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Abstract: The cleavage (transesterification) of polyribonucleotides is a process of considerable interest. The use of
dinucleotide RNA fragments as substrates for the screening of RNA catalysis agents and mechanistic studies is
widespread. This practice may not accurately predict the relative abilities of metal complexes to cleave
polyribonucleotide substrates. We report the use of chimeric DNA/RNA molecules, containing RNA nucleotides
embedded in DNA sequences, as substrates for studying the transesterification of RNA. The substrates, termed
embRNA, display the simplicity of dinucleotide substrates while possessing the multiple phosphate and nucleobase
metal-binding sites found in polyribonucleotides. In addition, the DNA residues provide an internal check for oxidative
cleavage. The synthesis, purification, and activity of our first-generation embRNATFA, is described. T;-

UT-A is a substrate for the ribonuclease RNase 1, and RNase 1 cleavage provides an excellent measure of the extent
of 2'-deprotection in the synthetic embRNA. Cleavage @fUIT7A by hydroxide and a variety of metal ions and
complexes is also reported, and the use of embRNA in kinetic assays is demonstrated. Competitive cleavage of
RNA and DNA is built into the embRNA assay. With Pb(ll), Ce(lll), and Cu(ll) reagents, we observed efficient
RNA cleavage and no DNA cleavage. Kinetic comparison is made between embRNA;Tand the analogous,
all-RNA substrate h.

Many groups are actively developing RNA cleavage agents studies based on metal-promoted cleavage of RNA oligomers
with possible medical applications, including the gene-specific, and polymer$:2426 The dinucleotide assays may provide
catalytic destruction of viral mMRNAZ1® Generally, catalysts  misleading information about polynucleotide cleavage, due to
are chosen or rejected based on their ability to cleave dinucle-the length-dependence of the RNA transesterification reaction
otide substrate®, 2* although we and others have reported (vide infra). Polymeric substrates themselves present a multi-

TPhone: (314) 935-4801, FAX (314) 935-4481. Email. Bashkin@ plicity of reaction sites that may not be kinetically equivalent.

wuchem.wustl.edu. Furthermore, the products of each polymer cleavage reaction
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116(}1){35;1;?15(5153,23_. K.; Frolova, E. 1.; Sampath, {l. Am. Chem. Sod394 studies beyond the initial rate regime. To overcome these
(2) Bashkin, J. K.; Jenkins, L. AComments Inorg. Cheni994 16, limitations and to allow unprecedented control over the se-
77—93. _ o guence and electrostatic context of RNA cleavage, we report
D.(Ao") ﬁg"f]'.”'cjﬁeﬁlsggzd?g’%O'\E/ﬁa',\ﬁ%f‘ak' A.S.; Sampath, U, dAVIgnon, - 5 ey assay for RNA transesterification that allows (1) a
(4) Bashkin, J. K.; Sampath, U. S.; Frolova, E.Appl. Biochem. simplified study of high MW polynucleotide substrates, (2) an
Biotechnol.1995 54, 43-56. internal check for oxidative cleavage processes, (3) a systematic
%g? Bashkin, J. K.; Jenkins, L. A). Chem. Soc., Dalton Tran$993 exploration of the sequence context effects on RNA cleavage,
(6) Bashkin, J. K.Bioinorganic Chemistry of CoppeKarlin, K. D., and (4) the study of competition between RNA and DNA
Tyeklar, Z., Eds.; Chapman and Hall: New York, 1993; pp 1239. cleavage. We have named this assay the Embedded Ribonucle-

W (78) ?af)hrgm’cﬂefﬁ;lggf%?héféél; Modak, A. S.; Sample, K. R.; Wise,  gtige Assay. It employs chimeric oligonucleotides that contain

(8) Modak, A. S.; Gard, J. K.; Merriman, M. C.; Winkeler, K. A.; 0ne or more RNA nucleotides inserted at controlled positions

Bashkin, J. K.; Stern, M. KJ. Am. Chem. Sod991, 113 283. into DNA sequences. We use enzymatic cleavage of the
11&%?;‘9{”' M. K. Bashkin, J. K.; Sall, E. . Am. Chem. S0d990 embedded RNA (embRNA) to demonstrate biological activity
(10) Bashkin, J. K.; Gard, J. K.: Modak, A. $. Org. Chem199q 55, and complete deprotection of th&@H groups in our chemi-
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Figure 1. Synthesis and transesterification of the embedded RNA
substrate TUT/A.

Ce(lll), Pb(ll), and Cu(ll) reagents. Both &8 and C@#°
reagents have previously been shown to cleave DN#&
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(1.0 M KCl, 10% acetonitrile). The retention time fo{;UT,-TBDMS

was 27 min. Reverse phase desalting was done on a Supelco LC-18
column by eluting the sample for 15 min with water, followed by a
5-min gradient to a 60% acetonitrile solution. The retention time was
23 min.

The concentration of protected oligo was determined using UV
spectroscopyebso = 159 570 cmt M~3).

T1UT-TBDMS (10-30 pmol) was then'3end labeled usingy{-32P]-
ddATP (Amersham) and terminal deoxynucleotidyl transferase (Prome-
ga). 3-End labeling was accomplished by mixing theUT-~-TBDMS,
5uL 5 x reaction buffer provided by Promega (500 mM potassium
cacodylate, 5 mM CoGJ 0.5 mM DTT, 5 mg/mL BSA), 16-20 units
of terminal transferase, andid of [a-*2P]ddATP, and diluting to 25
uL. The reaction mixture was heated at 32 for 45-60 min. The
reaction was stopped by heating at O for 10 min. The mixture
was then extracted once with an equal volume of phenol/@isGamy!
alcohol (25:24:1), and twice with CHEl The extracted reaction
mixture was dried and then reconstituted inid0of 50% ethanol and
100 uL of 1.0 M tetran-butyl ammonium fluoride (TBAF¥¢ This
was allowed to react in the dark at room temperature for24 h.
When the same deprotection conditions were tried in the absence of

nucleophilic peroxide- and redox-mediated reactions respec_ethanol, the reaction was slow and incomplete. RNase 1 cleavage is a

tively. In addition, we have utilized the assay to successfully
generate kinetic data which can be used to learn more abou
the mechanism by which metals promote RNA transesterifica-
tion.

Chimeric substraté2 have been previously used to monitor
ribozyme reactiond—32 and for thein uitro evolution of a
“deoxyribozyme™* In contrast both to combinatorial synthesis

good indication of the extent of deprotection, since the TBDMS-
protected oligonucleotide is not cleaved by the enzyme. The product
tWas purified by excision from a 20% denaturing polyacrylamide gel
and desalted with Sephadex G-25. The authentic end-labeled cleavage
product, TA, was also prepared to use as a standard.

Similarly, the T,;UT,~-TBDMS was %-end labeled using/f32P] ATP
and T4 polynucleotide kinase, deprotected with TBAF, and purified
from a 20% denaturing polyacrylamide gel. The authentieril

of random sequence pools (and subsequent selection proceduregbeled product standards;5T1,Up-3 and 3-p*T1Uow-3', were also

and to the systematic replacement of RNA residues by DNA in

a complex ribozyme structure, our chimeric approach is designed

to be relatively free of tertiary structural effects. We focus on

fundamental aspects of ligation and electrostatic interactions 1o ¢t

between a catalytic metal (or metals), functional groups at the
site of cleavage, and the nucleotides that flank the RNA site.
DNA is generallyiner27.28:35to hydrolysis by small molecule
reagents at pH 7, and the DNA residues provide an internal
check for any oxidative cleavage processes (or novel hydrolytic
chemistry). Figure 1 shows the first embRNA substrate that
we have studied, (flUT-A, and the cleavage products resulting
from transesterification. In addition to the previously stated

advantages, many reactions can be monitored simultaneously,

prepared.

The all-RNA substrate, {4, was purchased from Oligos, Etc. The
Cutrpy was synthesized by dissolving 1 equiv each of Guid
2,2,6,6'-terpyridine in boiling ethanol and combining the two solutions.
rpy precipitated immediately as a light green powder and was
characterized by visible spectroscopymass spectrometry, and el-
emental analysis. Buffers (HEPES, CHES, EPPS) and diethylpyro-
carbonate (DEPC) were purchased from Sigma and used as received.
The pH of the buffer solutions was measured using a Corning PS30
Check-mite pH sensor (accuragy0.2 pH units). Reactions were run
in 0.5 mL of polypropylene microcentrifuge tubes and incubated at 37
°C in a circulating water bath. All solutions were prepared using
DEPC-treated water (0.1% DEPC, autoclaved for 40 min at°121
Cleavage of embRNA. The embRNA substrate ;JUT/A was
ated with several cleavage agents, including NaOH, the ribonuclease

by polyacrylamide gel electrophoresis. The embRNA substrate rnase 1, and 1 mM concentration of a variety of metal ions and metal

provides a simple, convenient, efficient, and rapid system for

complexes. Hydroxide cleavage reactions containd®° M em-

screening and direct comparison of transesterification catalystsbRNA, 0.07 M NaOH, and were run at 4C. The base-catalyzed

and for conducting kinetic studies on RNA transesterification.

Experimental Section

Synthesis and Labeling of the embRNA, T.UT;. The 2-tert-
butyldimethylsilyl-protected oligomer,;JUT,-TBDMS, was prepared
by solid phase synthesis on an ABI 380B and purified by successive
anion exchange and reverse phase HPLC. A Supelco LC-SAX HPLC
column (25 cmx 4.6 mm) was used for ion exchange purification.
Solvent A (0.1 M KCI, 10% acetonitrile) was run for 5 min following
injection of the sample, followed by a 40-min gradient to solvent B

(27) Komiyama, M.; Kodama, T.; Takeada, N.; Sumaoka, J.; Shiiba, T.;
Matsumoto, Y.; Yashiro, MJ. Biochem1994 115 809-810.

(28) Takasaki, B. K.; Chin, JJ. Am. Chem. Sod994 116 1121-
1122.

(29) Sigman, D. S.; Mazumder, A.; Perrin, D. Ihem. Re. 1993 93,
2295-2316.

(30) Duff, R. J.; de Vroom, E.; Geluk, A.; Hecht, S. Nl. Am. Chem.
Soc.1993 115 3350.

(31) Kuimelis, R. G.; McLaughlin, L. WJ. Am. Chem. S0d.995 117,
11019-11020.

(32) Strobel, S. A.; Cech, T. Biochemistryl993 32, 13593.

(33) Dahm, S. C.; Uhlenbeck, O. Biochimie199Q 72, 819.

(34) Breaker, R. R.; Joyce, G. Ehem. Biol.1994 1, 223.

(35) Schnaith, L. M. T.; Hanson, R. S.; Que L.R¥oc. Natl. Acad. Sci.
U.S.A.1994 91, 569-573.

reaction was quenched by neutralizing with 0.1 M HCI. The mixture
was dried and resuspended in loading buffer prior to electrophoresis.
RNase 1 cleavage reactions contaireti0® M embRNA, enzyme
reaction buffer from Promega, and 20 units of enzyme. The mixture
was incubated at 37C for 1 h, quenched by heating to 7C for 10

min, and extracted once with phenol/chloroform/isoamyl alcohol (25:
24:1) and twice with chloroform. The product was then dried and
resuspended in loading buffer prior to electrophoresis. Reactions using
metal ions and complexes contained0~° M embRNA substrate, 1
mM metals/complexes, 0.1 M NaClQand 5 mM buffer. The P

and Cd" reactions (lanes-69 of Figure 2) contained MES buffer at
pH 6.6. Reactions shown in lanes-1P9 of Figure 2 contained EPPS
buffer at pH 8.1. Reactions were quenched with EDTA, dried, and
resuspended in loading buffer prior to electrophoresis.

Rate constants were determined for thé'€and Cutrpy-promoted
reactions using the'f#nd labeled substrate;;UT7, 0.5 mM metal
concentrations, 0.1 M NaClpand pH 7.0 (5.0 mM HEPES). For
comparison, the rate constant for the cleavage of the all-RNA substrate,
Uie, was also determined. Kinetics were followed by quantifying
the disappearance of starting material (as a percentage of total
radioactivity in each lane) with time. In all cases, initial rate methods

(36) Scaringe, S. A.; Francklyn, C.; Usman, Nucl. Acids Res199Q
18, 5433-5441.
(37) Harris, C. M.; Lockyer, T. NAust. J. Chem197Q 23, 673-682.
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Figure 2. Image of a 20% polyacrylamide gel demonstrating the transesterification of #red3abeled embRNA by various reagents. Time
points were taken at 5 and 24 h for the reactions with metal ions and metal complexes {t@nasd12-19). Lane 1: d}o (Size marker). Lane

2: T-A (product standard). Lane 3: starting materiahUT-A. Lane 4: RNase 1 cleavage. Lane 5: 0.07 M NaOH cleavage. Lanes 6 and'7: Pb
cleavage. Lanes 8 and 9: €cleavage. Lane 10: MES buffer at 24 h (control, C). Lane 11: MES buffEDTA at 24 h (control, C/edta). Lanes
12 and 13: C¥ cleavage. Lanes 14 and 15: Rigcleavage. Lanes 16 and 17: Cu(ll)terpyridine cleavage. Lanes 18 and 19: Cu([9faneN
cleavage. Lane 20: EPPS buffer at 24 h (control). Lane 21: EPPS bufieDTA at 24 h (control).

Table 1. Cleavage of T,UT-A by Metal lons and Metal pathway for Ce and Cu reactivity under most conditions, which
Complexes may hamper efforts to develop selective Ce- and Cu-based DNA
metal % cleavage % cleavage hydrolysis agents that functian vivo.

ion/complex buffer pH (5h) (24 h) Using the 3-end labeled substrate, the same cleavage product
Pt MES 6.6 57 69 was observed for reactions with hydroxide, RNase 1, and all
Cu?t MES 6.6 1 5 metal ions or complexes investigated, including those capable
none (control)  MES 6.6 nd 0 of redox chemistry. This was expected, since no external
none (control) MES/EDTA 6.6 nd 1 e . . .
Ce EPPS 81 9 20 sacrificial redox equivalents (or nucleophilic hydrogen peroxide)
Mg2* EPPS 8.1 nd 0 were added. The observedéhd labeled product is'&57A-
Cu(terpy) EPPS 8.1 4 11 3, which contains an intact#H, as determined by comparison
Cu([9]anel\§)2|+ E;:I)DF?S 8§.311 ld 21 to an authentic standard.
none (contro . n ; ;
none Econtrolg EPPS/EDTA 8.1 nd 0 To further characterize the reaction, thgUT- substrate was

5'-end labeled and reacted with RNase 1, hydroxidé! Piand
aReaction conditions:~10° M T1,UT7A, 1 mM metals, 0.1 M Cu(Il)terpyridine (Cutrpy). These results are depicted in Figure
NaClQ;, 5 mM buffer pH 6.6 and 8.1, 48C (not determined: nd). 3. Again, all cleavage reactions gave the same initial protfuct.
This initial product comigrates with an authentic sample of
were used. For this kinetic study, both th_g; and embRNA substrqtes T11Up-3, the 3-terminal phosphate standard that was prepared
Eemmeliy sarane o s e e o s . B chericalsynirest (Figure 3). RNase 11 known 0 ceave
subst};ates. y ' y RNA to the 2,3-cyclic phosphate and'#ydroxyl products.
Hydroxide produces the cyclic phosphate initially but eventually
produces a mixture of 2and 3-monophosphates. Oligonucle-
otides with 2,3'-cyclic phosphates or'3erminal phosphates are
Typical cleavage results are depicted in Figure 2, an elec- usually poorly resolved by electrophore3ig! so these two
trophoresis gel image generated with a Molecular Dynamics products should be indistinguishable under our electrophoresis
phosphorimager. The reactions were analyzed on 20% denaturconditions.
ing polyacrylamide gels and quantified with the phosphorimager.  In the B-end labeled experiments, Plreacts with the initial
The percent cleavage by metal ions/complexes after 5 and 24 hcleavage product to produce a second product over time. 3
is shown in Table 1. Dephosphorylation by metals is a known reactiéf?and we
The embRNA is cleaved by RNase 1 only at the internal RNA used authentic standards to determine that” Ripomotes the
site (U), and complete cleavage was observetifi at 37°C.3° dephosphorylation of the embRNA product. The right-hand side
After 5 h at 40°C, 0.07 M hydroxide cleaved 41% of the starting of Figure 3 compares authentic, chemically-synthesized stan-
material. The ion PY was the most efficient cleavage agent dards of the 3phosphate (fUp) and 3-OH (T13Uon) products
of the metals studied. Similar results were obtained using 2 with the two products from the Pb-cleavage reaction. The
mM metals (data not shown). Under the conditions studied, initial product formed by PH cleavage comigrates with the
none of the metal ions or complexes caused any significant DNA 3'-phosphorylated product. Phcleaves this to a product which
cleavage. To our knowledge, this represents the first examina-comigrates with TiUon. Thus, PBT promotes the '3dephos-
tion of competitive RNA and DNA cleavage by €&8and C3° phorylation reaction rather efficiently.
reagents, both of which can cleave DNA under special condi- Rate constants were determined for thé'Cand Cutrpy-
tions. We conclude that RNA cleavage will remain a major promoted reactions (Table 2). €epromotes the transesteri-

- - fication of the embRNA 5.5 times faster than Cutrpy. In
(38) Thekops reported for cleavage of theiblis an approximatekops . . .
The kinetics on the all-RNA substrate are complicated, because the initial comparison W'th an all-RNA SUbStra_te J@)‘! the gmbRNA 1S
cleavage products are substrates for further cleavage reactions, and soméleaved 15-17 times more slowly, which is consistent with the
initial degradation products are present. Results such as these using all-
RNA substrates further demonstrate the utility of the embRNA assay. (40) The electrophoretic mobility of the products in the KOH lanes is
(39) For the 5end labeled substrate, a second product appears in the slightly affected by the higher ionic strength in these lanes.
RNase 1 reaction lane, above the major product. We have not yet identified  (41) Pan, T.; Uhlenbeck, O. Qlature 1992 358 560-563.
this minor species; it constitutes 4% of the product in Figure 3. (42) Jenkins, L. A.; Bashkin, J. K.; Pennock, J. D. to be submitted.

Results/Discussion
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Figure 3. Image of a 20% polyacrylamide gel demonstrating the transesterification of-#rel3abeled embRNA substrate. Two time points were
taken for the hydroxide- and metal-promoted reactions as indicated. Lanes 1, 12, and,d &sizéTmarker). Lane 2: Starting material (S. M.),
T1UT7. Lane 3: RNase 1 cleavage. Lanes 4 and 5: 0.07 M NaQH2alm and 10 h. Lanes 6 and 7: 2 M KOH cleavag® & and 7 h. Lanes

8 and 9: 0.5 mM PY cleavage ath 2 h and 10 h. Lanes 10 and 11: 0.5 mM Cu(ll)terpyridine cleavage 20 h and 41 h. Lanes 8b and'9b: Pb
cleavage 812 h and 6 h. Lane 12: d§ (size marker). Lane 13: 1JUp (3'-phosphate-containing product standard). Lane 14Udy (3'-OH-
containing product standard). Lane 15: ,¢{Size marker).

Table 2. Observed and Relative Rate Constants for the cleaved the nanomolar embRNA substrate significantly faster
Transesterification of #UT; and U, by C€" and Cutrpy than background (buffer) cleavage. Under the same conditions,
metal:substrate Kobs (h™2) relative rate Cutrpy failed to cleave ApUp above background levels, even
Cutrpy:embRNA 0.000149- 0.00007 1.0 with the ApUp concentration incregsed to mipromolar Ie'vels
Ce:embRNA 0.0082+ 0.0006 55 (data not shown). Clearly, the relative reactivity of metal ions
Cutrpy:Uig 0.025+ 0.005 17 and metal complexes can be dramatically altered upon switching
Ce*:Uio 0.12+0.04 80 from dinucleotide to polynucleotide substrates. We suggest that,
2 Reactions were done in duplicate, and rate constants are reportecinlike ApA or other dinucleotides, polynucleotides provide the
the average#1 standard deviation). necessary electrostatic attraction and/or phosphate and nucleo-

base binding sites for the metal-promoted cleavage mechanism

increased number of cleavage sites in the all-RNA substrate. g operate. We are using the embRNA assay to investigate these
However, the DNA sites of an embRNA substrate do not inhibit pyossipilities.

the RNA cleavage reaction. .
Thekopsfor the Cutrpy-promoted reaction can be divided by Concluding Remarks

the [Cutrpy] to give a second-order rate constat,of 2.98 The embRNA assay provides a simple and rapid system for
M~ h™* for transesterification. Thi&, can be compared to  the screening of hydrolytic RNA cleavage agents. Since
the analogous, determined for the hydrolysis of ,3-cAMP multiple metal binding sites are present, the embedded RNA

by Cutrpy of 40+ 2 M~* h~.42 Cutrpy hydrolyzes the cyclic  assay is useful for studying polyribonucleotide cleavage, and it
phosphate faster than it cleaves RNA by transesterification, somay present a different picture from dinucleotide assays. It has
the product of transesterification should rapidly convert'to 2 peen used to screen new reagents, to rule out oxidative cleavage
and 3-terminal phosphates in the presence of Cutrpy. by an internal check for DNA cleavage, and to compare directly
Length Dependence of RNA Transesterification.A length the relative efficiencies of the different reagents. It can be used
dependence has been observed previdtisfybut recent RNA o study sequence context and positional effects on RNA
cleavage studies using chemical reagents have almost alwaygleavage. In addition, the system is amenable to kinetic studies
ignored these ideas. The importance of substrate length forand can be used to learn more about the chemical mechanism
medically-relevant reactions of ribozymes has recently been of RNA cleavage, e.g., through the site-specific introduction

reportedi® Reactions between DNA and Pt also depend on the of groups that block or enhance metal coordination near the
length of the DNAY The lack of correspondence between RNA residue.

dinucleotide and oligonucleotide transesterification reactions is _ ) )
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