81 0.41
26 0.65 0.77 0.40
27 0.82 0.92 1.07
28 0.70 0.81 0.55
29 0.93 0.69 0.41
30 0.98 0.60 0.83

ANegative control DMSO, no activity. The fold increase shown represents
the mean of three experiments in triplicate.

carried out as part of the next phase of our medicinal chemistry
program.

Modification of the spiroketal framework was further under-
taken by the introduction of oxygen atoms in the pyran ring or on
the carbon {3 to the spirocenter, as exemplified by purpuromycin
and griseorhodins A and C. From Table 1, it can be seen that the
presence of the added hydroxyl or ketone functional groups did
not significantly influence anti-telomerase activity (compounds
19-24). On the other hand, spiroketals 25, 26, and 29, bearing a
3H,3'H-2,2'-spirobi(benzo[b][1,4]dioxine) ring system, exhib-
ited enhanced telomerase inhibition in the HEKneo cell line.

Conclusion

In order to validate the postulate that the spiroketal system of the
rubromycins is the active moiety responsible for inhibition of
telomerase, several structurally related analogues of the rubro-
mycins were evaluated for their anti-telomerase activity. Among
the 30 compounds tested, reference compound (+£)-y-rubromycin
1 demonstrated the most potent anti-telomerase activity at 3 and
30 uM in the HEKneo cell line, whereas compounds 9, 10, 16, 18,
25, 26, and 29 exhibited modest levels of activities at 30 M.
Furthermore, the RQ-TRAP bioassay revealed that incorporation
of the isocoumarin subunit into the title compounds may be of
significant importance to inhibit telomerase as ring-opened lac-
tone derivative 10 showed considerably weaker telomerase

T.-Y. Yuen et al.

inhibition properties. Although conclusive structure-activity
relationships cannot be constructed, the preliminary results
reported herein focusing on several classes of small-molecule
aryl spiroketal derivatives are encouraging and warrant further
investigation.

Experimental
Cell Culture and Telomerase Activity Assay

Human neonatal keratinocytes (HEKneo) purchased from
Invitrogen (Carlsbad, USA) were cultured using Epilife with
1% HKGS in a T75 flask (BD Biosciences, USA) and main-
tained at 37°C in a 5% CO, incubator following the manu-
facturer’s protocol. HEKneo cells (PD 6-9) seeded at a density
of 1 x 10° cells/well in a 12-well plate (TPP, Switzerland) were
treated with the compounds for 24 h. Total cell lysates were
collected with a lysis buffer and protein concentrations were
quantified by DC protein assay (Bio-Rad, USA). RQ-TRAP
assay was then performed according to the manufacturer’s
manual to measure the telomerase activity in the lysate through
its ability to synthesise telomeric repeats (Quantitative Telo-
merase Detection Kit, Allied Biotech, USA). The amplified
polymerase chain reaction (PCR) products were visualised by
DNA fluorochromes SYBR green using 7500 Fast Real-time
PCR System (Applied Biosystems, USA). Each sample was
analysed at least in triplicate for three independent experi-
ments. Telomerase activity was expressed relative to vehicle
control, i.e. the fold change of telomerase activity compared
with DMSO treatment.
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