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RNA is hydrolyzedin vivo by ribonucleases via a two-step
reaction involving transesterification by thé&t®/droxyl, with
concomitant cleavage of the RNA strand, followed by the
hydrolysis of the resulting 2'2yclic phosphodiester. There

ribose ring makes RNA nearly 100 000-fold more reactive
toward hydrolysis than DNA,complementary DNA could be
used to direct site-specific cleavage of mRNA. In contrast,
many oxidative cleavage agents cleave DNA more rapidly than
RNA25making it impractical to use complementary DNA as
a targeting molecule. Finally, because many ribonucleases
utilize metal ions, small metal complexes that hydrolyze RNA
could also aid in determining the precise role of metal ions in
enzymatic reactions.

There are numerous examples of metal-promoted hydrolysis
of RNA. Several lanthanidé 14 and transition met&ta.15-24
ions and complexes promote the transesterification/hydrolysis
of RNA dinucleotides, oligonucleotides, and RNA models; in
some instances the reactions have been shown to be
catalytic13b.16c.232 Similar ions and complexes also promote the

is much interest in designing synthetic ribonucleases because

they could be useful for elucidating the structures and functions
of a variety of RNAs and inhibiting gene expression by targeting
specific mMRNAs. A number of transition metal complexes are
known to oxidatively degrade RNA, and many have proven
useful as probes of RNA structute? For example, the bis-
(1,10-phenanthroliné¥',N1%9copper(l) cation ((ORLuU") has
been used as an RNA-footprinting agent to magab& binding

site of Escherichia ColmRNA* while a Ni(ll) macrocycle and
Rh(phen)phi®™ (phen = 1,10-phenanthroline, phi= 9,10-

phenanthrenequinone diimine) have been used to probe the

3-dimensional solution structures of tiietrahymenagroup |
intror®and of the 5S rRNA oXenopusocyte’® Rh(phen)-
phi¥™ has also been used to probe the effect of bulges on the
major groove in thdrans-activation responsive region (TAR)
found in HIV RNA2 Finally, Rh(phenyphi®™ and Ru(tpy)(bpy)-
02" (tpy = 2,2,:6,2"-terpyridine, bpy= 2,2-bipyridine) have
been used in concert to gain information about the iron
regulatory element (IRE) in ferritin mRNA.

Metal complexes that cleave RNA via a hydrolytic mecha-
nism, however, have advantages over those that utilize an
oxidative mechanism: hydrolytic cleavage agents do not require

coreactants and do not produce highly reactive metal oxenes or

radical species. Furthermore, because thiey#roxyl on the
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hydrolysis of 2,3 -cyclic phosphateX}16¢.23a.25sing metal ion RNA sequencing kit from USB. Denatured RNA was incubated with
complexes that facilitate RNA cleavage, site-specific hydrolysis the alkaline buffer for 40 min at 5€C.

of RNA has been realized using complementary DNA as a Product Analysis. The products were separated on a 20% denatur-
targeting molecule. When appropriate metal-binding sites were ind Polyacrylamide gel containgn7 M urea using an IBI Mode| STS-

attached to DNA oligonucleotides, the addition of the lanthanide 45 standard thermoplate sequencer. Electrophoresis was performed at
. L+ and EG* and the transition metal @4 led to the 70 W (2006—25_00 V_) for approximately 2:62.5 h. The cleavage
|Qns - . ) . products were visualized by exposure of the gel to Kodak X-Omat AR
site-specific hydrolysis of comp_lementary RNA ollgor_’rj'ér@ X-ray film at —80°C. For quantitative analysis, gels were exposed to
and HIV mRNA® These experiments targeting specific RNAs 5 molecular Dynamics Phosphorimaging Screen overnight at room
for degradation are an important step toward the goal of temperature and imaged using a Molecular Dynamics 425-S Phosphor-
developing drugs for gene therapy. Imager. Quantitation was accomplished using the software Image-
In this paper we report that the transition metal complex QuaNT version 4.2.
copper(ll) 1,4,7-triazacyclononane dichlorifléCu([9]aneN)- ) _
Cly) hydrolyzes RNA hairpin oligonucleotides at physiological Results and Discussion

The 20-base RNA hairpin oligonucleotide-3CCCCCU-

absence of an oxidaft. This study of RNA hydrolysis

completes the survey to define the scope of reactivity of

Cu([9]aneN)Cl, toward biopolymers. To our knowledge, this

is the first transition metal complex shown to hydrolyze both

nucleic acids and proteins. The information obtained from this

survey on the reactivity of the synthetic hydrolase Cu([9]ajeN 20-Base Hairpin RNA 31-Base TAR RNA

Cl; provides a foundation for the development of new catalysts

that selectively hydrolyze specific biological macromolecules. by Cu([9]aneN)Cl> when incubated at pH 7.2 and 3€ with
varying concentrations of the metal complex. Product analysis

Experimental Section was accomplished by separating the resulting polynucleotide

General Procedures. All solutions were prepared using water fragments via polyacrylamide gel electrophoresis and using

purified by passage through a Millipore purification system and autoradiography to image the products (Figure 1). Analogous
sterilized by treatment with 0.1% diethyl pyrocarbonate (DEPC) results were obtained for the 31-base RNA oligonucleotide TAR
followed by autoclaving. All glass and plastic ware were sterilized by (5-GGCCAGAUCUGAGCCUGGGAGCUCUCUGGCC)3an
soaking overnight in water containing 0.1% DEPC followed by RNA oligonucleotide that interacts with the tat protein in HIV
autoclaving. ) . . and is necessary for the life cycle of the virus (data not shown).
RNSX”;E%‘?OS:E ;g‘it?;’zeps‘\',fvg‘:;-g?n‘i:;g%icz’fezuz':;:'%%%ng"é‘ig‘;;;eﬁs - Hydrolysis occurs at all phosphodiester bonds, indicating that
3
DNA/RNA synthesizer and purified by the procedure described in User Ijheeng%aZﬁgiﬁt é?:;ﬁfg s F\)A';IC;:P g:)(z(?:iﬁ():/ rijlé(l[eggfil )f;)}zagg:s Egﬁth er-

Bulletin No. 69. 5 32P-end-labeling was accomplished using T4 . .
polynucleotide kinase according to literature technigdes. more, both single-stranded and double-stranded regions of the

Hydrolysis of RNA. A 5' 2P-end-labeled RNA hairpin oligonucleo- ~ hairpins are hydrolyzed, although the loop region is cleaved to
tide (20 uM) was incubated for 6, 12, 24, or 48 h at 3C in the a greater extent than the stem. This reactivity of the complex
presence of varying concentrations of Cu([9]agNs. The pH was is notable because double-stranded RNA is generally a poorer
maintained at 7.2 with 20 mM HEPES. At appropriate times, the substrate for both oxidati¥e®7?cand hydrolytié®13¢15cleavage
reactions were quenched via ethanol precipitation. The RNA pellets agents.
were redissolved in a loading buffer and stored frozer2@ °C until The differences in reactivity toward double-stranded RNA
analyzed by polyacrylamide gel electrophoresis. between most cleavage agents and Cu([9]aj@l may arise
ikelhood hat eithr hydrogen peroxide or superoic paricpates in 10 WO structural features of RNA duplexes. Frst, duplex

RNA adopts an A-conformation. This form of the double-helix

the cleavage reactions, RNA was incubated for 24 h in the presence ofh hd d . than the B
2.0 mM Cu([9]aneM)Cl, and either 5Q:g/mL superoxide dismutase as a much deeper and narrower major grove than the b-

(3.2 units/reaction) or 10@g/mL catalase (40 units/reaction). To conformation typically adopted by DNA, and as a result, many
ascertain if the products obtained by cleavage with the metal complex Cleavage agents that bind to double-stranded DNA cannot bind
were consistent with a hydrolytic mechanism, the products were to double-stranded RNA. The small size of Cu([9]anef)Cl,
compared with those obtained via alkaline hydrolysis. Alkaline may play a role in its ability to cleave double-stranded RNA;
hydrolysis of the RNA hairpins was accomplished using the 76000 however, the reactivity differences cannot completely be at-
tributed to differences in size since various free metal ions also

/\ CUUCGGAGGGGGA-3(loop region underlined), is cleaved
<\ _C
,N—ICu\ UG GG
X/N Cl s A
uc C—aG
Cu([9]aneN;)Cl, U g (::8
- G—
pH and temperature. We previously established that — ¢’ E
Cu([9]aneN)Cl, hydrolyzes proteird and cleaves DNA in the Ua—u
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(25) E(ﬁ)lK(Ubu)ssl'gisﬁa;?b$f9k§hfiy§r:‘]>;5-A?F%aigﬁgﬁg%hgﬁofgn cleave single-stranded RNA selectively over double-stranded
199Q 427428, (c) Shiiba, T.; Komiyama, Mietrahedron Lett1992 RNA.101° Second, duplex RNA is less flexible than single-
33, 5571-5574.

(26) Deal, K. A.; Burstyn, J. Nlnorg. Chem.1996 35, 2792-2798. (30) Rh(phenyphi)** has been shown to bind and oxidatively cleave
(27) Hegg, E. L.; Burstyn, J. NJ. Am. Chem. Sod995 117, 7015- double-stranded RNA in regions where the major groove is widened
7016. due to tertiary interaction®. Likewise, (OP)Cu®™ will bind and
(28) Hegg, E. L.; Burstyn, J. Nnorg. Chem.1996 35, 7474-7481. oxidatively cleave both strands in the chimeric duplex of polyadenylic

(29) Cobianchi, F.; Wilson, S. HMethods Enzymoll987, 152 94—110. acid (poly(rA)) and polydeoxythymidylic acid (poly(T}3.
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- Figure 2. Extent of cleavage of the 20-base RNA hairpin oligonucleo-
tide by Cu([9]aneN)Cl, determined via phosphor screen autoradiog-
raphy. The reaction conditions are described in Figure 1. The graph
was created with the data from six separate experiments, and the error
bars show the standard deviations calculated using the formula for a
small number of data points.

Table 1. Cleavage of RNA by Cu([9]ane)Cl»*

reaction % RNA cleaved std dev
Cu([9]aneN)Cl, only 14 6
Cu([9]aneN)Cl, + CAT 13 2
Cu([9]aneN)Cl; + SOD 14 4

a2 The 20-base RNA hairpin oligonucleotide (2M) was incubated
at pH 7.2 (20 mM HEPES) and 3T with 2.0 mM Cu([9]aneMCl,
for 24 h. Reactions were performed in the presence of either
Cu([9]aneN)Cl; only, Cu([9]aneN)Cl, + catalase, or Cu([9]ane)Cl,

. o . ) + superoxide dismutase. All reactions were performed in quadruplicate.
Figure 1. The B 3%P-end-labeled RNA hairpin oligonucleotide

5'-UCCCCCUCUUCGGAGGGGGA-3(loop region underlined) in-
cubated for up to 48 h with varying concentrations of Cu([9]aeN  extent of RNA degradation as reactions performed in the absence
Cl; at 37°C and pH 7.2 in 20 mM HEPES buffer. Lane 1. control, o of these enzymes (Table 1), indicating that neither hydrogen
gs(tfgl]gg?@)lgﬁ Il‘_i?lz i’. i’% nr:]l;\/l/l (éﬂ(([[%]]zﬂiglléiz"ane 3:20mM - Heroxide nor superoxide is involved in the cleavage mechanism.
' T ' Furthermore, all of the observable products from cleavage of
the RNA hairpin comigrate with the products of alkaline
hydrolysis when separated via polyacrylamide gel electrophore-
sis and viewed by autoradiograpfdy. (Alkaline hydrolysis
produces 2 and 3-phosphates and-Bydroxyls as the only
products. Although cleavage by oxidative mechanisms may
afford these products, they also yield other fragments that can
be observed as bands migrating between those generated via
alkaline hydrolysis.) Thus, only the products expected for
hydrolysis are present. If an oxidative process exists for the
cleavage of RNA by Cu([9]anef)Cl,, it occurs at a level below
the experimental detection limit; catalase and superoxide
dismutase have no observable effect on the extent of degrada-
tion, and the only bands observed from the polyacrylamide gel
are those consistent with hydrolytic cleavage. Therefore,
although under aerobic conditions approximately 30% of the
cleavage of DNA by Cu([9]anedCl, was shown to be ©
dependent (presumably occurring via an oxidative mechaifsm),
we do not see any evidence of an oxidative mechanism in the
cleavage of RNA. Finally, it is interesting to note that an
analogous 20-base hairpin oligodeoxynucleotide was not cleaved
to any appreciable extent when incubated with Cu([9]ajieN
Clz under similar conditions (data not shown). All of these
results are consistent with a hydrolytic mechanism of RNA
cleavage where the-DH facilitates RNA strand scission.

stranded RNA. As a result of this decreased flexibility, the
hydrolysis of duplex RNA is inhibited since the attacking 2
OH must properly orient itself for in-line displacemé#t31The
binding of Cu([9]aneN)Cl, to RNA may alter the orientation

of the phosphate backbone, thereby facilitating the nucleophilic
attack. Further experiments are necessary, however, to defini-
tively explain the cleavage of both single-stranded and double-
stranded RNA by Cu([9]anef)Cl,.

The extent of RNA cleavage was determined via densito-
metric analysis of gels imaged via phosphor screen auto-
radiography (Figure 2). The extent of hydrolysis is dependent
both on the time of incubation and on the metal complex
concentration; control reactions where RNA was incubated in
the absence of Cu([9]ang)Cl, exhibited no RNA degradation.
These results confirm that the metal complex, not the buffer or
adventitious metal ions, is responsible for the RNA hydrolysis.
The observation that the extent of RNA degradation does not
vary linearly with metal complex concentration is to be expected
since in solution Cu([9]aneClI, exists in a monomerdimer
equilibrium, and it is the monomer that is the active speties.
Therefore, we expect the extent of cleavage to exhibit a half-
order dependence on the metal complex concentréfiorhis
predicted relationship was observed within experimental error.

Further experiments demonstrated that the cleavage of RNA The results we have obtained for the cleavage of the RNA
oligonucleotides by Cu([]ane))Cl proceeds via a hydrolytic  ,5;0in oligonucleotide by Cu([9]ane)Cl, are consistent with

mechanism. Reactions performed in the presence of the,qse obtained by Young and CHifor the cleavage of the
enzymes catalase and superoxide dismutase exhibit the same

(32) Because product analysis utilizes autoradiography, only products
(31) Usher, D. ANature (London) New Bioll972 235, 207—208. containing®P (i.e., the original Slabeled-phosphate) will be observed.
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simple RNA dinucleotide adenylyl{3-5')adenosine (ApA). The  that have been tested do not cleave duplex RNA.13¢.15
only products observed from the cleavage of ApA by Cu([9]- Cu([9]aneN)Cl, could therefore be useful in RNA footprinting.
aneN)Cl, were adenosine, adenosinen2onophosphate (2 ~ The synthetic hydrolase Cu([9]angi8l, is only a prototype,
AMP), and adenosin€’-8nonophosphate (AMP). The pres- however, and future experiments will aim at utilizing the
ence of both 2AMP and 3-AMP imply a cleavage mechanism  information gained in this and other reactivity studies to both

involving attack of the 20H on the phosphate resulting in &  ncrease the rate of hydrolysis and tune the selectivity of the
2',3-cyclic adenosine monophosphate’,§2cAMP) as an catalyst.

intermediate. 23-Cyclic AMP is rapidly hydrolyzed to ‘3
AMP and 2-AMP in the presence of the metal complex;  Acknowledgment. We thank Ross Weatherman and Amy
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