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Abstract—The designed simpler chiral spirocyclic helical compounds that mimic the molecular architecture of the DNA bulge bind-
er NCSi-gb have been prepared. It has been found that the synthesized spirocyclic compounds have strong stimulation effect on
DNA slippage synthesis. Their stimulation activities on DNA strand slippage suggest that they may bind to or induce the formation
of a non Watson—Crick structure during in vitro replication of DNA triplet repeats.

© 2005 Elsevier Ltd. All rights reserved.

Several human hereditary neurodegenerative and neuro-
muscular disease genes are associated with the expan-
sion of triplet repeats.! The formation of abnormal
structure has been proposed as a part of the mechanism
for large-scale expansion of this kind of triplet repeats
during DNA replication.? Bulged structures have been
implicated as intermediates in the slippage synthesis of
DNA associated with the unstable expansion of triplet
repeats.> ¢

It has already been demonstrated that intercalators,
such as ethidium bromide,” 2-acylamino-1,8-naphthyri-
dine,? tylophorine B,” and a number of antitumor anti-
biotics'®!! have increased binding affinity for sites on
duplex DNA carrying simple bulge (one or more un-
paired bases). Of special interest, the enediyne antitumor
antibiotic neocarzinostatin chromophore (NCS-chrom)
induces a highly efficient site-specific strand cleavage at
either single or two-base bulges depending on the partic-
ular mode of activation of the drug.!''3 After a general
base-catalyzed spirolactonization and intramolecular
rearrangement, NCS-chrom undergoes spontaneous
cyclization to form NCSi-gb (Fig. 1A),'*!> a more stable
isostructural mimic of the DNA-cleaving species, which
specifically targets the bulged DNA rather than the du-
plex form'31®17 at submicromolar concentration,'® and
the solution-phase NMR studies have also confirmed
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that the binding to the bulge emanates from the unique
molecular geometry of the agent.!®!® Molecular studies
have revealed that the affinity of NCSi-gb to bind DNA
bulges is mostly dependent on the spirocyclic ring junc-
tion with an appropriate angle, pendant amino sugar
group that enhances binding at the bulged site, and
two discrete aromatic moieties for n-stacking that mimic
the base pairing. Some synthetic molecules, which are
mimics of NCSi-gb, exhibited high affinity to the bulged
structures in nucleic acid?®2* and enhanced the repeat
nucleotide slippage during in vitro DNA synthesis.??>>
Of them, compound DDI (Fig. 1B) displayed quite a
strong enhancement in various repeat DNA strand slip-
page syntheses. Given the rationality of such selective
binding, it has prompted effort to design and synthesize
the simpler analogues of DDI with a spirocyclic back-
bone, and to explore the specificity of bulge bindings
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Figure 1. Structure of natural and synthetic spirocyclic compounds.
(A) DNA bulge-specific compound derived from NCS-chrom upon
base catalysis. (B) Synthetic compound mimicking (A), which showed
selectivity for binding to DNA bulge site,>' and strongly enhanced the
repeat nucleotide slippage during in vitro DNA synthesis.?
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and the stimulation in DNA strand slippage synthesis
in vitro.

The synthesis of spiroalcohol 1 was carried out accord-
ing to the Ref. 20 by some modification. Structural
assignment of this unusual spirocycle 1 was made using
2D NMR?® and also the stereochemistry was confirmed
unambiguously by X-ray analysis (Fig. 2).2°

Though compound 1 could be separated into its enan-
tiomer pairs via chiral chromatography, we elected to
perform diastereomer separation following aminogly-
cosylation. An aminoglucose was selected as the pen-
dant amino sugar for reasons of simplicity and
economy. Thus, activated glycosyl donor 2 was subject-
ed to coupling with racemic 1 to give a mixture of diaste-
reomers 3 and 4. They were separated by silica gel
chromatography and then subjected to global deprotec-
tion under basic condition in one step to give diastereo-
mers 5°7 and 67 (Scheme 1). Both compounds were used
to test the stimulation ability on triplet repeat-strand
slippage during DNA replication by DNA polymerase
I based system.

The in vitro expansion assays provided a convenient
method to examine compounds as potential probes to
study the mechanism of DNA slippage itself, and helped
in understanding the molecular basis of the human
hereditary diseases.®>*3! DNA slippage synthesis was
measured using the primer/template oligomers of
(ATT); and (AAT)s in a reaction catalyzed by the
Klenow fragment of Escherichia coli. DNA polymerase
I lacking 3'-5" exonuclease activity. Both dose-depen-
dency and time course of expansion of the triplet repeat
AAT and stimulation effect on DNA in vitro synthesis
by diastereomers 5 and 6 were tested. In Figure 3 is
shown the extension of the AAT triplet repeat after reac-
tion for 12 h and the resolution of the products on a
denaturing polyacrylamide gel. The percentage of band
intensities that exceed 26-mer marker in each lane on
the gel by using Image J program is listed in Table 1.
The concentration of 5 and 6 was varied from 0.1 to
200 uM, while the incubation course ranged from 12
to 72 h.

The synthetic DNA primer and template were used
directly without further purification. In the control
reaction (Fig. 3), the 9-mer primer was extended to a

Figure 2. ORTEP of spiroalcohol 1.
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Scheme 1. Synthesis of chiral spirocyclic helical compounds containing
aminosugar.

length obviously below 26 nucleotides (lanes 2 and 3),
the size of which was more than the combined length
of the primer and the template, thus it is indicative of
the occurrence of slippage in the in vitro DNA synthesis
process. The addition of 5 and 6 both stimulated the
in vitro synthesis of triplet repeat AAT to generate prod-
ucts much longer (lanes 5-9 for 5, lanes 12-16 for 6)
than those in the control (lanes 2 and 3). That is, in
the presence of 5 and 6, the radioactivity in the bands
corresponding to the long fragments steadily increased
with increase of dosage, concomitant with a decrease
in products shorter than 26 nucleotides in length. At
the lowest concentration shown in Figure 3 (10 uM),
the stimulated slippage of ATT synthesis by 5 was en-
hanced to the extent that over 4% of the band intensities
in the lane was longer than 26 nucleotides at 12 h;
whereas, 6 had a weaker effect.’> At the highest concen-
tration used (200 uM), over 25% of the band intensities
was longer than the 26-mer by 5 and over 20% by
6 (Table 1). This showed that 5 and 6 had stimulated
in vitro DNA slippage synthesis of AAT with dose
dependency. At the concentration of 100 uM (at which,
5 and 6 strongly affect DNA slippage), 2-deoxy-2-
aminoglucose used here did not affect DNA slippage;
also, at the concentration of 1.0, 10, 100, 200, and
500 uM, the aglycon 1 did not affect DNA slippage
(see supporting information).
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Figure 3. Dose-dependency of expansion of triplet repeat AAT and
stimulation effect by compounds 5 and 6. Compound 5 or 6 was
dissolved in DMSO. DNA primer (ATT); was 5'-**P-end-labeled using
[y->2P]ATP and T4 polynucleotide kinase. The labeled primer was used
directly without further purification. A mixture of 5’-*?P-end-labeled
primer and unlabeled template, generally in equimolar concentrations,
was annealed by heating to 95 °C followed by slow cooling to room
temperature. The annealed mixture of (ATT);/(AAT)s (4 uM) in
50 mM Tris—HCI, pH 7.5, was supplied with 15 mM MgCl,, 4 mM
dithiothreitol, 1 mM dATP and dTTP, and compound 5 or 6 before
starting the synthesis by the addition of enzyme. The final concentra-
tion of DMSO was 2% in the assay. The enzyme was at a level of
0.032 unit per microliter of the reaction, with a DNA to enzyme molar
ratio of 140. After incubation at 23 °C for the times indicated, 80%
formamide containing 100 mM EDTA and marker dyes were added to
the reaction mixtures at 1:1 volume and were loaded for analysis on a
15% polyacrylamide sequencing gel. The gels were exposed to X-ray
film. The film was developed, fixed, and pictures taken by digital
camera. Lane 1: the control reaction system to which no DNA
polymerase was added. Lanes 2 and 3: control lacking compound 5 or
6 received an equal volume of DMSO. The arrows in the figure point
to the size markers of 26 and 41 nucleotides in length.

Table 1. Dose-response and time course for compounds 5 and 6 in
DNA in vitro slippage synthesis of triplet repeat AAT

Fragments longer 0 10 30 60 100 200
than 26-mer (%)

Compound 5 (uM)

12h 0 4.5 12.1 184 213 257
24 h 0 333 36.0 42.0 437 456
36 h 0 40.1 442 468 48.6 509
48 h 0 445 496 55.5 61.1 63.6
72h 0 49.1 58.6 783 85.1 84.9
Compound 6 (uM)

12h 0 0.8 6.9 12.9 17.5  20.0
24 h 0 4.1 140 284  36.1 39.0
36 h 0 6.3 302 421 459 447
48 h 0 69 328  46.7 50.2  50.7
72 h 0 7.8 429 54.2 63.5 66.4

Data were taken from the experiments described in Figure 3. After gel
analysis of the products, the band intensities of each lane were quan-
titated using Image J program. The data showed dose and time-de-
pendent increase in the length of the DNA replication products.

The effects of 5 and 6 on ATT expansion also exhibited
time-dependent increase in the length of the slippage
products. As the incubation time extended, the frag-
ments longer than 26-mer increased gradually, the effects
of 5 and 6 on the in vitro DNA slippage synthesis be-
came stronger (Table 1). At the low concentration used
(10 uM), as for 5, the percentage of band intensities in
the lane longer than 26 nucleotides was 4%, 33%, 40%,
44%, and 49% at 12, 24, 36, 48 and 72 h, respectively;
whereas, for 6, the percentage was 0%, 4%, 6%, 7%,
and 8% at 12, 24, 36, 48, and 72 h, respectively. At the
same time, when the highest level was used (200 uM),
the percentage of the band intensities longer than 26
nucleotides turned to 25%, 45%, 50%, 63%, and 85%
at 12, 24, 36, 48 and 72 h, respectively, for 5; and 20%,
39%, 44%, 50%, and 66% at 12, 24, 36, 48, and 72 h,
respectively, for 6. On the contrary, in the control reac-
tion, there was not any slippage band exceeded 26-mer
during the whole time course. At 72 h, the extension of
ATT almost reached saturation at higher concentrations
(100 and 200 uM) for both 5 and 6 (Table 1),
respectively.

Interestingly, there was a hierarchy of intensities of the
three bands, each apparently separated by two nucleo-
tides, which was faithfully repeated every three nucleo-
tides throughout the lane. This band spacing appeared
to reflect the triplet repeat unit. The addition of 5 and
6 did not influence this pattern. The effect of other
DNA-binding agents on DNA slippage synthesis was
also examined. Doxorubicin, an anthracycline glycoside
that intercalates between DNA base pairs,®* inhibited
ATT expansion (lane 4, Fig. 3). When both compound
5 or 6 and doxorubicin were present, the inhibition
was reversed to some extent at the experimental concen-
tration (lanes 10 or 17, Fig. 3). It is possible that the du-
plex regions involved in the binding of doxorubicin are
disrupted by drug-induced bulge formation and conse-
quent Watson—Crick hydrogen bond breakage associat-
ed with strand slippage, leading to its dissociation from
the DNA.%°

In the primer extension reaction with short oligonucleo-
tides, the repetitive sequence and the transient DNA
structure formed during DNA strand synthesis by poly-
merase are two important intrinsic factors. DDI, prefer-
entially bound to bulges of two to three unpaired bases
in DNA, enhanced the slippage process by stabilizing an
unusual DNA structure or inducing bulge formation.?’
The designed small molecules 5 and 6, simpler analogues
to DDI, also exhibited a similar enhancement in DNA
strand slippage. Unlike the NCS-chrom derivative,
DDI binds to the bulge site via the minor groove.’*
The two synthetic compounds reported here possessed
the geometry for mimicking the helix bases with spiro-
lactone moiety containing two-arene units.>* The spiro-
alcohol backbone of 5 and 6, with one benzene ring less
compared to DDI, adopted the wedge-shaped configura-
tion that was necessary to achieve binding to DNA
bulges, and its simple amino sugar derivative of the
hydroxy group on spirocycle showed affinity for bulged
sequences.!> 172135 The handedness of the aglycon part
of 5 was analogous to DDI, and it displayed better
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stimulation effect than that of 6. The smaller skeleton of
5 and 6 with the amino sugar attached to the same posi-
tion on the spiroalcohol as DDI did not influence the
intercalation of aromatic moieties into the base pair of
the double stranded DNA with simple bulges through
n-stacking. The possible difference may be in the mode
or extent during the intercalation. The precise DNA
structure that the compounds bound to and the detailed
mechanism for the stimulation of DNA slippage remain
to be further clarified.
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