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ABSTRACT: We report a bifunctional fluorescent probe that
combines a rhodium metalloinsertor with a cyanine dye as
the fluorescent reporter. The conjugate shows weak lumines-
cence when free in solution or with well matched DNA but
exhibits a significant luminescence increase in the presence
of a 27-mer DNA duplex containing a central CC mismatch.
DNA photocleavage experiments demonstrate that, upon
photoactivation, the conjugate cleaves the DNA backbone
specifically near the mismatch site on a 27-mer fragment,
consistent with mismatch targeting. Fluorescence titrations
with the 27-mer duplex containing the CC mismatch reveal a
DNA binding affinity of 3.1 x 10° M, similar to that of other
rhodium metalloinsertors. Fluorescence titrations using ge-
nomic DNA extracted from various cell lines demonstrate a
clear discrimination in fluorescence between those cell lines
that are proficient or deficient in mismatch repair. This dif-
terential luminescence reflects the sensitive detection of the
mismatch repair-deficient phenotype.

Within the cell, the mismatch repair (MMR) machinery is
critical for maintaining genomic fidelity. Deficiencies in
MMR result in the accumulation of base:base mismatches
and predispose the cell to cancerous transformation.' Various
rhodium complexes have been designed that target and bind
single base pair mismatches with high specificity and selectiv-
ity.>® These rhodium compounds bear the sterically expan-
sive 5,6-chrysene diimine (chrysi) ligand, and preferentially
target thermodynamically destabilized mismatches over
matched base pairs by a factor of >1000 through metal-
loinsertion.** In addition, these complexes target and inhibit
growth in MMR-deficient versus MMR-proficient cancer
cells with high selectivity.”® Considering the strong associa-
tion of MMR deficiency and cancer, the development of ear-
ly diagnostic tools for DNA mismatches and deficiencies in
MMR would be invaluable.

1

r\h_ j 4+
a) Q /\/n O D N’
¢ ) N/\/o\/\o it
—N,H =N O
\ e/ NN
HN;hh/ —
4 'ﬁ/ \j“ A
QQQ RhCy3
3+
Q,H’ N O-‘/—OH
/- A
N A
S
C e
[Rh(phen)(chrysi)(HDPA)]** Cy3-linker

b)  Well matched DNA

Q&\KEO’“QR}.O

Weak Fluorescence

Mismatched DNA

Strong Fluorescence

Figure 1. a) Chemical structure of RhCy3 and its spectroscopic
references. b) Illustration of the interaction between the conju-
gate and DNA (well matched or mismatched).

We have recently reported a class of ruthenium metal-
loinsertors that serve as luminescent “light switches” for sin-
gle base mismatches in dsDNA.” Luminescent Pt(II) com-
plexes have also been investigated as mismatch probes.® The
use of small organic fluorophores for site-specific targeting of
DNA mismatches has been reported but still remains a chal-
lenging goal’ Since the rhodium metalloinsertors do not
display luminescence but nonetheless show remarkable
mismatch selectivity, we have developed an alternative strat-
egy for a luminescent metalloinsertor, equipping the rhodi-
um complex with an organic fluorophore to serve as the opti-
cal reporter.
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Scheme 1. Synthetic strategy for RhCy3. i) HBTU, DIPEA,
DMF 0°C, 1.5-2 hrs., 86% yield. ii) CH;CN/H,0/EtOH, 95
°C, overnight, then anion exchange with MgCl,, 40% yield.

To achieve a fluorescent reporter of DNA mismatches, we
have designed a bifunctional conjugate, RhCy3, in which
mismatch targeting is performed by the rhodium metal-
loinsertor [Rh(phen)(chrysi)(dpa)]** (chrysi = 5,6-chrysene
diimine; DPA = 2,2’-dipyridylamine) and the optical output
by the cationic indole trimethine cyanine (Cy3) fluorophore
through a “light-up” effect (Figure 1). The two components
are covalently linked through a polyethylene glycol (PEG)
linker, enhancing water solubility. Furthermore, indocarbo-
cyanines are known to have (i) high chemical- and photo-
stability, (ii) low toxicity and (iii) strong absorption in the
visible range with a sharp increase in fluorescence when in-
teracting with DNA.'® We rationalized that the conjugate
would not bind tightly to well matched DNA, resulting in
weak luminescence. However, in the presence of a mis-
matched DNA duplex, the conjugate would recognize the
mismatched site and bind tightly to the duplex; with Cy3
bound rigidly against the DNA groove, constraining rotation
of Cy3 around the polymethine chain, an increased fluores-
cence from Cy3 would result. Minor groove binding and
DNA intercalation are binding modes that are both observed
for cyanines. Binding to DNA from the minor groove side is
found both for the parent cyanine'®and rhodium complex.®

Thus, we synthesized and fully characterized the bifunc-
tional fluorescent probe RhCy3 containing a flexible PEG
linker in a multistep procedure shown partially in Scheme 1.
A peptidic coupling performed between the primary amine
DPA-NH, and Cy3-COOH gave DPA-Cy3 in 86% yield.
The complexation of the latter with the rhodium precursor
yielded the final probe in good yield. Model compounds
[Rh(phen)(chrysi)(HDPA)]** and the Cy3-linker (Figure

2

1), serving as spectroscopic references, were also prepared.
The detailed experimental protocols and full characterization
of RhCy3 and model compounds are reported in the Sup-
porting Information.

Electronic absorption profiles of the conjugate and spectro-
scopic references were obtained in Tris buffer (S mM Tris,
200 mM NaCl, pH = 7.4) at ambient temperature (see Table
S1 and Figure S1). The UV-visible spectrum of RhCy3 re-
sembles the sum of the absorption profiles of each compo-
nent (Figure S1). The photoexcitation (Ag = 520 nm) of
RhCy3 free in Tris buffer yields a weak luminescence with a
maximum emission centered at 570 nm (Figure 2), slightly
red-shifted compared to the spectroscopic reference Cy3-
linker; RhCy3 is also weaker in intensity compared to the
free dye as a result of static quenching by the Rh complex.
Significantly, the emission of the Rh probe (1 uM) is en-
hanced 9-fold in the presence of a 27-mer dsDNA containing
a central CC mismatch (MM DNA, 1 uM). For these studies
we utilized the highly destabilized CC mismatch; the parent
Rh complex binds 80% of all mismatches depending upon
their thermodynamic destabilization.® Little fluorescence
intensity increase is observed in the presence of fully well-
matched (WM) DNA (Figure 2). In addition, no mismatch-
dependent luminescence is found for the Cy3-linker lacking
the metalloinsertor unit (Figure S2). We also examined the
emission intensity of RhCy3 in the presence of bovine serum
albumin (BSA) at different concentrations, and no signifi-
cant luminescence intensity increase was observed up to 50
equivalents of BSA (data not shown).
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Figure 2. Steady-state emission spectra of RhCy3 (1 uM) free in
solution (black), or in the presence of 1 uM DNA duplex oli-
gomer: WM DNA (blue) or MM DNA (red). The DNA duplex
used was a 27-mer oligonucleotide with complement: 5’-GAC
CAG CTT ATC ACC CCT AGA TAA GCG-3’ where the MM
strand contains a (C) at the mismatched site versus (G). In Tris
buffer at 25 °C, Agxy = 520 nm.

Fluorescence titrations with increasing amounts of 27-mer
dsDNA containing a CC mismatch also show a strong in-
crease in emission intensity (Figure 3), while with WM du-
plex, a negligible fluorescence increase is seen. The data were
fit to a one-site specific binding equation to obtain the bind-
ing affinity of RhCy3, Kz(CC) = 3.1 x 10° M, to the mis-
matched DNA sequence. This value is consistent with the
binding affinities for other metalloinsertors including
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[Rh(phen)(chrysi)(HDPA)]CL," indicating that the teth-
ered fluorophore does not significantly affect the specific
DNA binding affinity of the final conjugate.
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Figure 3. Fluorescence titrations with increasing amount of WM
DNA (blue) and MM DNA (red). [RhCy3] = 1 pM, in Tris at
25 °C. Agx = 520 nm. The 27-mer DNA sequence: 5’-GAC CAG
CTT ATC ACC CCT AGA TAA GCG-3 where the MM
strand comprises a (C) at the mismatched site versus (G) for
WM. Error bars calculated over three replicates. [DNA] is per
27-mer sequence.

Time-resolved fluorescence was also utilized to provide
insight into the interaction of the conjugate with DNA. Fluo-
rescence decay measurements were performed as previously
described and data are gathered in Table 1.'> The fluores-
cence decay profile of RhCy3 when free in solution yields a
monoexponential function with an excited state lifetime of
111 ps. The fluorescence lifetime of RhCy3 in the presence
of DNA (WM or MM) follows a biexponential decay func-
tion. However, in the presence of WM DNA, there is only a
4% extra population and clearly one major contribution from
a population with a lifetime 116 ps. This value is in good
agreement with the decay found for the free RhCy3 indicat-
ing that there is no significant interaction between the conju-
gate and WM DNA."

Table 1. Excited state lifetimes (7) of RhCy3 with WM and MM
DNA (1:1 ratio) or without DNA.

Compound Ty, ps To,pS
RhCy3 No DNA 111 -
WM DNA 116 1,340
(96%)" (4%)
MM DNA 91 308
(85%)°  (15%)

a. Errors + 5%. Measurements were carried out in Tris buffer
(aerated) using 1 uM Rh and oligomers.

b. In the presence of WM or MM DNA, two lifetimes were ob-
tained resulting from a biexponential decay function. Percent-
ages reflect the relative contributions of each lifetime compo-
nent to the overall decay.
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In the presence of MM DNA, the decay curve is biexponen-
tial with two excited state lifetimes: a major contribution
(85%) from a species with T; = 91 ps and a smaller popula-
tion (15%) with a significantly longer lifetime, T, = 308 ps,
corresponding to the DNA-bound RhCy3. Constraining the
cyanine through DNA binding would be expected to yield
this increase in lifetime.'*

The specific mismatch targeting can also be evaluated
through DNA photocleavage experiments, since many of the
Rh metalloinsertors promote site-specific DNA cleavage
with irradiation.* Following photolysis (320-440 nm), auto-
radiography, shown in Figure 4, reveals specific photocleav-
age of the mismatched duplex at the mismatched site similar-
ly to [Rh(bpy)2(chrysi)]** and no photocleavage in the pres-
ence of WM DNA. Additionally, the Cy3-linker lacking the
metalloinsertor moiety shows no DNA damage.
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2: [Rh(phen)(chrysi)(HDPA)]3* +
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Figure 4. Autoradiogram of a 20% polyacrylamide gel indicating
photocleavage with MM DNA (lane 4). The dsDNA was a 27-
mer 5’-¥P-GAC CAG CTT ATC ACC CCT AGA TAA GCG-
3’ where the MM strand comprises a (C) at the mismatched site
versus (G) for the WM. The sample concentrations were 10 yM
in 20 mM NaCl, 10 mM NaPj, pH 7.1. Irradiations were carried
out with a solar simulator (see SI). The arrow indicates the pho-
tocleaved DNA fragment nearby the mismatched site.

The MMR machinery increases genome fidelity during the
replication process, but if the MMR machinery is defective,
mismatches accumulate over time.! We therefore tested
whether our conjugate could distinguish any differences in
mismatch frequency associated with MMR-proficient versus
MMR-deficient phenotypes using genomic DNA (gDNA)
extracted from different MMR-proficient and -deficient cell
lines. In a prior investigation," a rhodium(III) metalloinser-
tor bearing a benzo[ a]phenazine-5,6-quinone diimine ligand
was incubated with gDNA extracts from various MMR-
deficient and —proficient cell lines. Indeed, following photo-
activation, enhanced photocleavage was observed for those
samples containing DNA from the MMR-deficient cell lines.
Based on microsatellite instability and mutation frequency
studies, there is an increase up to 1000-fold in mismatches in
MMR-deficient versus MMR-proficient cells.'%’* Remarka-
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bly, RhCy3 fluorescence titrations show a significant increase
in fluorescence intensity in the presence of gDNA isolated
from MMR-deficient cells (HCT1160, DUI14S, and
SKOV3) compared to gDNA isolated from the MMR-
proficient HCT116N cell line (Figure 5)."”'® Thus, we find
the conjugate to be capable of differentiating the MMR-
deficient versus MMR proficient phenotype, and the results
obtained for RhCy3 correlate well with the reported muta-
tion rates for these cell lines.'">'”"? This differential fluores-
cence enhancement reflects the remarkably high mismatch
specificity of rhodium metalloinsertors; in fact, luminescent
Ru(II) light switch complexes’ do not exhibit comparable
mismatch discrimination in genomic DNA samples.
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Figure 5. RhCy3 fluorescence titrations with increasing amounts
of gDNA extracted from HCT116N, HCT1160, SKOV3 and
DU14S cell lines. The fluorescence was measured in Tris buffer
at 25 °C. Ag,= 520 nm. [RhCy3] = 1yuM. Error bars were calcu-
lated over two replicates. [gDNA] is per base pairs.

Overall these results demonstrate the design and applica-
tion of a Rh metalloinsertor-cyanine conjugate in targeting
mismatched DNA sites with a luminescent reporter of specif-
ic binding. A remarkably high sensitivity of the metalloinser-
tor conjugate to the MMR-deficient phenotype is observed
which points to the application of the conjugate as a new tool
in the early diagnosis of mismatch-repair deficient cancers.
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