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wing to their photochemical,

electrochemical, and magnetic

properties'® as well as their abil-
ity to interact with DNA,'°">
polypyridine—ruthenium complexes have
increasingly attracted the interest of chem-
ists and biologists and have been success-
fully applied in many fields of material and
biological science, such as solar/electrical
energy conversation, long-range electron
and energy transfer, molecular electronic
devices, self-assembly processes, DNA pho-
toprobes, etc. On the other hand, cyclodex-
trins (CDs), composed of six, seven, or eight
p-glucopyranose units, possess truncated
cone-shaped hydrophobic cavities which
are capable of binding various organic, inor-
ganic, and biological substrates to form su-
pramolecular species.’® Due to these prop-
erties, CDs have been extensively used as
carriers and solubilizers for many biological
and medicinal molecules."”'° The groups
of Asuncion®®?' and Schneider®? reported
that anthracene-modified CDs could be
used as chemically switched DNA
intercalators.

Herein, to combine the solubilization
ability of CDs and the DNA-interaction
properties of polypyridine—ruthenium
complexes, we prepared a water-soluble
HOP-B-CD/Ru(phen), complex (1) from
2-(4’-hydroxyphenyl)imidazo[f]1,10-
phenanthroline-modified B-CD (HOP-3-CD)
and Ru(phen)Cl, (Scheme 1). Benefiting
from the fascinating functions of the
polypyridine —ruthenium unit, 1 exhibits
the significant abilities to induce the aggre-
gation of DNA through a process of free
DNA — toroid aggregates (nanometer
scale) — spherical aggregates (micrometer
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ABSTRACT A B-cyclodextrin-based Ru(phen), complex (1) has been synthesized and exhibits good

luminescent behavior. Atomic force microscopic and scanning electron microscopic studies show that 1 can induce

the aggregation of originally circular DNA to toroidal or spherical shapes. The morphology of these DNA aggregates

changes following a pathway of naked circular DNA — toroid with gaps — solid toroid — spherical aggregate,

depending on the different 1/DNA (w/w) ratios, and their average diameters vary from the nanometer to

micrometer scale. Owing to its capability of inducing the aggregation of DNA, 1 can be used as an inhibitor for

DNA topoisomerase and DNA cleavage enzymes. Further studies by means of fluorescence microscopy indicate that

1 can also efficiently trace the translocation of DNA into 293T cells (the human embryonic kidney cell line). These

observations consequently establish 1 as not only a potential DNA carrier but also a fluorescent DNA probe.

KEYWORDS: AFM - cyclodextrin - DNA - enzyme inhibitor - fluorescence

probe - translocation

scale), inhibit the DNA topoisomerase and
DNA cleavage enzymes, and trace the trans-
location of DNA into cells, which are fully
characterized by means of atomic force mi-
croscopic (AFM), scanning electron micro-
scopic (SEM), and fluorescence microscopic
studies as well as agarose gel electrophore-
sis assays.

RESULTS AND DISCUSSION

Synthesis and Characterization. 1 was synthe-
sized in a satisfactory yield (70%) by the re-
action of HOP-B-CD with Ru(phen)Cl,. Be-
sides the elemental analysis and mass
spectrum data, UV-vis and FT-IR spectra
also provide evidence for the formation of
1. The absorption maximum of the HOP
group at 280 nm in the UV-vis spectrum of
HOP-B-CD red-shifts to 285 nm in the UV-
vis spectrum of 1. Moreover, a new absorp-
tion at 458 nm, assigned to the metal-
ligand charge-transfer (MLCT) band, is also
observed in the UV-vis spectrum of 1. In the
FT-IR spectrum of 1, the vibration band as-
signed to the phenanthroline group in HOP
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Scheme 1. Molecular structures of HOP--CD and 1.
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shifts to the high-wavenumber region as compared
with that of uncoordinated HOP-B-CD (from 1351 to
1363 cm ™). These results jointly confirm the conversa-
tion of HOP-B-CD to a Ru(ll)-coordinated species.
Circular dichroism spectroscopy is widely employed
to elucidate the conformation of chiral compounds.?*%*
Herein, to examine the original conformation of 1 in
aqueous solution, its circular dichroism spectrum was
obtained at a concentration of 2.0 X 10~ > mol dm ™3
and compared with that of HOP-B-CD. In Figure 1, the
circular dichroism spectrum of HOP-B-CD shows one
negative Cotton effect peak at 218 nm (Ae = —1.91
M~ cm™") and one positive Cotton effect peak at 314
nm (Ae = 435M~ " cm™"). However, the circular dichro-
ism spectrum of 1 gives several positive Cotton effect
peaks at 212 nm (Ae = 1.72 M~ " cm™ "), 237 nm (Ae =
1.08 M~ "ecm™ "), 276 nm (Ae =220 M 'cm™ "), and
308 nm (Ae = 2.68 M~ ' cm ™). According to the gener-
ally accepted empirical rule for the circular dichroism
spectra of B-CD derivatives,®>2° the sign of induced cir-
cular dichroism (ICD) signals depends mainly on the ori-
entation of the transition dipole moment of the chro-
mophore with respect to the C, axis of B-CD. If the
chromophore is located inside the 3-CD cavity or
perched on the edge of the B-CD cavity, its electronic
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Figure 1. Circular dichroism spectra of HOP-3-CD and 1 (2.0
%X 10~ mol dm™3) in Tris-HCl buffer solution (pH 7.20, 10
mM).
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transition parallel to the B-CD axis

gives a positive ICD signal, whereas

perpendicular transition gives a nega-
tive signal, but this situation is re-

\ versed for a guest located outside the
CD cavity. Therefore, we can deduce
that the HOP group in HOP-B-CD is lo-
cated inside the B-CD cavity or
perched on the edge of B-CD cavity,
but it is at the exterior of the 3-CD cav-
ity after coordination with Ru(ll). This
conformational change will be favor-
able for the association of the
Ru(phen), - HOP unit in 1 with DNA.

Benefiting from the fascinating
photophysical property of the
polypyridine —ruthenium(ll) unit, 1 displays a signifi-
cant luminescent behavior, which can be readily ob-
served through fluorescence lifetime experiments us-
ing the time-correlated single-photon-counting
technique. Besides a short fluorescence lifetime, 75 =

1.2 ns (relative quantum yield = 0.037), 1 gives a quite

long fluorescence lifetime, T, = 542 ns (relative quan-

tum yield = 0.963), assigned to the luminescence of the

Ru(phen), - HOP unit. These results demonstrate a good

photophysical property of 1, which is important for its

application in photophysics, photochemistry, and
photobiology.

DNA Aggregation. The DNA interaction abilities of 1
are investigated by means of AFM and SEM experi-
ments (Figure 2). The essential DNA used in these
studies is the pEGFP-C2 plasmid DNA. Generally,
this DNA exists as a mixture of circular supercoiled
DNA (form ) and relaxed circular DNA (form Il) aris-
ing from single-strand cleavage. Figure 2a shows a
typical AFM image of naked pEGFP-C2 DNA (4.7 kb)
on the mica surface, similar to that of naked ®x174
RFIl dsDNA reported by Larson et al.?” Most DNA
molecules are circular or quasi-circular, and their
length is measured to be ca. 1.56 um, which is basi-
cally consistent with the calculated length (1.589
pm) of pEGFP-C2 DNA. At a low 1/DNA (w/w) ratio
(1/DNA ratio = 0.6), the circular or quasi-circular
DNA first changes to loose toroids with gaps with
an average diameter of ca. 735 nm (Figure 2b), ac-
companied by the obvious broadening of the DNA
chain (bright lines in Figure 2b). After increasing the
1/DNA ratio to 6, the originally loose toroids turn
tense to some extent, and their average diameter
decrease to ca. 700 nm (Figure 2c). This AFM image
is similar to that of DNA condensates induced by
spermidine.?® When the 1/DNA ratio increases to
120, the tense DNA toroids with gaps convert to
solid toroids with an average diameter of ca. 475 nm
(Figure 2d). At a higher 1/DNA ratio up to 200, the
solid toroids further convert to spherical aggregates
on the micrometer scale. These phenomena conse-
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the 1/DNA ratio is lower than
40. If the 1/DNA ratio is in-
creased beyond 40, the activ-
ity of the DNA restriction en-
zyme Hindlll is gradually
inhibited, and it is abolished
when the 1/DNA ratio reaches
200.

In addition, the inhibi-
tion ability of 1 against to-
poisomerase |, a commercial
DNA topoisomerase, is also
examined. Topoisomerase
has been identified as an im-
portant biochemical target
in chemotherapy and micro-
bial infections. DNA topoi-
somerases are cellular en-
zymes that are intricately
involved in the topographic
structure of DNA transcrip-
tion and mitosis®® and can
transform DNA from tense
style to loose style. In Fig-
ure 4, 1 gives little to high
antitopoisomerase activities
with increasing the 1/DNA
ratios. That is, 1 shows no
appreciable antitopoi-
somerase activity at a 1/DNA
ratio below 20, but it gives
a significant antitopoi-
somerase activity (lowering
the content of loose DNA
from 99% to 72%) when the
1/DNA ratio is increased to
60. These results are consis-
tent with literature reports

Figure 2. AFM images of (a) free DNA (0.075 ng/p.L) (inset, enlarged image), (b) DNA for [Ru(|<3-L)(EPh3)2CI]Jr

(0.075 ng/pL) + 1 (0.045 ng/pL) (inset, 3D mode), (c) DNA (0.075 ng/pL) + 1 (0.45 ng/
L) (inset, 3D mode), and (d) DNA (0.075 ng/pL) + 1 (9 ng/pL) (inset, 3D mode). (e) SEM

image of DNA (7.5 ng/pL) + 1 (1500 ng/pL).

quently validate the satisfactory DNA aggregation
ability of 1.

Enzyme Inhibition. Possessing a significant capability
of inducing the aggregation of DNA, 1 also exhibits
good inhibition abilities against some DNA enzymes
such as Hindlll and topoisomerase I. Hindlll is a com-
mon restriction enzyme in vivo, which can specifically
cleave closed supercoiled DNA (form | DNA) and nicked
circular DNA (form Il DNA) into linear DNA (form Il
DNA). Figure 3 illustrates the electrophoresis assay of
pPEGFP-C2 DNA at various 1/DNA ratios in the presence
of Hindlll, with parent pEGFP-C2 DNA used as a control
sample. In Figure 3, in the presence of Hindlll, all of form
I and form Il DNA are cleaved to form Ill DNA when
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complex (E =P, As; L =
2,4,6-tris(2-pyridyl)-1,3,5- tri-
azine)'' and
[Ru(phen),(qdppz)]** com-
plex (qdppz = naphthal2,3-aldipyrido(3,2-h:2’,3'-
flphenazine-5,18-dione),'? which demonstrated that
the aromatic ruthenium complexes showed good
antitopoisomerase activities for pBR 322 DNA.

A possible reason for the efficient inhibition of 1
against topoisomerase | and Hindlll may be the DNA
aggregation induced by 1. Generally, the interac-
tions of enzyme with DNA depend upon the avail-
ability of enzyme binding sites in DNA. At low 1/DNA
ratios, DNA only forms loose aggregates (toroid
with gaps), and there are still a number of DNA bind-
ing sites in these loose structures accessible for en-
zymes. However, at high 1/DNA ratios, DNA forms
compact aggregates (solid toroid or spherical aggre-
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gate), which makes the binding site inaccessible
and thus protects DNA from the digestion of
enzymes.

Translocation Tracing. Significantly, 1 can also trace
the translocation of DNA into cells due to its good lu-
minescence property. In the DNA translocation ex-
periment, 1 and pEGFP-C2 DNA were mixed and kept
in the dark for 1 h, and then the 1/DNA mixture
was added into routinely cultured 293T cells. After
48 h, the DNA translocation efficiency was measured
by means of fluorescence microscopy. Figure 5
shows the fluorescence microscopic images of the
nonluminescent 293T cells in the presence of 1/DNA
mixtures and the corresponding phase contrast im-
ages, where the place with cells in the well is saffron
and the place without cells is dark under fluores-
cence microscope. As can be seen in Figure 5b,
nearly all of cells are luminescent under fluores-

100% 100%

Hindlll cleavaged DNA%

Lane 1 Lane 2 Lane3 Laned4 Lane5 lane6 lane7 cence microscope, indicating a quite high DNA
Figure 3. Agarose gel electrophoresis assay to investigate the inhibi- translocation efficiency of 1. In the control experi-
tion ability of 1 against Hindlll using plasmid pEGFP-C2 DNA (7.5 . . .
ng/pL in T mM EDTA/10 mM Tris buffer, pH 8.0). Lane 1, DNA alone; ments, the 293T cells did not luminesce in the pres-

lane 2, DNA + Hindlll; lanes 3-7, DNA + Hindlll + 1 ([1] = 150, 300, ence of pEGFP-C2 DNA but barely luminesce in the
450, 600, and 1500 ng/p.L, i.e., 0.074, 0.147, 0.221, 0.295, and 0.737 . _
mM from lane 3 to lane 7). All of the samples were incubated in the presence of 1 under the same conditions. These re

dark for 1 h. Samples 2-7 were then incubated with Hindlll for sults demonstrate that 1 can be used as not only a
15 m:f\r according to the protocols recommended by the gene carrier but also an efficient luminescent probe
supplier.

for the DNA translocation. It should be noteworthy
that, as seen from Figure 5¢,d, the luminescent
1/DNA system is located mainly in the cytoplasm,
but not karyon. A possible reason may be that the
1-induced DNA aggregates are too large to be trans-
ported through the karyotheca.

CONCLUSION

In conclusion, a luminescent HOP-B3-CD/
Ru(phen), complex has been synthesized and dis-
plays a satisfactory capability of inducing the aggre-
gation of DNA, inhibiting some DNA enzymes, such
as DNA topoisomerase and DNA restriction enzymes,
and tracing the translocation of DNA into cells.
Therefore, it can be used not only as a potential
DNA carrier but also as a luminescent DNA probe.
Owing to these advantages, 1 may be potentially ap-
plicable in many fields of pharmaceutical chemistry
and biological technology. On the other hand, in the
1-mediated DNA translocation process, the B-CD
cavity of 1, which has a good capability to accommo-

. A ) ) date hydrophobic molecules, is unoccupied. There-
Figure 4. Agarose gel electrophoresis assay to investigate the f 1 Iso h h ial
inhibition ability of 1 against topomerase | using plasmid ore, T may also have the potential to carry some ac-
pEGFP-C2 DNA (7.5 ng/pL in 1 mM EDTA/10 mM Tris buffer, pH  tive drug molecules, many of which are usually
8.0). Lane 1, DNA alone; lane 2, DNA + Hindlll; lanes 3-9, DNA + : : :
topomerase | + 1 (11] = 7.5, 22.5, 37.5, 52.5, 150, 300, and 450 hy.drophobl.c and difficult to ente.r cells, into c?lls.
ng/pL, i.e., 0.0037, 0.011, 0.018, 0.026, 0.074, 0.147, and 0.221 This potential enables 1 as a possible drug carrier for
mM from lane 3 to lane 9). All the samples were incubated inthe  jn vivo therapy. Studies on the translocation of
dark for 1 h. Samples in lanes 2-9 were the incubated with to- 1/drua/DNA t t int I till i
pomerase | for 15 min, according to the protocols recommended rug ernary systems into cells are still in
by the supplier. progress.
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Figure 5. (a) Fluorescence spectrum of 1 (excited at 458 nm). (b) Fluorescence microscopic image of natural cultured 293T
cells in the presence of 1/DNA mixtures. (c,d) Enlargements of the images in panel b. (e—g) Phase contrast images corre-

sponding to panels b—d.

METHODS

General. 2-(4'-Hydroxyphenyl)imidazol[f]1,10-phenanthroline-
modified B-CD*° (HOP-B-CD) and Ru(phen)Cl,*' were prepared
according to reported procedures. NMR spectra were recorded
on a Varian Mercury 300 spectrometer in D,O. Elemental analy-
ses were performed on a Perkin-Elmer-2400C instrument. FT-IR
spectra were recorded on a Shimadzu Bio-Rad FTS 135 instru-
ment. SEM images were recorded on a HITACHI S-3500N scan-
ning electron microscope. Circular dichroism and UV-vis spec-
tra were recorded respectively in a conventional quartz cell (light
path 10 mm) on a JASCO J-715S spectropolarimeter and on a Shi-
madzu UV-2401PC spectrophotometer equipped with a PTC-
348WI temperature controller to keep the temperature at 25 °C.
Fluorescence spectra in aqueous solution were measured in a
conventional rectangular quartz cell (10 X 10 X 45 mm) at 25
°C on a JASCO FP-750 spectrometer equipped with a constant-
temperature water bath, with excitation and emission slits width
of 5 nm. Tris(hydroxymethyl)Jaminomethane and HCl were dis-
solved in distilled, deionized water to make a 10 mM Tris-HCl
buffer solution of pH 7.20, which was used as solvent in all spec-
tral measurements. Tapping-mode atomic force microscopy
studies were performed on a Nanoscope llla AFM instrument
(Veeco Metrology, USA) under ambient conditions, and commer-
cial Si tips were used in all the experiments. The plasmid DNA so-
lution was diluted with deionized water to appropriate concen-
tration. The agglomerate solution was prepared by adding a
solution of 1 (5 L) to a solution of plasmid DNA (5 pL). After
30 min (at room temperature, dark environment), 2.5 pL of the
mixture was dispersed on freshly cleaved mica.

Synthesis of 1. A mixture of HOP-B-CD (50 mg, 0.03 mmol)
and Ru(phen),Cl, (16 mg, 0.03 mmol) was refluxed in 15 mL of
EtOH—H,0 (v/v = 1:1) for 18 h. The obtained orange solution
was poured into acetone (150 mL), and the precipitate was iso-
lated by filtration. The crude product was purified on a Sephadex
G-25 column using distilled, deionized water as an eluent and
dried in vacuo to give 1 (46 mg, 70% yield). ESI-MS: m/z 945.5 [M
— 2CI12*. FT-IR (KBr): v/cm ™" 3383, 3064, 2925, 1650, 1612, 1578,
1558, 1539, 1521, 1480, 1455, 1363, 1247, 1153, 1079, 1032,
944, 845, 809, 744, 722, 667, 583, 529, 460. UV-vis (H,0): A ,ax
(e) 458 nm (1.44 X 10°M ™" cm™ "), 285 nm (9.27 X 10* M’
cm ™). Anal. Calcd for CgsHy,035NgRUCH, - 4H,0: C, 50.17; H, 5.20;
N, 5.51. Found: C, 50.38; H, 5.46; N, 5.61.

Plasmid DNA Purification. Plasmid DNA pEGFP-C2 (4.7kb) was pu-
rified from E. coli DH5a using Wizard Plasmid DNA Purification
System (catalog no. A2160, Promega). The concentration of plas-
mid DNA was measured through spectrophotometric analysis
using a DU-7 spectrophotometer (Beckman). DNA was kept in
TE buffer (10 mmol/L Tris-HCl, 1 mmol/L EDTA, pH 8.0).

Inhibition of Hindlll. To a solution of pEGFP-C2 DNA (5 pL) was
added a solution of 1 (5 p.L) in various concentrations. All the
samples were kept in the dark for 1 h at room temperature and
then were incubated with Hindlll (TaKaRa Biotechnology (Dalian)
Co. Ltd.) according to the instructions provided by the supplier.
After 15 min, loading buffer (TaKaRa Biotechnology (Dalian) Co.
Ltd.) was added to stop enzyme reactions, and samples were
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then loaded into agarose gel. Free DNA and Hindlll-digested
free DNA were also applied on the gel as controls.

Inhibition of Topoisomerase I. To a solution of pEGFP-C2 DNA (5
pL) was added a solution of 1 (5 pl) in various concentrations.
All the samples were kept in the dark for 1 h at room tempera-
ture and then were incubated with topoisomerase | (TaKaRa Bio-
technology (Dalian) Co. Ltd.) according to the instructions pro-
vided by the supplier. After 15 min, the loading buffer was added
to stop reactions, and samples were then loaded into the agar-
ose gel. Free DNA and topoisomerase I-digested free DNA were
also applied on the gel as controls.

DNA Translocation. 293T cells were routinely cultured in Dulbec-
co's Modified Eagle Medium (DMEM Gibco) supplemented with
10% (v/v) heat-inactivated fetal bovine serum and were seeded
in a 24-well plate for 24 h to make sure that the cell covered 70%
of the plate surface. The DNA/1 complexes were prepared by
mixing 2.2 g of DNA and 135 mg of 1 in 100 pL of phosphate-
buffered saline (PBS) buffer solution. The negative control was
made by adding 135 mg of 1 directly in 100 wL of PBS solution.
All the samples and control were incubated under room temper-
ature for 1 h. Before translocation, the cell culture medium was
taken out. The 100 L PBS solution was then gently dripped into
the cell wells. A further 400 pL of DMEM without serum was
supplemented into each cell well. The cells were incubated in
5% CO, at 37 °C for 4 h and then supplemented with 500 L of
DMEM containing 20% heat-inactivated fetal bovine serum for a
further 48 h incubation. The results were observed under a TE
2000-U fluorescent microscope (Nikon Japan) equipped with
Spot software using an excitation wavelength of 420-490 nm.
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