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An octahedral rhodium complex (cis-dichloro(dipyrido[3,2a-2',3'c]phenazine)(1,10-phenanthroline)rhodium(lll) chloride;
DPPZPHEN) has been prepared that can penetrate tumor cell membranes and the Sindbis viral capsid. The compound
is phototoxic to these entities when irradiated with UVA light. Model studies with calf thymus and supercoiled
plasmid DNA indicate that the complex can both bind with, and nick, nucleic acid. Analysis of Sindbis virus, following
irradiation with the metal complex, confirmed that the viral genome was rendered noninfectious by this treatment.

Introduction specific targeting of (e.g., viral or bacterial) DNA and/or

The use of light-activated drugs is a very attractive option RNA is especially attractive for blood photosterilization since
for the development of therapeutic methodologies that neither erythrocytes nor leucocytes contain genomic nucleic

L. . . . id 2.9
minimize damage to normal tissue by allowing spatial and acid: ) o ] )
temporal control over toxicity. Some current applications Recently, there has been increasing interest in the potential

have emphasized photodynamic therapy as a treatment for/S€ of photoactivated organometallic complexes as a source
several forms of canckand the use of light-activated drugs  ©f nucleic acid inactivatioA? *2 When irradiated with UV

for blood sterilizatior? These methodologies rely heavily ll9ht, @ number of such complexes exhibit powerful nuclease
on the efficacy of the photosensitized formation of reactive activity and/or the caps?glllty to form covalent bonds with
oxygen species (ROS) by the light-absorbing ageht. DNA and RNA base$® Our own efforts have concen-
However, the concomitant need to overcome tumor cell frated on bis(bipyridylyrhodium(il) complexes, an example

resistance dge to hypoxiaand to avoid the indiscriminate () goodrich, R. P.; Platz, M. Drugs Future1997 22, 159,
damage to biological blood components by ROfakes the  (10) Erkkila, K. E.; Odom, D. T.; Barton, K. Chem. Re. 1999 99, 2777.

; o _ (11) Billadeau, M.; Morrison, HMetal lons in Biological Systems: Probing
fjevelopment of phthaCtlvated age,”ts that utilize oxygen of Nucleic Acids by Metal lon Complexes of Small Molecuigsgel,
independent mechanisms for toxicity a worthy goal. The A., Siegel, H., Eds.; Marcel Dekker: New York, 1996; Vol. 33, p

269.
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Sci.2002 1, 1 and references therein. M. A.; Simmonds, S. WPhotochem. Photobioll994 59, 189. (e)
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145. (14) Feeney, M. M.; Kelly, J. M.; Tossi, A. B.; Mesmaeker, A. K.; Lecomte,
(5) Dolphin, D.Can. J. Chem1994 72, 1005. J. P.J Photochem. Photobiol B: Biol994 23, 69.
(6) Bonnett, RChem. Soc. Re 1995 24, 19. (15) Lecomte, J. P.; Mesmaeker, A. K.; Feeney, M. M.; Kelly, Jinérg.
(7) Wyld, L.; Reed, M. W. R.; Brown, N. Br. J. Cancer1998 77, 1621. Chem.1995 34, 6481.
(8) Santus, R.; Grelier, P.; Schrevel, Maziere, J.-C. Stoltz, J.-FClin. (16) Jacquet, L.; Davies, R. J. H.; Mesmaeker, A. K.; Kelly, J.JMAmM.
Hemorheol. Microcirc.1998 18, 299. Chem. Soc1997 119 11763.
10.1021/ic0498586 CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 17, 2004 5373

Published on Web 07/20/2004



Menon et al.

thymus DNA (type |, no. D-1501), cellulose dialysis sacks (250-
7U), amphotericin B, Triton X-100, MTT, AA rhodium standard
solution, minimum essential amino acids solution, Trisma hydro-
chloride, Trisma base, boric acid, superoxide dismutase, and bovine
serum albumin were from Sigma. Dulbecco’s modified Eagle’s
medium (without.-glutamine and without phenol red), $Qrypsin-
EDTA (phenol red-free), penicillinstreptomycin, heat-inactivated
fetal bovine serum,-glutamine 200 mM solution, and Hank'’s salt
solution were from Life Technologies. HPLC solvents, HCI,
phosphate salts, acetic acid, sodium bicarbonate, and ammonium
BISPHEN DPPZPHEN acetate were from Mallinckrodt. EDTA was from ICN Biomedical
Figure 1. Structures of BISPHEN and DPPZPHEN. Inc. Agarose was from Bethesda Research Laboratapésl74
was from New England Biolabs. HPLC inserts (50 and 2&)
of which is cis-dichlorobis(1,10-phenanathroline)rhodium-  were from Alltech. Conjugated goat anti-rabbit secondary antibody
(1) chloride [cisRh(phen)Cl;*; BISPHEN; Figure 1]. Upon  was from Kirkegaard and Perry. Fluorosave reagent was from
irradiation, this complex covalently binds to nucleic acid, Calbiochem.
primarily to guanosinés cross-links RNA'f and inactivates Synthesis ofcis-dichloro(dipyrido[3,2 a-2',3 c]phenazine)(1,-
naked viral DNAL3d However, the complex shows minimal  10-phenanthroline)rhodium(lil) Chloride [ cis-Rh(dppz)(phen)-
dark association with DNA, due to the absence of a ligand Cl2"; DPPZPHEN]. The ligand dppZ (30 mg; 0.106 mmol)
capable of intercalation, and lacks the hydrophobicity needed (Prépared from 1,10-phenanthroline-5,6-dione and high-purity 1,2-
for uptake by mammalian cells. We have thus prepared anphenylen.edlamlne; high purity is critical for the yield and quality
. . - f the ultimate complex) and fM4-HCI (2 mg; 0.03 mmol) were
analogue in which one of the phen ligands has been replaceaD

s o . . . placed in a 50 mL three-neck round-bottom flask fitted with a
by the dipyrido[3,2-2',3c]phenazine (dppz) moiety, that s, condenser. Dimethylformamide (DMF; 5 mL) was added and the

cis-Rh(dppz)(phen)GF (DPPZPHEN; Figure 1). _ resultant slurry was degassed with nitrogen for 20 min. K[Rh(phen)-
We herein demonstrate that DPPZPHEN (a) has a higherci,].H,0 (51.3 mg, 0.106 mmol) in DMF (10 mL) was degassed
quantum yield of aquation as compared with BISPHEN, (b) for 20 min with N, under constant stirring to form an orange
can act as a photonuclease and as a photobinding agent witlsuspension that was transferred to the dppz slurry via a stream of
nucleic acid in an hypoxic environment, (c) is phototoxic to Na. The temperature was slowly increased to 2) while the
tumor cells and to the alphavirus Sindbis (SINV), and (d) sIurrywa; gently bubbled vv_ithi}luntil all the solids were dissolved
renders the viral genome noninfectious. The structure of and a bright orange solution was formed. The temperature was
SINV is closely related to flaviviruses that include important further increased and the solution allowed to reflux for 3.5 h, after
pathogens such as the West Nile virus, yellow fever virus which it had turned a gasoline-yellow color. The solution was
and dengue viru¥ Observation d require,s that DPPZPHEN " cooled to room temperature with stirring and transferred to a 250

b ble of mi - h h the viral d in. lioid mL Erlenmeyer flask. Ether (ca. 60 mL) was added and the resultant
e capable of migrating through the viral glycoprotein, lipid, beige precipitate was collected by vacuum filtration. This was

and capsid layers before inactivating the viral RNA genome. \yashed immediately with copious amounts of ethanol, dissolved
This is particularly noteworthy in light of the recent report iy 50 mL of boiling water, and filtered. A saturated solution of
that N-acetylaziridine reacts with the nucleic acid of flock KCI was added until a precipitate start to form, and the mixture
house virus, human rhinovirus-14, and foot and mouth was then left overnight in a refrigerator. A beige precipitate of
disease virus by permeating their protein capsid®ur DPPZPHEN (55.8 mg, 76.5%) was collected by vacuum filtration
results provide a proof of principle that transition metal thatwas>98% pure by HPLC. Electronic absorption in 50 mM

complexes have potential in the design of photoactivated Phosphate buffer, pH 7.0 [nanometers (iters per mole per
antitumor and antiviral agents. centimeter]: 277 (77 798); 362 (13 864); 380 (14 406).NMR

in deuterated dimethyl sulfoxide (DMS@), 500 MHz ©, ppm):

Experimental Section 10.13 (d,J = 5.25 Hz, 1H); 10.0510.02 (dd, 2H); 9.65 (dJ =
. ) o 8.16 Hz, 1H); 9.31 (dJ = 8.15 Hz, 1H); 8.92 (dJ = 8.09 Hz,

Only the most salient information is presented here. Further 1H); 8.69-8.66 (dd, 1H): 8.578.53 (M, 3H): 8.47-8.42 (m, 2H);
details may be found in the doctoral dissertation of BM. 8.22.8.15 (m 4H)"7.93‘7.90 (dd 1H)" 7827.79 (dd 1H)’. FAB
Materials. Rhodium(lll) chloride (RhGFxH,O) was from MS (m/2) = 634.7, [Rh(dppz)(phen)&l]; 599.7, [Rh(dppz)(phen)-

Johnson Matthey or Pressure Chemical Co. 1,10-Phenanthro|inec|+]. 564.7, [Rh(dppz)(pher]. HRMS (m2): found 635.0019
and bromophenol blue were from Fisher. 9,10-Diaminophenan- ., 4 635.0025. '

threne, hydrazine monohydrochloride, glycerol, ethidium bromide,
and 1,2-phenylenediamine (99% pure) were from Aldrich. Calf

Instrumentation. High-performance liquid chromatography
(HPLC) analyses were done on a Varian 5000 liquid chromatograph
(17) Vicendo, P.; Mouysset, S.; Pillous, Rhotochem. Photobioll997, (LC) fitted W_ith ari2s Rh_EOdyne injection valve, a 2d0injection .

65, 647. loop, a Varian 2050 variable-wavelength detector, and a Perkin-
(18) Ortmans, I.; Content, S.; Boutonnet, N.; Mesmaeker, A. K.; Nannwarth, Elmer LCI-100 integrator. Phosphorescence emission was measured

W.; Constant, J. F.; Defracq, E. Chem. Eur. J1999 5, 2712. _ :
(19) Straus, J. H.. Straus, E. G.. Kuhn, RTdends Microbiol 1995 3, on an SPF-500C spectrofluorometer from SLM Instruments with

346-350. interference filters placed on the emission side having transmission
(20) Broo, K.; Wei, J.; Marshall, D.; Brown, F.; Smith, T. J.; Johnson, J. at >380 or >385 nm. Atomic absorption (AA) analyses were

58 gggzeema””v A.; Siuzdak, Broc. Natl. Acad. Sci. U.S.2001 carried out on a Perkin-Elmer 3110 flame/furnace spectrophotom-
(21) Ménon, E Doctoral Dissertation, Purdue University, West Lafayette,

IN, May 2002. (22) Dikeson, J. E.; Summers L. Aust. J. Chem197Q 23, 1023.
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eter. UV analyses utilized a Varian (Cary 100) bvis spectro- irradiated for 30 min. The metal complexes were analyzed by HPLC

photometer. method A and the urocanic acid was analyzed by method B. The
Methods. HPLC analyses were carried out on an Alltech C8 photon flux was calculated by use of the formula:

4.6 x 250 mm column at a flow rate of 1 mL/min with the detector

at 272 nm. Isocratic conditions, with 40% acetonitrile and 60% photons/secone: (moles of Z-UCAN

100 mM ammonium acetate, pH 4.9, were used for DPPZPHEN Dy nf

(method A). DPPZPHEN eluted at 12.8 min. The monoaquo

complexes appear at ca. 4 and 5 min by method A but they are

poorly detected on aged (00 injections) columns. HPLC was

also used to monitor urocanic acid actinometry on the C8 column i ) T SE

with a 1 mL/min flow rate but with 100% 50 mM ammonium  Correction for back reaction (Z- E) was done by irradiation of

acetate, pH 4.9, at 254 nm (method B). ThendZ isomers of E-UCA gntil a photostat_iona_ry state (51% E-UCA/ 49% Z-UCA)

urocanic acid eluted at 5 and 9 min, respectively. Area counts of Was achieved (ca. 30 min with four 311 nm lamps). The corrected

the Z isomer were multiplied by 1.4 to compensate for its lower raction of isomerized UCAf', was calculated from the following

extinction coefficient at 254 nis expression, in whiclf,ssis the fraction of the isomer present at the

The quantity of DNA was determined by the Burton agéay photostationary statd; is the fraction of isomer initially present,
and its rhodium content was quantitated by ZACell viability andf is the observed fraction of isomer formed:

N is Avogrado’s numberPs;inm is the quantum yield of B~ Z
UCA isomerization (assuming the value of 0.52 previously deter-
mined at 308 nmj2 andt is the time of irradiation in seconds.

was determined by the MTT ass®SINV was purified on sucrose o
gradients as previously describ&dThe titer was generally 78 f=(foss— fo)ln(fpss—_fo)
log plague-forming units (pfu)/mL at the beginning of each pss
experiment.

Under these conditions, the photon flux was found to be k74
For phosphorescence measurements, samples (1 mL) were; 4 photons/s.

prepared in a 4/1 methanol/water mixture at concentrations such Photolysis with Calf Thymus DNA. For qualitative studies
that the absorbance at the excitation wavelength was ca. 0.1. They ttared solutions consisting of 1 mL aliquots of 0.58 mM

samples were placed in electron spin resonance (ESR) tubes anghpp7pHEN and 2.7 mg/mL CT DNA were irradiated with>
slowly immersed in a liquid nitrogen-filled Dewar flask to form a 330 nm light. After irradiation, the solutions were purified by

glass. The phosphorescence excitation spectra for DPPZPHEN werg,, 5, stive dialysis and three cycles of precipitation and resuspen-
obtained by m_onlto_nng_ the emission at 556 and 7_10 nm. sion. The latter involved the usef @ 2 M NacCl solution (0.1
For absorption titration studies, a 2.5 mL solution of @ 4 lyme) and 95% ethanol (2 volumes), refrigeration for 8 h, and
DPPZPHEN in 100 mM phosphate buffer, pH 7, was placed in @ cenrifugation to obtain a purified DNA pellet. The DNA and Rh
quartz cuvette, and its UWvis absorption spectrum was scanned  content were determined and/or the DNA was utilized in size-
against a reference cell containing only buffer. Aliquots of.20 exclusion chromatography experimettsRelative quantum ef-
of a 4 mg/mL CT DNA solution in distilled water were added  ficjency measurements for covalent binding to the DNA were
sequentially (to a total of 100L) to the DPPZPHEN solution,  c4rried out with monochromatic 311 nm light. Stock solutions of
and the U\~vis spectra were recorQed. The equilibrium constant ~1 pNA (1 mg/mL) and either BISPHEN or DPPZPHEN (0.3 mM)
was_calculated from the data obtained at 380 nm by use of the yare prepared in a 50 mM sodium phosphate buffer. Solutions (6
relation D/Aesp = (D/A€) + (AeKeg ™, whereD is the molar mL) in quartz tubes were degassed with argon¥ch and then

concentration of DNA in base pairs atta, = (ca — €7).2 The irradiated, in duplicate, in a turntable for ca. 50 min. At these
apparent absorption coefficiert, was obtained by calculatim§sd  concentrations, both metal complexes absorb all the 311 nm light.
[Rh], whereAqsis the absorption at 380 nm at each titration point  the amount of recovered DNA was measured by a modification
and [Rh] is the molar concentration of DPPZPHEN at each titration ¢ the Burton assdyP after exhaustive dialysis through a 12 000
point, corrected for dilution from titration. The term is the D cellulose membrane and also after one precipitation with the
absorption coefficient of the frge form of the rhodium(lll) complgx. procedure described above. The pellets were also assayed for
D/Aegp was plotted as a function @ and the slope of the best-fit  h4ium. The relative quantum efficiencies for binding were
curve was divided by thg intercept to yield the intrinsic binding  5iculated by dividing the amounts of metal found in the pellets

constant’.28 N ) o by the amounts of DNA isolated after dialysis and comparing these
Quantum Efficiency of Aquation at 311 nm. Irradiations were values for BISPHEN vs DPPZPHEN.

carried in a photoreactor chamber with two TL/01 Philips 311 nm  ppoolysis with ¢X-174 Plasmid DNA.Metal complex solutions
lamps wrapped in carbon paper contaginS mmslit at the center (yith or without quenchers) were saturated with oxygen or argon
of each lamp. Aliquots of 2 mL of the following aqueous solutions  yyior to irradiation. The solutions were further degassed after being
were placed in quartz phototubes, saturated with argon, andmixed with the plasmid. The final solution concentrations were as
irradiated in dupllcate: 5 mM E-UCA, 0.265 mM DPPZPHEN, follows: DPPZPHEN (12“M), PX-174 plasmld DNA (2054M

and 0.4 mM BISPHEN. At these concentrations there is complete j, pase pairs), superoxide dismutase @BmL), 2-propanol (0.5

absorption of light at 311 nm. The DPPZPHEN samples were \yy mannitol (6.25 mM), and histidine (8 mM). The samples were
irradiated for 10 min and the E-UCA and BISPHEN solutions were jrradiated with 311 nm light and the solutions were subjected to

gel electrophoresi¥.

(23) Mohammad, T.; Morrison, H.; HogenEsch, Photochem. Photobiol. Photolysis with Tumor Cells. Cells were grown as monolayers

1999 69, 115.

(24) (a) Burton, K.Biochem. J.1956 62, 315. (b) Gendimenico, G. J.; in 75 cn? vented cell culture flask at 37TC with 5% CGQ and 90%
Bougquin, P. L.; Tramposch, K. MAnal. Biochem1988 173 45. humidity in phenol red-free Dulbecco’s modified Eagle’s medium.

ggg 85\2?}%( FE '—ﬁﬂ%n% 'g”\“/‘;;;?'-l'\ggeéhggﬂgfgggv 271 Before experiments the cells were trypsinized, plated in 20-35-

27) Wolfe. A Shimer, G. H., Jr.: .Meehan,7Bi0ch.emistry1987, 26, 10-mm tissue culture dishes, and incubated some206h before
6392.

(28) Schemel, D. E. V.; Crothers, D. NBiopolymers1971, 10, 465. (29) Menon, E. L.; Morrison, HPhotochem. PhotobioR002 75, 565.
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photolysis. At the beginning of an experiment, medium was 1.0E+05
removed from all plates and the cells were washed with 1 mL of
PBS or Hank’s salt solution. Metal complex solution (2 mL) or
buffer solution (2 mL) was added to each dish. Controls included
cell studies in the absence of metal complex and cells with complex
in the absence of light. Cells were incubated, with or without metal 7 S.0E+04
complex, for 4 h. After incubation, the solutions were removed
from the dishes and the dishes were washed with 1 mL of PBS or
Hank’s salt solution. A fresh 1 mL of PBS or Hank’s salt solution
was added to each dish and these were placed on a turntable that
sat on the top part of the photolysis chamber. The dishes were
irradiated from below with 311 nm light, the drug or control
solutions were removed from the dishes, and 2 mL of fresh medium
was added to each dish. The p|ates were then incubated fat810 Figure 2. UV-Vis absorption spectra for BISPHEN and DPPZPHEN in
h before a determination of the extent of cell toxicity by MTT assay. Phosphate buffer, pH 7.

Photolysis with SINV. DPPZPHEN/SINV solutions were pre-
pared by adding a 0.3 mL aliquot of a 6 DPPZPHEN stock
solution in PBS to 3 mL of purified virus at a concentration of

)

cm

DPPZPHEN

e(M

BISPHEN

0.0E+00

255 305 355 405
Wavelength (nm)

times with 1x PBS buffer, the cells were incubated with fluorescein
5-isothiocyanate- (FITC-) conjugated goat anti-rabbit secondary
7—8 log pfu/mL and bringing the total volume to 4 mL. The antibody at STC for .45 min. The cqntrql gnd experimt_ental samp_les
DPPZPHEN/SINV solutions were incubatedr f@ h prior to were also stained with DAPI (4,6-diamidino-2-phenylindole), which

irradiation, following which 3 mL of the solution was bubbled with Wﬁs used al,s a countersthairgj tﬁ highlight t?; nuglei gf BHK ccejlls.
oxygen (or, for hypoxic conditions, nitrogen) for ca. 20 min. The The cover slips were washed three times withABS and mounte

solution was then irradiated in quartz cuvettes with 355 nm light on microscope SI'd?s with FIuoros_ave reagent. Thgy were viewed
from an Nd:YAG laser under a constant stream of oxygen or under a Nikon E_cllpse TE200 with a TE-FM Epi-fluorescence
nitrogen with stirring. Controls included studies of the virus in the gttachment. Rellat|vely low levels of t.rafnsfected‘cells were opsgrved
absence of metal complex and in the presence of complex but in'" these experiments due to the .(Zi.IﬁICu|ty of isolating sufficient
the absence of light. Aliquots of 100 were withdrawn over time amou_nts of RNA_from pur_lfled virions. Furthermore, for these
and analyzed for virus infectivity. The inactivation rate constant eXp_e”memS the virus solutions had to l_)e 10 Igg pfu/mL, which is
was calculated by single-hit theo®3! For the studies measuring avirus con.centratlon .3 orders of magnitude higher than Fhat used
infectivity of genome RNA, a 6.9«L aliquot of 0.623 M in the prewous_experlments. Also, t_he DPPZPH_EN solutlons_had
DPPZPHEN stock solution in DMSO was added to a 140of to pe prepared_ in 10% DMSO to maln_tal_n the ratio of drug to virus
TE12 wild-type SINV solution (10 log pfu/mL) to obtain a 40 mM as in the previous experiments. Preliminary results demonstrated
DPPZPHEN/virus solution. Aliquots of 5AL were placed into that solutions with up to 100_/0 DMSO, (v/v) had no effect on the
250 uL inserts, incubated for 2 h, and either kept in the dark or virus or on the rate of photoinactivation by DPPZPHEN.
irradiated for 60 min with light> 330 nm. At the completion of
the experiment, all the samples were diluted with 6 mL efRBS
buffer and the virus was precipitatedrf@ h at 4°C with 10% Spectral Properties of the DPPZPHEN ComplexThe
poly(ethylene glycol) (PEG)+ NaCl (200 mM). The PEG-  DppZPHEN UV-vis absorption spectrum, taken in 50 mM
preC|_p|tated_ virus was centrifuged _at°4: for 30 min at 14 000 _ phosphate buffer, pH 7, is shown in Figure 2. The absorption
rpm in a microfuge, and the resulting pellgt was resuspended in is markedly red-shifted from that of BISPHEN (Figure 2)
200 L of 1x PBS buffer and extracted with equal volumes of - iy red-shifted relative to the spectrum of the free

phenol and chloroform. The virion RNA was precipitated with d i d. The ab tion in the f i d ists of
ethanol, resuspended in 100 of 1x PBS, and electroporated into Ppz figand. The absorption in .e rge 'gan Co,n,s's S0
x — a* and/or n — a* dppz intraligand transitions.

ca. 2x 107 baby hamster kidney (BHK) cells by use of 0.2 cm : - : .
gap cuvettes. The electroporation utilized 2001.5 kv, and 25 ~ Superimposed on these transitions in the complex will be a
uF. The cells were incubated at 37C for 12 h in MEM metal-centered transition, which is anticipated to fall in the
supplemented with 10% fetal calf serum, and the viral supernatants380 nm region, on the basis of observations made for
were harvested and assayed for the presence of infectious virus byBISPHENS3 Thus, irradiation at these wavelengths should
plaque assay. directly populate both th&d,d and ther,z* or n,z* excited

An immunofluorescence assay was also employed to detect thestates. Similar absorption spectral properties have been
presence of SINV capsid protein newly translated from the irradiated gphserved for the rhenium(l) dipyridophenazine metal com-

yiralbgen((j)michRNdA. I;S.IN\_/ R(lj\!A fLom_ \r/]ir;;;hzal:t)gzil been_eitlherd plex, fac-(dppz)Re(CQ)(4-Mepy)Cl fac = facial; 4-Mepy
Incubated In the dark or irradiated wit was isolated 4 methylpyridine), and its phenanthroline analogue,

and transfected into baby hamster kidney cells as described abovefac—(phen)Re(C@(4-Mepy)CI.34

Following electroporation, the cells were plated on coverslips and i 2 L
incubated at 37C for 12 h. The cells on the coverslips were then DPPZPHEN is nonemissive at room temperature in either

fixed with methanol for 15 min and washed twice wittk PBS protic or aprotic solvents. However, it does phosphoresce
buffer. They were then incubated with anti-capsid (SINV) poly- When cooled in a rigid matrix at 77 K (Figure 3). Decon-
clonal antibod§? for 45 min at 37°C. After being washed three  volution by use of a chopper makes evident that the

Results and Discussion

(30) Hiatt, C. W.Bacteriol. Re. 1964 28, 150. (33) McKenzie, E. D.; Plowman, R. Al. Inorg. Nucl. Chem197Q 32,
(31) Houghtaling, M. A.; Perera, R.; Owen, K. E.; Wagner, S.; Kuhn R. 199.

J.; Morrison, H.Photochem. PhotobioR00Q 71, 20. (34) Stoeffer, H. D.; Thorton, N. B.; Tenkin, S. L.; Shanze, KJSAm.
(32) Owen, K. E.; Kuhn, R. . Virol. 1996 70, 2757. Chem. Soc1995 117, 7119.
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10.0 In sum, our observation of dual-state emission for DPPZ-
PHEN is, to our knowledge, the first example of multiple-

" 8.0 DPPYPHEN state emission from a Rh(lll) bis(bipyridyl) complex at 77
E 0 K.3240The properties of the complex are most analogous to
5 . those of Rh(3,3Mezbpy)** outlined above and are consis-
2 .0 DPPZPHEN with chopper tent with inhibited internal conversion within the triplet
E manifold in the low-temperature glass.

20 ) / Chemical Properties of DPPZPHEN. Solutions of

o dppz ligand DPPZPHEN in 50 mM phosphate buffer were stable in the

dark far 7 h at 40°C and for 3 months at 4C. Solid samples
were stable indefinitely when kept in a desiccator in the dark
at room temperature. By contrast with such typical dark
stability, the photochemistry of octahedral bis(bipyri-
dyl)rhodium(lll) complexes is characterized by the facile
phosphorescence is a composite of two components. Thereplacement of the chloride ligands by water. It was this
complexity of the spectrum is not due to contamination by well-known property that led to our initial studies with
an adventitious impurity since excitation spectra, obtained BISPHEN32The irradiation of 50 mM phosphate buffer
by monitoring either the metal-centered transition at 710 nm solutions of DPPZPHEN (108M), with either monochro-
or the ligand-centered transition at 554 nm, were identical matic 311 nm light or broad-band light @f > 330 nm,
to one another and in good agreement with the compound’sproduced two products detectable by HPLC. HPLC-MS
absorption spectrum. It is also obvious from Figure 3 that analysis indicated that both products had molecular weights
traces of the free ligand cannot be a source of the complex’'sequivalent to that of monoaquated DPPZPHEN €l +
structured emission. H,0; m/z = 617). Because of the chirality of the complex,
We assign the two components to emission from two & pair of diastereomeric monoaquo complexes is to be
excited Stateslthat iS, (1) a |igand_centered state having aexpected. In addition, irradiation of a DPPZPHEN solution
long-lived structured emission on the blue edge of the under argon with 311 nm light to 50% disappearance,
spectrum that appears to be a modestly red-shifted analogudollowed by ESI mass spectrometric analysis of the photo-
of the 7 emission seen from the free ligand and (2) a Product mixture, showed formation of both mono- and bis-
metal-centered transition giving structureless, short-lived @quated product, with molecular ions at 617 and 668
emission on the red edge of the spectrum that is quite similar'espectively. The aquo complexes are expected to have
to the structureless emission observed from BISPHEN. absorption spectral properties similar to those of the dichlo-

650 700 750

Wavelength (nm)

500 550 600 800 850

Figure 3. Emission spectra for the dppz ligand and DPPZPHEN at 77 K
in a 4:1 methanol/water mixture.

Multiple emission from two distinct states is well-prece-
dented for Rh(lll) tris(bipyridyl) complexe®:3 An example

is [Rh(pheny]®*, which shows botiz,7* and 3dd emission
at room temperatur€. The two emissions have the same
lifetime and the authors propose that the lowest-lyidd
state and thér,* state are in thermal equilibrium at room
temperature. The tris complex Rh(3Mebpy)®" also
shows dual-state emissiéhAt 77 K the spectrum consists
of a dominant, broad, long-lived emission from fded state,

ride. This was confirmed by noting that the spectra of an
extensively irradiated DPPZPHEN solution and of a pure
solution of starting material were virtually identical.

Because of the extensive literature on this photoaquation
chemistry, no further structural studies were carried out on
the products, but the quantum efficiency of the process was
determined in order to compare the DPPZPHEN complex
with the parent BISPHEN. The quantum efficiency for
disappearance of the complex, measured at 311 nm, was

superimposed on which is a weak, shorter-lived emission found to be®3:1,m= 0.090, by comparison with a value of

from the3z,7*. Though the two states do not interconvert
at 77 K, they thermally equilibrate @t> 231 K,. The authors

0.024 for BISPHEN#142The enhancement of photoaquation
by the DPPZ ligand mirrors that which we have observed

suggest that there may be “large, viscosity-dependent activa-with methylated phenanthroline ligantsThe blue-shifted

tion barriers” that inhibit T — T, internal conversion at low
temperature.

There is one report of dual-state emission for a Rh(lll)
bis(bipyridyl) complex but only at higher temperatu#és.
[Rh(phen)}(NH3),]*" shows only?z,z* emission at 77 K but
shows dual emission in the range of 7200 K. Interest-

ingly, this complex is nonemissive at room temperature. The (40)
authors propose that the two states are in thermal equilibrium,

as suggested for [Rh(phe}?) (see above).

(35) DeArmond, M. K.; Carlin, C. MCoord. Chern. Re 1981, 36, 325.

(36) Nishizawa, N.; Suzuki, T. M.; Sprouse, S.; Watts, R. J.; Ford, P. C.

Inorg. Chem.1984 23, 1837.
(37) Indelli, M. T.; Carioli, A.; Scandola, K. Phys. Chenl984 88, 2685.
(38) Indelli, M. T.; Scandola, Anorg. Chem.199Q 29, 3056.

phosphorescence of DPPZPHEN relative to BISPHEN
indicates that théd,d triplet state is raised in energy in the
DPPZ complex. This is a known consequence of increased
ligand strength, and increased ligand strength correlates with

(39) Dual-state phosphorescence has also been observed from the BISDPPZ

Rh(Ill) complex#°

Loganathan, D. Doctoral Dissertation, Purdue University, West

Lafayette, IN, December 2003.

(41) A ®gis value of 0.0096 has been reported for BISPHEN with 254 nm
irradiation?2 Our measured valde at that wavelength is 0.013 by
uranyl oxalate actinometry. The value at 311 nm is the average of
two sets of observations made by two different investigators (0.023 21
and 0.026 40), both with urocanic acid actinometry.

(42) Muir, M. M.; Huang, W.-L.Inorg. Chem.1973 12, 1831.

(43) Loganathan, D.; Rodriguez, J. H.; Morrison, H.Am. Chem. Soc.
2003 125 5640.
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Figure 4. Titration of DPPZPHEN with CT DNA.
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increased electron donation by the ligdAdt is quite

Menon et al.

binding constant ofKeq = 3.4 x 10° M~! is in good
agreement with other binding constants found for mono-
cationic metal complexes containing the dppz ligand. For
example, the binding constant fdac-(dppz)R&CO)-
(4-MePy)' is reported asKeq = 6.0 x 1P M~L. There is
general agreement that the binding of metal complexes with
a dppz ligand involves intercalation of the complex into the
DNA_34,51

In designing DNA-targeting molecules, one needs to
always be cognizant of potential association of the “drug”
with protein. We therefore used competitive dialysis experi-
ments wherein a 150M DPPZPHEN solution was simul-
taneously dialyzed against a 50 mg/mL solution of CT-DNA
(1.5 mM in base) and a 50 mg/mL solution of bovine serum
albumin (BSA; 3.6 mM in amino acid) in a three-chamber
dialysis vessel. After equilibrium was established, 94% of
the complex was found associated with the DNA.

Photolysis of DPPZPHEN with Nucleic Acid.Irradiation

reasonable that increased electron donation by the ligandof a mixture of CT DNA and DPPZPHEN with > 330 nm

facilitates photosolvolysi&

light, under argon or oxygen, led to the recovery of nucleic

It is also interesting that oxygen partially (36%) quenches acid containing 165 and 150 nmol of rhodium bound/mg of
the photoaquation of DPPZPHEN. BISPHEN photoaquation DNA, respectively. These levels correspond to ca. 1 atom

shows no such quenchirigg.The quantum efficiencies of

of Rh per 18 bases. Size-exclusion chromatography was used

singlet oxygen formation by these complexes have beento confirm that the metal was indeed covalently bound to

measured® They are far too low to explain the quenching
of DPPZPHEN photoaquation, and in fact, that for DPPZ-
PHEN @3s5nm = 0.068) is actually lower than that for
BISPHEN @3s55nm = 0.087). An alternative possibility is
electron transfer from the ligand-based triplet to oxygen.
Using the simplified form of the RehmWeller equatiof
(—AGgr = Er — E°x« + E°d), With E°x« as the oxidation
potential of the dppz ligand (1.80 e¥3Er as the energy of
the metal complex ligand-based triplet transition (2.3 eV)

the DNA. The complex and the nucleic acid coeluted at a
volume between 18 and 36 mL from a 40 mL wet-bed
Sephadex column (as evidenced by concomitant analysis of
eluents at 260 and 380 nm). A control run with DNA mixed
with the metal complex in the dark showed the complex
eluting much later in the chromatogram (between 78 and 93
mL), well resolved from the DNA. Photoaquation occurs
concomitantly with covalent binding to the DNA in these
experiments. It was shown earlier that irradiation of the

estimated from the DPPZPHEN phosphorescence spectrumpisaquo product from BISPHEN leads to covalent binding

andE’qas the reduction potential of oxygen@.076 V)
one can estimatAGegr = —10 kcal/mol. This possibility

to DNA at a level comparable to that observed for the parent
dichloro complex® We have not explored this point for

becomes additionally relevant in light of the plasmid studies the DPPZPHEN complexes but expect the same is likely to

discussed below.
Interaction of DPPZPHEN with CT-DNA in the Dark.
As noted in the Introduction, a primary objective in preparing

be the case. A minimal (ca. 10 nmol of Rh/mg of DNA)
level of covalent binding is found when the DPPZPHEN
bisaquo complex is incubated with DNA in the dark. The

DPPZPHEN was to create a complex that would show a BISPHEN photoproducts showed no detectable covalent

much greater level of association with DNA than the minimal
amount seen with BISPHEN. In fact, titration of a DPPZ-
PHEN solution with increasing amounts of CT-DNA pro-

duced a bathochromic shift and hypochromism of the

binding in the dark when testéé?

The efficiency of binding of DPPZPHEN was measured
relative to that for BISPHEN by use of 311 nm light. At the
concentrations employed, the metal complexes in both

DPPZPHEN UV absorption bands that occur between 350 samples absorbed all of the incident light. The amounts of

and 400 nm (i.e., transitions primarily due to the dppz ligand;
see Figure 4). The data were analyzed by a procétiinat
is based on the Schemel and CrotRensodification of the
classic Benesi and Hildebrand analy®isThe intrinsic

(44) Concepts of Inorganic Chemistrpdamson, A. W., Fleischauer, P.
D., Eds.; John Wiley and Sons: New York, 1975.

(45) Some quenching of BISPHEN photoaquation by oxygen is observed

at high conversions to photoproducts (see ref 11).

(46) Sarna, T. Private communication.

(47) Rehm, D.; Weller, Rlsr. J. Chem197Q 8, 259.

(48) Chambron, J. C.; Sauvage, J.JPChem. Soc., Dalton Tran%99Q
6, 1841.

(49) CRC Handbook of Chemistry and Physi8&nd ed.; Lide, D. R., Ed.;
CRC Press: Boca Raton, FL, 2062002; p 8-24.
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metal bound to DNA for DPPZPHEN and BISPHEN were
within experimental error of one another (22 and 21 nmol
of Rh/mg of DNA, respectively). However, only 62% of the
DNA was recovered from the dialysis of the DPPZPHEN
sample whereas 97% was recovered from the BISPHEN
sample. This suggested that DPPZPHEN was photolytically
nicking the DNA into relatively small €36 base pairs)

(50) Benesi, H. A.; Hildebrand, J. H. Am. Chem. S0d.949 71, 2703.

(51) (a) Yam, V. W.-W.; Lo, K. K.-K.; Cheung, K.-K.; Kong, R. Y.-Q.
Chem. Soc., Dalton Tran4997, 12, 2067. (b) Long, E. C.; Barton,
J. K. Acc. Chem. Res199Q 23, 271. (c) Wilhemsson, L. M.;
Westerlund F.; Lincoln, P.; Norden, B. Am. Chem. So002, 124,
12092.
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Figure 5. (A) Nicking of ¢X-174 supercoiled plasmid DNA (form I; 205
uM in base pairs) by 12M DPPZPHEN with 311 nm light as a function
of irradiation time. Lanes: 1, plasmid with DPPZPHEN in the dark; 2,
irradiation with DPPZPHEN for 5 min; 3, irradiation with DPPZPHEN for
10 min; 4, irradiation with DPPZPHEN for 15 min. (B) Nicking @iX-
174 supercoiled plasmid DNA (form I) by DPPZPHEN with 311 nm light
for 10 min in the presence of qunechers. Lanes: 1, plasmid with
DPPZPHEN in the dark; 2, irradiation with DPPZPHEN plus &FmL
SOD; 3, irradiation with DPPZPHEN plus 8 mM histidine; 4, irradiation
with DPPZPHEN plus 12M mannitol; 5, irradiation with DPPZPHEN in
the absence of any quenchers.

fragments. That conclusion was confirmed by irradiating

DPPZPHEN with¢X-174 supercoiled plasmid DNA.
Irradiation with 311 nm light of¢X-174 supercoiled

plasmid DNA (form I) with the DPPZPHEN produced an
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Figure 6. Irradiation of 40uM DPPZPHEN with tumor cell lines by 311

nm light. Series without metal complexO) GN4; (@) M109; (x) KB.
Irradiation with metal complex:[{) GN4; (a) M109; (@) KB. The time=
0 points correspond to samples from serig&1, andl that were incubated
with DPPZPHEN in the dark.

complex. The phototoxicity was dose-dependent for all three
cell lines; the results for 4aM DPPZPHEN, with 311 nm
light, are presented in Figure 6. As seen in this figure, as
much as 80% of the KB cells were rendered nonviable in
60 min. The complex was slightly less effective on the M109
line and least effective (ca. 50% toxicity) on GN4 cells. There
was no appreciable degree of cell toxicity in the absence of

appreciable amount of frank nicks in a dose-dependent|ight (zero time point in Figure 6), nor were any of the cell
manner (Figure 5A). Comparable experiments with BISPHEN |ines affected by light in the absence of the metal complex.

did not generate such frank nicks.

Though we have shown that DPPZPHEN is photoreactive

Others have also observed that metal complexes containingyith DNA in vitro and that this complex is phototoxic to

the dppz ligand nick DNA when irradiated, but no mecha-
nism has yet been described for this phenoméefétit is

tumor cells, clearly these results do not allow one to conclude
that nucleic acid is a cellular target. Further studies with the

evident, however, that diffusible reactive oxygen species do RNA virus SINV provided evidence that nucleic acid can
not seem to be required. To confirm this, the plasmid was indeed be targeted in a biological system.

irradiated with DPPZPHEN for 10 min in an oxygen-

Photoinactivation of SINV. SINV is a member of the

saturated solution in the presence of various quenchers:Togaviridae family of viruses, which contains several
superoxide dismutase (SOD) to probe for superoxide, his- members that cause significant disease in domesticated

tidine to probe for singlet oxygen, and mannitol to probe
for alkoxy radicals. There was no significant level of
protection of the DNA, relative to a simple buffered control,
by any of these additivies (see Figure 5B). A plausible,
alternative mechanism for the photonicking would involve
the formation of a dppz radical by ILCT (i.e., f+ 7%)

excitation or by ligand to metal electron transfer. Both

animals and humans. It has a complex structure consisting
of an outer glycoprotein shell, a lipid bilayer, and an inner
nucleocapsid shell that surrounds the single-strand RNA
genome. As noted in the Introduction, its structure is closely
related to another family of RNA viruses, the Flaviviridae,
that are also significant human pathogéhslsing 45uM
DPPZPHEN and 355 nm light, we observed that the metal

photophysical options have been proposed to explain thecomplex is quite potent toward the infectivity of the virus,

nicking of plasmid DNA by Rh(pheg{phi)3*.1953The AG®

with a 6 log reduction in viral titer over the course of the

for the ligand to metal electron transfer can be estimated by experiment (see Figure 7A). The virus was unaffected by

using values of 1.80 eV for the oxidation potential of the
dppz ligand'® 2.3 eV for Er, and —0.57 V for the RH
reduction potential* Estimated in this manner, this process
is essentially thermoneutral.

Tumor Cell Phototoxicity. DPPZPHEN proved to be

irradiation in the absence of the metal complex or by the
metal complex in the dark (Figure 7A). Simple hit theory
analysis of the data provides an inactivation rate condtant
= 2.4 x 107*° photons? (Figure 7B). Additionally, the rate

of photoinactivation was observed to be the same under

effective as a phototoxic reagent against three different tumoroxygen or nitrogen. Though one cannot eliminate the possible

cell lines: GN4, M109, and KB. The levels of toxicity, in
each case, were relatively constant between 10 and0

presence of trace oxygen in the degassed solutions, the data
strongly suggest that the metal complex is photoactive in a

metal complex. This suggests that the three cell lines arehypoxic environment.

saturated at a common intracellular concentration of the metal

(52) Arounaguiri, S.; Maiya, B. Glnorg. Chem.1996 35, 4267.

(53) Turro, C.; Evenzahav, A.; Bossmann, S. H.; Barton, J. K.; Turro. N.
J. Inorg. Chim. Actal996 243 101.

(54) Kew, G.; DeArmond, K.; Hank, KJ. Phys. Chem197Q 92, 7486.

Since the SINV genomic RNA is infectious, RNA isolated
from virions can be used to probe whether DPPZPHEN
directly targets the viral genome. For this purpose, RNA from
virus that had been irradiated with330 nm light in the
presence of the metal complex was isolated and transfected
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10,0 1 irradiated with DPPZPHEN (no green fluorescence), but it
is observed in the control (Figure 8B).
é " Summary and Conclusions
S 401 The new metal complex, DPPZPHEN, has interesting
photophysical and photochemical properties. The latter
1.0 ; - - include the capacity to form covalent adducts with, and to
O.0EH00  LOEHI9 20EHI9 30E+9 4.0E+9 SOE+9 6.0E+19 nick, DNA. The complex is phototoxic toward tumor cells
Absorbed Dose (photons) and an enveloped animal viral particle. For the latter, we
1.0E+00 have also shown that the SINV genome is a primary target
for the photoactivated complex. This observation is signifi-
cant. The ability of the metal complex to directly target the
3 " viral genome indicates that it is capable of penetrating two
E N protein layers and the lipid bilayer of the virus. Furthermore,
E | 0E.04 . by producing an extensive amount of damage to the pathogen
y = 1.00E +00g 2 4E-19 genome, DPPZPHEN “kills” the infectious agent rather than
R?=9.9E-01 inhibiting one of its biological functions, thus curbing the
| OE-06 i i f pathogen’s ability to develop resistance. The ability to “kill”
00E+00 10E+19 20E+19 30E+19 40E+19 S50E+19 pathogens rather than inhibit their biological functions is

thought to be of paramount importance for the effectiveness
of photoactive drugs. A similar observation has been reported
for methylene blue, which is a photoactive drug known to

Absorbed Dose (D) (photons)

Figure 7. Irradiation of 45uM DPPZPHEN with SINV by 355 nm light.
(A) (2) irradiation of virus without complex{) irradiation of virus with

complex. The data point fdfl at 0 dose corresponds to SINV incubated  “Kill” methicillin- or vancomycin-resistant strains obta-
with DPPZPHEN in the dark. (B) Simple hit theory analysis of data from phylococcus aureupss6
panel A.

Since DPPZPHEN has demonstrated a dual mode of
reaction with nucleic acid, i.e., covalent binding as well as
nicking, it is not possible to provide specific details for a
mechanism of viral and cellular toxicity. It is noteworthy,
however, that neither photonicking of, nor photobinding to,
nucleic acid was found to be affected by the presence of
oxygen, thus eliminating the involvement of diffusible
reactive oxygen species in the phototoxic sequence. These
observations, and the lack of a dependence of DPPZPHEN’s
Figure 8. Immunoflqores;ence images pf BHK gells transfected with RNA  y/irg| phototoxicity on the presence of oxygen, suggest the
from (A) SINV photoinactivated by irradiation with DPPZPHEN by830 - . .
nm light and (B) SINV irradiated witt330 nm light in the absence of ~ POSSibility that such complexes and their analogues might
DPPZPHEN. be effective against hypoxic tumor cells.

Additionally, DPPZPHEN'’s lack of production of ROS,
into susceptible cells to investigate whether DPPZPHEN its high association constant with DNA{, = 3.4 x 1
inactivated SINV by damaging its viral genome. Virus M-1), and its ability to target the viral genome are all
irradiated without the metal complex, and a DPPZPHEN/ attractive characteristics for the ultimate design of phototoxic
SINV solution kept in the dark, were used as controls. Cells agents that might be free of indiscriminate photosensitized
that were transfected with RNA from these controls showed damage of blood components. The latter represents one of
a complete cytopathic effect in 48 h posttransfection. the major drawbacks of currently employed photodecon-
However, cells that received RNA isolated from virus taminating drugbthat rely on the formation of singlet oxygen
irradiated with DPPZPHEN showed no plaque formation. for their effectivenes3.Thus, these results provide a proof

An immunofluorescence assay was utilized to confirm that of principle for the use of rhodium metal complexes as
the DPPZPHEN had indeed caused inactivation of the SINV phototoxic agents that appear to have a universal targeting
RNA. RNA isolated from virus irradiated with or without mechanism for both the DNA and RNA genomes. With the
DPPZPHEN was transfected into BHK cells as previously ongoing discovery of new infectious agents transmitted
described, and the presence of newly translated SINV capsidthrough blood products, the further development of DPPZ-
protein was analyzed by immunofluorescence assays. SincePHEN analogues may lead to efficacious and cost-effective
SINV replicates in the cytoplasm of BHK cells, the capsid strategies for securing the blood supply against unforeseen
protein was expected to localize in the cytoplasm. DAPI was pathogens, since the use of such compounds does not require
used as a counterstain to highlight the nuclei of individual prior knowledge of the presence of infectious agents.

BHK cells (blue fluorescence). In this assay, capsid protein
in cells transfected with viral control RNA exhibits green (55) Wainwright, M.; Phoenix, D. A.; Laycock, S. L.; Wareing, R. A;
flucrescence. As shown in Figure BA, Gapsid protein is not g WS, & ATEVS Ml Letissa teg 177, L
observed in cells transfected with RNA isolated from virus Agents Chemothefl999 44, 823.
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