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In the absence of dioxygen, the cationic complex [(phen),Ru(tatpp)- plexes® do not require @ to function, but they are also
Ru(phen),J** (P**) undergoes in situ reduction by glutathione (GSH) insensitive to the cellular [§). Compounds that show
to form a species that induces DNA cleavage. Exposure to air enhanced cleavage activity under a low-oxygen microenvi-
strongly attenuates the cleavage activity, even in the presence of ronment (hypoxia) are rare* but offer a unique mechanism

to target tumor cells under such conditions. These hypoxic
tumor cells are often the most resistant to radiothef&gsy
and chemotherap$?® and the most susceptible toward
metastasig®?’ making this subpopulation a particularly
attractive chemotherapeutic target.

a large excess of reducing agent (e.g., 40 equiv of GSH per P**),
suggesting that the complex may be useful in targeting cells
with a low-oxygen microenvironment (hypoxia) for destruction
via DNA cleavage. The active species is identified as the doubly
reduced, doubly protonated complex H,P**, and a carbon-based

radical species is implicated in the cleavage action. We postulate )4+
that the dioxygen concentration regulates the degree to which % tatpp bridge / (/@
the carbon radical forms and thus regulates the DNA cleavage 'N\ril { o N N |N N’ N=
activity. . /u: : ) :RL/
N N N N N N” A
%_// ~ N\ \
The use of transition-metal complexes in medicine has P

enjoyed extensive attention given the tremendous success
of cisplatin as a chemotherapeutic ageartd the ability of We have discovered that the cationic ruthenium dimer
many metal complexes to interact with and damage cellular [(phen}Ru(tatpp)Ru(phen)** (P**; tatpp = 9,11,20,22-
structures, particularly DNA? tetraazatetrapyrido[3,a:2',3'-c:3"",2'"'-1:2'"",3"""-n]penta-

A large number of DNA-cleaving metal complexes func- cene and pher 1,10-phenanthroline) shown above (water
tion via the activation of dioxygen ({pto generate reactive

oxygen species (ROS), such as hydroxyl and superoxide(®3 fgg?_'f&f"“hoe Mesmaeker, Aoord. Chem. Re 2006 250

radicals®® These ROS are ultimately responsible for the (14) pierard, F.; Kirsch-De Mesmaeker, iorg. Chem. Commur2006

DNA cleavage. Others, including cisplatin and certain 15 %Htl—ﬁ%é N Nevhart G. A+ Sinah. P Thoro. Hitd

. . ., Grover, N; rt, G. A.; Sin ; I rg.
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COMMUNICATION

Figure 1. Cleavage of supercoiled pUC18 DNA (0.154 mM) By in a

7 mM NaPQq buffer (pH 7.0) at 25°C: lane M, marker lane containing
forms I-111 DNA; lane 1, DNA control; lane 2, DNA+ P (0.0128 mM);
lane 3, DNA+ GSH (0.512 mM); lane 4, DNA+ GSH (0.256 mM)+ Figure 2. Absorption spectra oP*" (12.8 uM) before (solid line) and
P4t (0.0128 mM) under aerobic conditions; lane 5, same as lane 4 under after (dotted line) the addition of 10 equiv of GSH in an anaerobic 7 mM
anaerobic conditions; lane 6, DNA GSH (0.512 mM}+ Fe-Blm (0.0128 NasPQ; buffer (pH 7.0). The dashed line is the absorption spectrudpBf

mM) under aerobic conditions; lane 7, same as lane 6 under anaerobicin MeCN when prepared by stoichiometric cobaltocene reduction and
conditions. The incubation time for all of these cases was limited to 1 h. trifluoroacetic acid protonatiof?
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soluble as the chloride salt) not only induces DNA cleavage
in the presence of mild reducing agents but shows enhance
activity under anaerobic conditions. The fact that exposure
to air attenuates the cleavage activity suggests that ROS ar
not responsible for the observed cleavage and that such
complex might be useful in targeting cells under hypoxic
conditions. CompleXP** is known to intercalate and bind
DNA tightly (K, = 1.1 x 10" M~1 at 25 mM NaCl)82°
The strong interaction with DNA is not unusual for this class
of cationic complexes, and it has a number of structural
similarities to many known metallointercalatdpg;3¢-32
including those that are known to thread their way through
the DNA double helix*

The ability of P*" to cut DNA was examined by following
the conversion of supercoiled plasmid DNA (form I) to the
circular form (form I1) or linear form (form Ill) using agarose
gel glectrophgress to sepa'rate the proplucts (expenmeptanot a photochemical reaction.
details given in the Supporting Information). As shown in . : .

) L . We have previously examined the redox chemistripof
Figure 1,P*" alone does not cause appreciable DNA cleavage . . .

) . ; . in water at various pHs by electrochemical, spectroelectro-
(lane 2); however, the addition of a mild reducing agent such . . ; | .
. - chemical, and chemical reduction methéi$! Reaction 1
as glutathione (GSH) leads to cleavage activity (lanes 4 and ; .
: . . shows the two reduction productsef in water at pH 7.0.
5). However, the yield of cleavage products is clearly higher

: ” . The redox reactions are reversible and easily followed by
under anaerobic conditions (compare lane 4 vs lane 5). Yields_ . . . .
: visible spectroscopy because distinct changes in the absorp-
of cleavage products (forms H- IIl) under aerobic and

anaerobic conditions are 55% and 97%, respectitTne tion spectrum are observed for each reduction and protona-

: . tion event. It is readily apparent that GSH reacts vt
appearance of linear DNA in lane 5 appears to result from as the solution color changes from yellow to green upon the
sequential single-strand (ss) cuts, not double-strand (ds) 9 y 9 P
clea_vage; th_us, the overall cleavgge activity is ss scission. he te i te toHt "

Given the importance of exclusion of trace & playing P =P = HP 1)
a role in the observed cleavage activity, a positive control

as included. Under anaerobic conditions, iron(Il) bleomycin

Fe-BIm) is known to induce DNA nicks but not ds cuts.
When exposed to £ however, Fe-Blm is an effective ds
fucleasé® 38 As seen in Figure 1, lane 6, Fe-Blm in the
abresence of @causes extensive DNA ds breaks, whereas
when Q was excluded (lane 7), only ss nicking was
observed. These studies were carried out side by side with
the P4t cleavage experiments, demonstrating unequivocally
that P*" is a more effective DNA cleaving agent under
reducing and hypoxic conditions. Because of the known
photoreactivity ofP** 3241 all experiments were conducted
in the dark so that photochemically induced cleavage
reactions could be ruled out. All cleavage experiments were
conducted under low-light conditions and control experiments
conducted in the dark or under ambient laboratory lighting
pave identical results, showing that this cleavage reaction is

. . addition of GSH. As seen in Figure 2, the absorption spectra
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Figure 3. Agarose gel of supercoiled pUuC18 DNA (0.154 mM) in the
presence oP*t, P3 andH,P**. All incubations were performed under
anaerobic conditions with an incubation time2oh at 25°C. The ratio of
complex to DNA-bp was (a) 0.083 or (b) 0.20 as indicated above each
lane: lane M, marker; lane 1, DNA control; lane 2, DNAP*" (0.0128
mM); lane 3, DNA+ P** (0.0307 mM), lane 4, DNA+ P3* (0.0128 mM);

lane 5, DNA+ P3* (0.0307 mM), lane 6, DNA+ HoP*" (0.0128 mM);
lane 7, DNA+ H2P*" (0.0307 mM).

Figure 4. Agarose gel of supercoiled pUC18 DNA (0.154 mM) in the
presence of,P*" (0.0256 mM). All incubations were performed in a 7
mM NagPOy buffer (pH 7.0) at 25°C under anaerobic conditions with an
incubation time of 2 h. The ratio of complex to DNA-bp was 0.16: lane
M, marker lane; lane 1, DNA control; lane 2, DNA H,P**; lane 3, DNA

+ HyP*" + DMSO (0.64 M); lane 4, DNA+ HP*" + TEMPO (2.04
that P** is a prodrug, which is converted td,P*" by in mM); lane 5, DNA+ HoP* + EDTA (1.02 mM).

situ reduction. metal-complexing reagents. Dimethyl sulfoxide (DMSO) is
In order to identify the chemical species responsible for an effective scavenger of diffusible oxygen-based radicals
the observed anaerobic cleavage and to rule out participationrsuch asOH and superoxid&:#¢On the other hand, 2,2,6,6-
by glutathyl radical species, we examined the cleavage tetramethyl-1-piperdinyloxy (TEMPO) is an effective scav-
activity of P4, P3*, andH,P*" (see the Supporting Informa- enger of carbon radicals or metal-based radicals but is
tion for synthetic procedures) under anaerobic conditions ineffective with oxygen-based radicdf°As seen in Figure
without GSH presenft?42 4, the addition of up to 5% DMSO by volume has no effect
As seenin Figure 3?4+ does not induce appreciab|e DNA On the Cleavage aCtiVity (lane 3), whereas the addition of 2
cleavage under anaerobic conditions (lanes 2 and®®). MM TEMPO stops most of the DNA cleavage (lane 4). These
(lanes 4 and 5) does show some enhanced nicking ab”ity;data clearly support the role of carbon-based radicals in the
however,H,P*" is clearly the most potent nicking agent cleavage mechanism. Yamaguchi and co-workers postulated
(lanes 6 and 7). As seen in lanes 6 and 7 (Figure 3), thethat trace metals ions, such as copper(ll), activated the
amount of DNA cleavage increases with increages™], dihydropyrazines to the reactive forffr*® This does not
as would be expected if this complex were the actual cleavingS€em to be the case here because added ethylenediamine-
agent. Thus, one simple explanation for the attenuatedtetraacetic acid (EDTA), at concentrations up to 1 mM, has
cleaving activity under aerobic conditions would be reoxi- little effect on the cleavage activity (Figure 4, lane 5) of
dation ofH,P*" to P4, Exposure of an aqueous solution of H,P*". We are further investigating this unusual behavior
H,P** to air is known to result in a rapid reoxidation of this and hope to elucidate the cleavage mechanism with the help
complex toP*, as measured by UWvisible absorption  Of electron paramagnetic resonance spectroscopy. We note
spectroscopy? that the carbon-based radical species would likely be very
The mechanism of DNA cleavage is still unclear; however, reactive toward @in solution, and this “quenching” reaction

Yamaguchi and co-workers have shown that dihydropyra- could also explain the observed sensitivity of this cleavage
zines cleave DNA by both oxygen-dependent and -indepen-actiVity to oxygen. . _

dent pathway4®46 H,P* contains the dihydropyrazine To our knowledge, this is the first example of a metal
substructure and thus could function in a similar manner with COMpPIex with potentiated DNA cleavage activity under
high-DNA-binding affinity, further enhancing its activity. For  YPOXIC conditions, suggesting potential therapeutic applica-
dihydropyrazines, the oxygen-independent cleavage activity_t'ons' Future studies will Qste_lbhsh the mode of action and
is attributed to the formation of a carbon-based radical on S €ffects on tumor cells in vitro.

the drihydropyrazine moiety. Thus, we speculate that DNA-
boundH,P*" is cleaving DNA in a similar manner via the
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