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A new type of heteroleptic dirhodium complex cis-[Rhy(t-O,CCHs),- Sy Sk S e e+

(bpy)(dppz)I>* (3) was synthesized and its potential as a photo- R N‘D e N‘;3
| nd its LTS N =

dynamic therapy (PDT) agen.t was myesﬂgated. Although .2_7% ,{)‘;Rh"‘\o\n/ /(o/_nﬁ"" X N

hypochromicity of the absorption of 3 in the near-UV and visible L=CH30HO 1 ° 2

regions is observed in the presence of duplex DNA, relative ,

viscosity measurements reveal that the complex does not 10 “; s |2r

intercalate between the DNA bases. The DNA photocleavage with o _(O7THSJ§—-N§\ N

visible light by 3 proceeds via both oxygen dependent and 'o~nh-"‘":N\§g

) ) T o He D8 3

independent mechanisms, and it is more efficient than that of 7

related complexes. The increase in the cytotoxicity of 3 towards Figure 1. Schematic representation of the structured-e8.

human skin cells is similar to that of hematoporphyrin, a key
ingredient in a PDT drug currently in use. This feature makes this
complex a useful candidate for further PDT studies.

c]phenazine) with visible light was recently reported (structures
shown in Figure 1a).The cytotoxicity of the DNA inter-
calating complext towards Hs-27 human skin cells in the
dark and upon irradiation with visible light is similar, with
LCso values (concentration that results in 50% cell death)
of 27 4+ 2 and 214+ 3 uM, respectively’® In contrast, an

increase in toxicity from Lg = 1354+ 8 uM in the dark to

Photodynamic therapy (PDT) provides a means to localize
the action of drugs to tumor tissue, thus reducing the toxicity
of the agent towards healthy celdHematoporphyrin is a X S
key component of Photofrin, a drug currently used in the LC59 =39+ _1 #M upon irradiation was observed for the
photodynamic treatment of lung and esophageal ca@ers. Nonintercalating compleg.™
Although PDT has been successful, its requirementabO Although an increase in cytotoxicity upon irradiation was
function represents a drawback, since many malignant andobserved fol, a greater difference in Ligin the dark versus
most aggressive cancer cells are hypdxicTo circumvent photolysis conditions is required for a compound to be useful
this problem, new metal complexes have been recently @S & PDT agent. To address this issue, a new dppz complex
investigated as potential oxygen-independent PDT agehts. similar in structure t@ was designed that is less hydrophobic

The oxygen-independent DNA photocleavage ¢ig- and does not possess open equatorial coordination sites,
[Rhy(u-O,CCH)x(dppz) 7--0,CCHs)(CH:OH)]* (1) andcis- features that result in rapid reactions with biological mol-
[Rho(u-0.CCHy)x(dppz}]2* (2) (dppz= dipyrido[3,2a:2,3- ecules and hence increased cytotoxicityl @ the dark. The
new complexcis-[Rhy(u-0,CCH)o(dppz)(bpy)t* (3) (bpy
* To whom correspondence should be addressed. E-mail: turro.1@osu.edu= 2,2-bipyridine) was prepared (Figure 1a), which represents
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T Texas A&M University. the first heteroleptic complex of this class. Compgalso
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Figure 2. Crystal structure oB3 with ellipsoids at the 50% probability
level.

report focuses on the DNA binding and photocleavage
properties of3, along with its cytotoxicity and photocyto-
toxicity. The results are compared to those measured for
hematoporphyrin, cisplatin, and related,RhIl) complexes
under similar experimental conditions.

The new heteroleptic comple® was prepared by re-
fluxing cis-[Rhy(u-O,CCHs)2(bpy)@#7-OCCHs)(CH3;OH)]-
(O.,CCHg)® (4; 0.64 mmol) with dppz (0.65 mmol) in
CH3CN as described in the supporting information. In the
aromatic region, théH NMR (300 MHz) spectrum o8 in
CDsCl exhibits peaks at/ppm (mult., int., assignment): 7.32
(d, 2H, 9), 7.45 (t, 2H, 7), 7.61 (t, 2H, 8), 7.92 (m, 2H, 2),
8.16 (m, 2H, 5), 8.47 (d, 2H, 6), 8.50 (m, 2H, 4), 8.78 (d,
2H, 1), 9.51 (d, 2H, 3), with the numbering scheme for the
assignments shown in Figure 1. Th&NMR peak positions
in the aromatic region d8 are similar to those reported for
related transition-metal complexes of dppz and bpy.
Greater shielding of the aromatic protons engagettstack-
ing interactions typically results in upfield shifts of thid
NMR resonance¥.*? Such shifts were observed farand
Cis[Rhy(u-O,CCHe)x(bpy)]?" (5) relative to the correspond-
ing monosubstituted compoundsand4, respectively.813
Owing to the greater extension of the dppz ligand as com-

pared to bpy, the positions of the dppz resonances for the

outermost ring protons, 4 and 5 in Figure 1, are not shifted
relative to those ir. It should be noted that the upfield shifts
for the bpy ligand protons i@ are greater than those reported
for 5 relative to4, indicative of greater shielding of the bpy
ligand in 3 by dppz than by the other bpy ligand B
Correspondingly, the shifts of the dppz protons3lin 3

are not as large as those observe@ irelative tol.

The structural features in solution are consistent with the
crystal structure of the complex shown in Figure 2. Crystals
suitable for X-ray crystallography were grown from a
solution of3 in CH3;OH in the presence of NaBRnd NacCl
that had been layered with diethyl ether. The molecular
structure of the complex consists of a dinuclean(RHl)
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core, with the chelating ligands, bpy and dppz, coordinated
to one Rh atom each in a syn disposition and two acetate
ligands bridging the metal centers. The axial position8 of
are occupied by a chloride anion and a methanol molecule
(Figure 2). The RRRh distance ir8, 2.5529(5) A, is similar
those reported focis-[Rhy(1-O.CCHs)x(dppz))?™ and cis-
[ha(ﬂ-OzCCHg)z(bpy)z]2+, 25519(6) and 2548(4) A,
respectively’®® The internal twist angle across the metal
metal bond of 9.0(5)in 3 is smaller than the one observed
for the bis-dppz analogue (23but larger than that of the
corresponding bis-bpy complex (8)2°8

The electronic absorption spectrum 8fin ethanol is
similar to those of the related complex2s4, 5, andcis-
[Rhy(1-O,CCHg)o(phen)]?t (6; phen= 1,10-phenanthroline).
The absorption at 432 nm (3100 ¥cm™) in 3 is observed
at 434 nm (5460 M! cm™Y) in 2 and at 432 nm (2080 M
cmY) in 5.7°13 A ligand-centered (LCyrr* transition in 2
is observed at 363 nm (15 200 %cm™1), and two LC peaks
appear in5 at 280 nm (34 400 M* cm™) and 298 nm
(27 500 Mt cm™1).7213 As expected,3 exhibits a broad
absorption in the UV and near-UV, withzr* absorption
peaks corresponding to bpy and dppz at 282 nm (61 000 M
cm) and 366 nm (12 000 M cm™1), respectively. The
lowest energy transition i is weak (~350 M~ cm™?) and
broad, appearing as a shoulder frepd60 to ~600 nm.
Similar absorption features are observed at 590 nm (350 M
cm1), ~510 nm 350 Mt cm™?), and 512 nm (380 M
cm™) for 1, 2, and5, respectively:*2 In the case of Rifu-
0,CCHg),4, the weak absorption at 585 nm (235 Mem™)
in water has been attributed to a RhRY( — RhRhg*)
transition!4'> No emission from complexe$—3 was ob-
served in CHCN solutions at room temperature or as solids
at 77 K. Similarly, Ra(u-O,CCHg)4 is nonemissive, but its
long-lived excited stater(~ 4—5 us) can be monitored using
transient absorption spectroscofiyFor complexesl—3,
however, no transient absorption signal in the 3@00-nm
region was observed in the nanosecond time scale in
CHzCN (Aexc = 355 nm, fwhm~ 8 ns,~10 mJ/pulse}’

Titrations of aqueous solutions containing/® 3 (5 mM
Tris, pH= 7.5, 50 mM NacCl) with calf-thymus DNA result
in 27% hypochromicity at 366, 380, and 430 nm, however,
no bathochromic shift is observed. No change in the relative
viscosity of solutions containing 2Q¢M sonicated herring
sperm DNA (5 mM Tris, pH= 7.5, 50 mM NacCl) is apparent
in the presence of up to 68M 3. Addition of 60 uM
intercalator ethidium bromide results in the increase of the
relative viscosity by a factor of 1.8 under similar experi-
mental conditions. Because changes in the relative viscosity
provide a reliable method for the assignment of DNA binding
modes by intercalatof$,the results above indicate that
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observed for the key component of Photofrin, hematopor-
phyrin, which exhibits a 82t 10% increase with L& =
3.8 £ 0.2 uM under these irradiation conditions.

Single-cell electrophoresis experiments (Comet assays)
were performed in the presence of 120 3 in the dark
and under irradiation conditions with visible light in order

Figure 3. Ethidium bromide stained agarose gel (2%) of 100 pUC18 to investigate if photolysis results in DNA damatfe?®
plasmid showing the photocleavagi:(> 395 nm, 15 min) by a 1@M . .
metal complex in 5 mM Tris and 50 mM NaCl at pH 7.5. Lane 1: When the human skin cells are exposed%ttmr 1 hinthe
plasmid, dark. Lane 2: plasmiél Sma. Lane 3: plasmid+ 3, dark. Lane dark, the stained DNA remains within the cells (Supporting
4 p'ast?]‘;e;r Séri]ré%qiat;ds' n‘;‘iiﬁi iagzrﬁi Lgl'ﬁzf;fﬂ ?ééfr;ﬁalteicr’};&?;z% Information). In contrast, upon irradiation of cells exposed
z;;wgne 8 plasmié+p2, dark. Lane 9: plasm.idE) 2, irradia’ted, air. to 1204M 3 for 30 min prior to irradiation (30 min, 400
700 nm, 5 J/cd), approximately half of the cells exhibit a

does not intercalate between the DNA bases. The hypochro-‘comet tail” indicative of the migration of damaged DNA
mic shift observed upon the addition of DNA likely arises out of the cells under electrophoresis (Supporting Informa-
from surface aggregation or-stacking interactions of the  tion). It should be noted, however, that the appearance of
cationic complex3 aided by the DNA polyanion. The DNA  the “comet tail” in these assays can be due to direct DNA
binding constant 08 was measured to be 2:810° M~ by photocleavage by the complex or to apoptosis triggered by
equilibrium dialysist® a value also inconsistent with inter- S0me other mechanisffr.° Experiments with bovine serum
calation of the complex. Similar results were recently albumin (BSA) show that, although there are spectroscopic
reported for2.” changes upon the addition of protein3ahe complex does

The photocleavage of 1M pUC18 supercoiled plasmid not photocleave BSA upon irradiation with ultraviolet light
(form 1) by 10u4M 3 (A > 395 nm, 15 mird is shown in (310 and 365 nmj? . _
Figure 3. A comparison of the DNA-only control (lane 1)  Although the mechanism that results in cell death by
to that of 3 in the dark (lane 3) reveals that the complex Photolysis of 3 remains unknown, the similarity in the
does not cleave the plasmid without irradiation. The position INCréase in its cytotoxicity upon irradiation to that of

on the gel of the linear (form 111) plasmid linearized Byna hematoporphyrin is a promising indication that this complex
is shown in lane 2 (Figure 3}.Nicked, circular plasmid is a useful candidate for further PDT studies. In particular,
(form 1) is formed upon irradiation o8 with visible light ~ the lower dark cytotoxicity of3 compared to that of

in air (lane 4) and in deoxygenated solutions (lane 5). GreaterNematoporphyrin is an advantageous feature for a PDT agent.

photocleavage is apparent f8i(lane 4) compared to those ~ Acknowledgment. C.T. thanks the National Institutes of
of 1 (lane 7) and2 (lane 9) in air. A comparison of the  Health (Grant RO1 GM64040-01) for their generous support.
amount of photocleavage a8 in air (lane 4) versus  K.R.D. thanks the State of Texas for an ARP grant (010366-
deoxygenated solutions (lane 5) reveals that, although greatep277-1999) and the Welch Foundation (A1449) for financial
cleavage is observed in the presence of oxygen, an oxygensupport, as well as Johnson-Matthey for a generous gift of
independent pathway to strand scission is also operative. ItRhy(u-O,CCHg),. The authors thank Prof. C. V. Kumar for
should be noted that related complexes that do not possesgrotein photocleavage studies.

a dppz ligand, such @&and6, do not photocleave DNA.

Studies aimed "_it_ the elucidation of the mechanism and parameters, selected bond lengths and angles, the file in CIF format
sequence selectivity of the DNA photocleavagelbys are for the structure determination 8f synthesis, characterization, and

currently underway. H NMR of 3, and single-cell electrophoresis data and methods.
The cytotoxicity of3 (30-min exposure) towards Hs-27 This material is available free of charge via the Internet at

human skin fibroblast®, LCso = 208 & 10 uM, is 10-fold http://pubs.acs.org.

lower than that of hematoporphyrin in the dark @s& 21

+ 1uM). In addition,3 is less cytotoxic than cisplatin under 1C0500715

similar experimental conditions (L&g = 131 £ 10 uM).

Although 6 is the least cytotoxic complex, Lg= 290 +

Supporting Information Available: X-ray crystallographic
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