Biochemistry2005,44, 92179231 9217

Zn**-Dependent Deoxyribozymes That Form Natural and Unnatural RNA Linkages
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ABSTRACT. We report ZA*-dependent deoxyribozymes that ligate RNA. The DNA enzymes were identified
by in vitro selection and ligate RNA witkops up to 0.5 mirt at 1 mM Zr#+ and 23°C, pH 7.9, which

is substantially faster than our previously reported?®Mdependent deoxyribozymes. Each new?'Zn
dependent deoxyribozyme mediates the reaction of a specific nucleophile on one RNA substrate with a
2',3-cyclic phosphate on a second RNA substrate. Some of the-@@pendent deoxyribozymes create
native 3—5 RNA linkages (withkops up to 0.02 mint), whereas all of our previous Mg-dependent
deoxyribozymes that use 4 2-cyclic phosphate create non-native-8' RNA linkages. On this basis,
Zn?t-dependent deoxyribozymes have promise for synthesis of native-Bnked RNA using 23-

cyclic phosphate RNA substrates, although these particular-dependent deoxyribozymes are likely

not useful for this practical application. Some of the neviZdependent deoxyribozymes instead create
non-native 2-5' linkages, just like their Mg counterparts. Unexpectedly, other Zsdependent
deoxyribozymes synthesize one of three unnatural linkages that are formed upon the reaction of an RNA
nucleophile other than a“hydroxyl group. Two of these unnatural linkages are the23and 2—2'

linear junctions created when thélydroxyl of the 5-terminal guanosine of one RNA substrate attacks

the 2,3-cyclic phosphate of the second RNA substrate. The third unnatural linkage is a branched RNA
that results from attack of a specific internal®/droxyl of one RNA substrate at thg2-cyclic phosphate.

When compared with the consistent creation ‘'ef2 linkages by Mg"-dependent ligation, formation of

this variety of RNA ligation products by 2n-dependent deoxyribozymes highlights the versatility of
transition metals such as Znfor mediating nucleic acid catalysis.

The discovery of naturally occurring ribozymes (RNA have been identified by in vitro selection with Ktgas the
enzymes) demonstrated that proteins are not the onlymetal-ion cofactor. These DNA enzymes indeed require
biomolecules that catalyze chemical reactions in nature Mg?t or C&* for their activity, although M#' is sometimes
(1—4). Although DNA has even fewer functional groups than effective as well.

RNA and although no naturally occurring deoxyribozymes  Many of the Mg -dependent deoxyribozymes mediate
(DNA enzymes) have been discovered, many deoxyri- RNA ligation via reaction of a'23-cyclic phosphate, which
bozymes have been identified by in vitro selecti&n-9). may be opened by an attacking nucleophile with cleav-
The catalytic activities of known deoxyribozymes include age of either the PO? bond or the P-O¥ bond. If the
RNA cleavage 10-23), DNA cleavage 24—26), DNA nucleophilic group is a 'shydroxyl, then these two reac-
ligation 27, 28), DNA phosphorylation Z9-31), DNA tion pathways lead to the nativé-3' linkage or isomeric
capping 82), DNA deglycosylation 3), porphyrin meta-  non-native 2-5' linkage, respectively (Figure 1). Of
lation (34), and thymine dimer photoreversiog. Deoxy- course, the attacking nucleophile is not necessarily-a 5
ribozymes are interesting both for their practical applications hydroxyl, but this functional group is typically the most
(36—42) and for their implications about the inherent pycleophilic of those present in RNA. Indeed, in our pre-
catalytic capabilities of nucleic acidé3—45). Recently, we  vyjous studies, all of the Mg-dependent deoxyribozymes
have reported many deoxyribozymes that ligate RNA that use a 23-cyclic phosphate RNA substrate were found
(46-56). To date, all of our RNA ligase deoxyribozymes o create only non-native’ 25 linkages (pathi in Figure

1), although the selection strategy itself did not compel this
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Ficure 1: Two possible products from the ligation reaction of @2cyclic phosphate RNA substrate. Attack of tHeh§droxyl group of
another RNA substrate leads to either a nativeS3linkage or a non-native'25' linkage. When a nucleophile other than thengdroxyl
group attacks the' B-cyclic phosphate, this forms an unnatural linkage that is neithes'hor 2—5' (see the text).

Some deoxyribozymes specifically require transition met- A RNA ¥
als instead of Mg (10, 17, 22—27, 31, 32). In this study,
we pursued RNA ligase deoxyribozymes that both Us-2
cyclic phosphate RNA substrates and requiré*Zinstead
of Mg?*. Because each metal ion has its own ligand

region
preferences, i, for bound water molecules, and other RNA 1 mM Zn2* s
chemical properties, we anticipated thafZmay mediate U AUR >p pH 7.5, 37 °C
a different spectrum of chemical reactions thar?Méndeed, ° ®
Zn**-dependent deoxyribozymes were collectively found to s  RNA RNA ¥
synthesize a variety of RNA linkages. This includes for the 5 EEEEEENUAUA-GGAR S

first time formation of the native'3-5' linkages that have
been elusive using Mg as the cofactor with cyclic
phosphate substrates. Other newly identifieéZaependent

deoxyribozymes synthesize non-native-2 linkages or B
unnatural linkages that are neithé3' nor 2—5'. These o e
results have both conceptual and practical implications for 618 5.::* OTCARTCTANICTOAG 5
our ongoing efforts to understand and design metal-dependent 6J2 5 TGCAC TTCCGCCGTTGAAACGTAGCACG -3
nUCIeIC aCId CataIyStS 12BB1 5-CCGCTCCGATTGGTGGAGTCTATTGGGGCCTGTAGGCGAG -3'
12BB2 5-ACCGC CTAC ACTGCT CGAG -3'
EXPERIMENTAL PROCEDURES 12BBS 5.CAGCGCGAT TTGAAGCTCGGGGTTGGTTA -3
12BB12 5-CAGAGCCCCTTACGTACAGCCTTTTTAGGTAACCGGGGAG -3'
Materials. DNA oligonucleotides were prepared at IDT 12BB6 5. TACACCTAT T GTGGCTGGTGCTG -3
(Coralville, IA). RNA oligonucleotides were prepared either 12BB8  5-CACGCTGACTAGCTTC GATGCGE -3

by solid-phase synthesis (Dharmacon, Inc., Lafayette, CO, Ficure 2: RNA ligation mediated by new 2h-dependent deoxy-
or HHMI—Keck Laboratory, Yale University, New Haven, ribozymes. (A) Key Z#*-dependent step of each selection round.

. P : In the first round, the b deoxyribozyme region is fully random,
CT) or by in vitro transcription using T7 RNA polymerase whereas in subsequent rounds, this region is enriched in those 40-

with an appropriate double-stranded DNA templ& 63). nucleotide DNA sequences that are competent fér Zfependent

The terminal 23'-cyclic phosphate of the left-hand RNA  RNA ligation. During the selection procedure, the covalent con-
substrate was provided by cleaving a longer precursor RNA nection (*) between the right-hand RNA substrate and the deoxy-
with an appropriate 1623 deoxyribozymel(4), as described ribozyme strand (as created by T4 RNA ligase) means that

. : ; catalytically active DNA sequences attach the left-hand RNA
previously ¢6). All DNA and RNA oligonucleotides were substrate to themselves via the right-hand RNA substrate. Thus,

purified by den_aturing PAGE with ru_nning bUffe'XlT_BE the active DNA sequences are readily separable by PAGE; see our
[89 mM each tris(hydroxymethyl)aminomethane (Trisijd previous reports for details of the selection procedy& 47).

boric acid and 2 mM ethylenediaminetetraacetic acid (EDTA) However, for application of the new deoxyribozymes, the covalent
at pH 8.3] as described previousg 52. RNA—DNA connection is neither required nor present, and ligation

. . ) . occurs in a trimolecular format (see Figure 3A). (B) Nucleotide
In Vitro Selection ProceduréVe previously described the  gequences of the new Zndependent deoxyribozymes. The se-

overall in vitro selection strateg¢§, 47). In the key selection  quences correspond to thedénzyme region of the deoxyribozyme
step, two RNA substrates were ligated by a deoxyribozyme strand of (A); the DNA binding arm sequences are complementary
strand that holds the two RNA substrates together usingto the RNA substrate sequences as listed in the the Experimental
Watson-Crick binding arms (Figure 2A). Immediately prior fgﬁgg?#éeas' dLTgtijéchiBUSI‘iﬁgz%rgi;?g::?igfF?rr(])lt):/e?,sgsnUC|EOtIdeS long,
to this reaction, the right-hand RNA substrate was joined to '

the DNA using T4 RNA ligase, as denoted by the asterisk i Figure 2A @6, 47). For the J selection, the incubation

conditions during the key selection step were 70 mM 4-(2-
! Abbreviations: Tris, tris(hydroxymethyl)aminomethane; HEPES, hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) at

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid; EDTA, ethylene-
diaminetetraacetic acidns Observed rate constatigq, background pH 7.5, 150 mM NaCl, 2 mM KCI, and 1 mM Zng&at 37

rate constant; MALDI, matrix-assisted laser desorptionfionization; ESI, “C for 14 h. For the BB selection, the conditions were 70
electrospray ionization. mM Tris at pH 7.5, 150 mM NacCl, 2 mM KCI, and 1 mM
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ZnCl, at 23°C for 3 h. The change from HEPES to Tris mM NaCl and 0.1 mM EDTA) by heating at 98 for 3
was made because Znis stabilized in solution by Tris64, min and cooling on ice for 5 min. To the annealed sample
65). For details on the selection procedure other than the was added 4L of 5x selection buffer and ZL of 10x
key selection step shown in Figure 2A, including cloning of ZnCl, stock solution, resulting in final concentrations of 50
the deoxyribozymes, see our earlier papdg; 47, 49). The mM Tris at pH 7.5 or 7.9, 150 mM NaCl, 2 mM KCI, and
sequence of the left-hand (L) RNA substrate used during 1.0 mM ZnCh. The sample was incubated at 23 or 7
the selection was'8JAAUACGACUCACUAUA-3’, with for 20 min to 24 h, quenched with 4€L of stop solution
a 2,3-cyclic phosphate provided by deoxyribozyme-medi- (80% aqueous formamidex1TB [89 mM each Tris and
ated cleavage of a longer RNA that was prepared by solid- boric acid at pH 8.3], 50 mM EDTA, and 0.25% each of
phase synthesist6). The sequence of the right-hand (R) bromophenol blue and xylene cyanol), and purified by
RNA substrate was'8S5GAAGAGAUGGCGACGG-3 pre- denaturing 20% PAGE. For the cleavage assays, this product
pared by solid-phase synthesis. For the BB selection,'the 5 was then incubated separately with a deoxyribozyme as
terminal nucleotide of the R substrate wasi2oxy-G. For described above for the ligation assays; the ratio of ligated
the assays of Figure 12, a specific nucleotide of the R product to deoxyribozyme was1:3.
substrate was'leoxy as noted in the figure. For some Partial Alkaline Hydrolysis AssayskFor the alkaline
assays, the L substrate began with an additioh&@GA... hydrolysis assays (denoted AH) in Figures 6, 8, and 9, the
and continued with the sequence given above. This alterna-5'-3?P-radiolabeled ligation product from each deoxyri-
tive L substrate was prepared by in vitro transcription from bozyme ¢0.25 pmol) was incubated in 1L of 50 mM
a double-stranded DNA template using T7 RNA polymerase, NaHCG; at pH 9.2 and 0.1 mM EDTA at 90C in a dry-
and this transcription procedure necessitated the addition ofblock incubator in an 0.7-mL eppendorf tube for 10 min.
the extra nucleotides. In the selection reactions and kinetic The sample was placed on ice and quenched withL16f
assays, the 2m was added from a 10 stock in 20 mM stop solution (see above), angM of this quenched sample
nitric acid and 200 mM Tris at pH 7.9 (or other buffer as was loaded per gel lane. For the experiments in which
appropriate to match the incubation conditions). Note that quantitativet;,, values were determined (see the Supporting
this Zr?* solution contributes 20 mM to the final buffer Information), 10«L samples were instead prepared in 0.2-
concentration of 70 mM. The 20Zn?* stock solution was  mL thin-walled PCR tubes and incubated in the block of an
itself prepared from a stock solution of 100 mM Zp@i MJ Research PTC-200 thermal cycler at either 60 of@0
200 mM nitric acid and a solution of 0-5..0 M Tris or as appropriate. At each timepoint, a LP-aliquot was
HEPES adjusted to the appropriate pH. withdrawn and quenched into 8L of stop solution (see
Kinetic Characterization of Deoxyribozymesll of the above); 4uL of this quenched sample was loaded per gel
ligation assays used the trimolecular format shown in Figure lane.
3A. The®P-radiolabeled left-hand RNA substrate L was the ~ Assays for 3-5' and 2—5' Linkages.The linkage assays
limiting reagent relative to the right-hand substrate R and of Figures 6 and 9 using either the-87 deoxyribozyme
deoxyribozyme E (the ratio L/E/R was1:3:6 to 1:10:30, (for 3—5' linkages) or 100 mM Mg at pH 9 with the
with the concentration of B¢ 0.5-3 uM). Increasing the  exactly complementary DNA oligonucleotide (fof-2&'
concentration of E or R (or both) did not significantly change linkages) were performed as described previoué8).(The
the observed kinetics or yields, indicating that the observed ligation products used as substrates for these assays were
yields were not limited by availability of E or R. Because 5'-%?P-radiolabeled, as for the cleavage assays described
of concerns over Z precipitation, we used Tris buffer for  above.
most characterization assays, rather than HEPES (see the Preparation of the 6J12 Ligation Product Trimer for Mass
Results). See our earlier paper for a detailed description of SpectrometryThe sequences of the L and R substrates with
the sample preparations and method of analyks {/alues all nonessential G nucleotides removed wer€AAAUAC-
of the observed rate constarii,f) and final yield were CACUCACUAGA-3 and 3-GGAAACCUCACAUCCCAC-
obtained by fitting the yield versus time data directly to first- 3', with the 2,3'-cyclic phosphate of L provided by 23
order kinetics; i.e., yield= Y(1 — &™), wherek = kopsand deoxyribozyme cleavage of a ...UGGGUGCGAI. The
Y = final yield. preparative ligation was performed using 82.5 nmol of L,
Because of the sensitive dependence of 6J12 on pH and75 nmol of 6J12, and 82.5 nmol of R in 1000 of total
Zn?* concentration (Figure 4), we recommend to anyone volume with 1 mM ZnC} for 1 h at 23°C, with purification
using the deoxyribozymes reported here that a sensible rangen 20% denaturing PAGE. The isolated yield wak7 nmol
of pH values and Z#r concentrations should be tested of ligated product. This product was digested with RNase
empirically. For example, it would be reasonable to test pH T1 (Ambion, 3000 units) in 100@L containing Xx of the
values between 7.5 and 8.1 and®Znoncentrations between  manufacturer’s buffer for 50 min at Z&. After RNase T1
0.5 and 2.0 mM. This will ensure that subtle differences in digestion, the desired &G trimer was separated from the
sample preparation and incubation conditions (e.g., temper-longer, flanking RNA sequences by anion-exchange (DEAE)
ature) do not result in suboptimal activities. chromatography@g, 67). The column was prepared with 4
For the deoxyribozyme-catalyzed cleavage experiments of mL of DEAE Bio-Gel agarose (Bio-Rad catalog number 153-
Figures 7 and 10, a typical procedure for the preparation of 0740) packed into a 10-mL plastic pipet and washed
the ligation product (i.e., the substrate for each cleavage successively with 6 mL of water, 6 mL of high-salt buffer
reaction) was as follows. A combination of-%3P-radiola- (1 M triethylammonium acetate [TEAA] at pH 7.0), and 12
beled L substrate (5 pmol), deoxyribozyme (15 pmol), and mL of low-salt buffer (10 mM TEAA at pH 7.0). The sample
R substrate (30 pmol) was annealed inid4of annealing (1 mL from the RNase T1 digestion diluted to 5 mL with
buffer (5 mM Tris at pH 7.5 or 7.9 as appropriate, with 15 water) was loaded and eluted with a stepwise gradient from
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10 mM to 1 M TEAA, collecting fractions of 1 mL volume.
As detected by UV absorbance at 260 nm of undiluted
aliquots from each fraction, the trimer eluted near 350 mM

Hoadley et al.

The missing 2hydroxyl in the BB selection prevents this

particular functional group from acting as the nucleophile
to attack the 23-cyclic phosphate, which data presented

TEAA and the longer flanking substrates eluted above 750 below indicate occurred during the J selection.

mM TEAA. The fractions containing the trimer were

For the J selection effort, six rounds of selection were

combined and evaporated under vacuum (SpeedVac) toperformed, each with a 14-h incubation during the key step.
provide the sample for mass spectrometry. To calculate In round 6, the ligation activity of the pool as a whole was

concentrations for preparing mass spectrometry samples, the~21%, which is comparable to the activity of the pools used
recovery was assumed to be quantitative based on materiato clone our previous Mg-dependent RNA ligase deoxyri-

input into the RNase T1 digestion reaction. For the DEAE
column, the use of TEAA itself as the high-salt component
of the elution buffer was essential. Although 10 mM TEAA
plus increasing concentrations of WE successfully led to
elution of the trimer, this also led to a substantial amount of
an unidentified white residue remaining after evaporation.

Mass Spectrometry of the 6J12 Ligation Product Trimer.

bozymes 46, 47). For the BB selection, 12 rounds were
performed, each with a 3-h incubation during the key step;
the ligation activity was~35% at round 12. Individual
deoxyribozymes were cloned from the round 6 (J) or 12
(BB) pools and characterized for their ability to ligate
RNA. On the basis of preliminary assessment of ligation
activity, four (J) or six (BB) specific clones were sequenced

Electrospray ionization (ESI) mass spectrometry was per- and resynthesized as DNA oligonucleotides by standard

formed in negative ion mode on a Q-Tof Ultima instrument
using a trimer sample dissolved atM in buffer containing

5 mM each of imidazole and piperidine in 1:1 isopropyl
alcohol/water §8). The parent mass calculated fé+AGG-

3 with a 2(3')-monophosphate [MH]~ was 1036.15, and
the parent mass found was 1036:2.1. See the Supporting
Information for tabulation of MS/MS fragmentation data.
Matrix-assisted laser desorption/ionization (MALDI) mass

spectrometry was performed in negative ion mode (linear)

on a Voyager SE-DTR instrument using a trimer sample
dissolved at 1QuM in water. The parent mass calculated

solid-phase methods. These clones were named (for example)
6J12, where 6 denotes the cloned round, J designates the
selection experiment, and 12 is the clone number. The
sequences of the new 6J and 12BB deoxyribozymes are
shown in Figure 2B. Consistent with the lack of sequence
alignment among these deoxyribozymes, the mfold program
(69, 70) did not predict any common secondary structure
(data not shown).

Characterization of Z#/-Dependent RNA Ligation Acti
ity. The deoxyribozymes were assayed for RNA ligase
activity in a trimolecular, catalytic format (Figure 3A). Others

[M—H]~* was 1036, and the parent mass found was 1037 have observed that Zhmust be used with care at basic pH
+ 1. Data were obtained at the UIUC School of Chemical values because of precipitation of zinc oxides (for example,

Sciences mass spectrometry laboratory.

Regrettably, similar mass spectrometry assays could not

be performed on the 6J2 or 12BB8 ligation products. For
6J2, the preparative-scale yields are too low to be practica
For 12BB8, the deoxyribozyme does not tolerate the
sequence changes necessary to remove all extraneous

nucleotides from the substrates (data not shown), and’. . ; 4 "
h Figure 3, using standard incubation conditions of 70 mM

cleavage at these other Gs would likely interfere wit

separation of desired product by anion-exchange chroma-

tography.
RESULTS

In Vitro Selection of Z#-Dependent Deoxyribozymes that
Ligate RNAThe selection strategy to identify Zrdepend-

see ref71). Chelator compounds such as Tris and bis-Tris
have been used to bind and stabilize transition metals such
as Zrt* in solution @4, 65). We therefore performed the

| kinetic assays in Tris buffer, in which the results were

reproducible (some difficulties with reproducibility were
vident in HEPES buffer; data not shown). Representative
inetic data for the four 6J deoxyribozymes are shown in

Tris at pH 7.9 and 23C with 150 mM NaCl, 2 mM KCl,

and 1 mM ZnC}; the pH was chosen on the basis of
experiments described below. Although the J pool was
allotted 14 h for the reaction during each selection round
(Figure 2A), several of the individual 6J deoxyribozymes
require much less time for effective RNA ligation. The fastest
6J DNA enzyme, 6J12, hag,s = 0.5 minm! under the

ent RNA ligase deoxyribozymes was analogous to that standard conditions; maximal ligation is observed in merely

applied previously to obtain Mg-dependent DNA enzymes
(46, 47). In the key selection step, two RNA substrates
(designated the “left-hand” and “right-hand” substrates,
which are abbreviated simply L and R) were joined in a
deoxyribozyme-mediated reaction. As shown in Figure 2A,
the RNA and DNA were arranged as described in our first
RNA ligase selection effort4@). Starting with of an Mo
DNA pool, selection rounds were performed with 1 mMfZn

at pH 7.5 and 37C as the incubation conditions during the
key step in which the two RNA substrates are joined. In

5—10 min. Reactions at 37C generally provided no
improvement in yield compared with Z&. However, 6J2
is higher yielding at 37C than at 23C (see the Supporting
Information), although its ligation yield is modest at either
temperature. For 6J12, variation of [NaCl] or [KCI] from O
to 300 mM has very little effect on the ligation activity (data
not shown).

Because 6J12 has a particularly high value, we focused
substantial effort on its characterization. The pH dependence
of 6J12 ligation activity was analyzed between pH 7.1 and

this study, two separate but related selection procedures were8.5 at 1 mM Zi&" (Figure 4A). The ligation activity exhibited

performed. In the first of these efforts, denoted “J” in

a sharp pH dependence, with maximal activity near pH 7.9.

accordance with our ongoing nomenclature, the right-hand Because of the very sensitive pH dependence and the

RNA substrate had a'%erminal guanosine nucleotide. In
the second effort, denoted “BB”, the right-hand RNA sub-
strate instead had a-ferminal 2-deoxyguanosine nucleotide.

limitation on high pH as a result of zinc oxide precipitation,
it was not feasible to obtain a quantitatively meaningful rate-
versus-pH analysis. At pH 7.9, the Znconcentration
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A

a2p ligation

¥ L 3 lHog R > deoxyribozyme  Kops (min?) RNA linkage?
3.I1IIIIIIIIIII E IIIIIIIIIIIII5I 6\]12 050 Iinear,3_2, OI'Z_Z'
6J1 0.044 same as 6J12
6J18 0.061 same as 6J12
6JZ 0.018 linear 3-2' or2—-2'
B — (whichever is not formed by 6J12)
. 12BB1 0.056/0.060 linear 2—5' (non-native)
0.5 20 min 12BB2 0.077/0.060 linear25' (non-native)
N ——e 1 12BB5 0.020/0.013  linear' 35 (native)
12BB12 0.011/0.0039 linear-35' (native)
6J12 12BB6 0.065/0.046  'Z-branch or 22'-branch
23 °C 12BB8 0.107/0.056  'B'-branch or 22-branch

Tris, aIncubation conditions were 70 mM Tris at pH 7.9 (for the 6J
pH7.9 deoxyribozymes) or pH 7.5 (for the 12BB deoxyribozymes), 150 mM
NaCl, and 2 mM KCI at 23C. See Figures 3 and 5 for representative
-—————— | kinetic data? See Figures 1 and 11 for linkage structures, and see the
text for an explanatiort The kops value for 6J2 was obtained at 3C
(o] ] instead of 23°C. 9 The two kys Values are given for ligation using
right-hand RNA substrates with-8G and 5G, respectively (see the
text and Figure 5 for details).

Table 1: Summary of Ligation Rates and RNA Linkages Formed
by the Zr#*-Dependent Deoxyribozymes

(deoxyribozyme)

extended incubation (Figure 4C and the Supporting Informa-
] tion). For 6J1 and 6J18, analogous assays also revealed no
204 23°C ligation activity for metal ions other than Zh Because of
Tris, pH7.9 its relatively low ligation yield even under optimal incubation
cqnditions With' Zi", 6J2 was not tested comprehensively
N e with regard to its metal dependence.
0 5 10 15 20 Analogous kinetic studies were performed for the 12BB
: deoxyribozymes (Figure 5). These experiments were con-
D oo PRI , S ducted under the BB selection conditions of pH 7.5, 1 mM
Zn?t, and 23°C, and substantial ligation activity was
Tris, pH 7.9 observed in all cases. The effects of varying the pH arfd Zn
23°C (6J1, 6J18) concentrations were not tested for these deoxyribozymes,
o 5 (617) although their inactivity with Mg~ was verified 0.5%;
o data not shown). For 12BB6 and 12BBS, the ligation rate
and yield were equivalent for right-hand RNA substrates with
I either G or 2-deoxy-G (dG) as the'Serminal nucleotide
(Figure 5, filled versus open symbols). In contrast, for the
G' SR AR . other four 12BB deoxyribozymes, the ligation yield was
time, min higher for the R substrate with &trminal dG, which was

. 3 RNA ligati tivity of the ZA"d dent 63 the substrate used during the selection itself.
IGURE 3: igation activity of the -dependen . . g
deoxyribozymes. (A) Trimolecular format of the ligation assay. (B) Background Reaction Assaysefore analyzing the struc

Representative 20% PAGE image for RNA ligation as mediated {Ures of the RNA linkages created by the new deoxyri-
by the 6J12 deoxyribozyme (70 mM Tris at pH 7.9, 150 mM NaCl, bozymes, we examined the background ligation reactions that
2 mM KCI, and 1 mM ZnCj at 23°C). (C and D) Kinetic plots  occur when the RNA substrates are annealed to an exactly
for 6312, 6J1, 6J18, and 6J2 under the conditions of (B), except atcomplementary DNA splint instead of a deoxyribozyme.

37 °C for 6J2. See Table 1 fds values. For 6J2, an additional . . . .
data point at 240 min falls directly on the fit line but was omitted These data provide a baseline for understanding the inherent

for clarity. See the Supporting Information for full data sets for Preferences in ligation reactions of2-cyclic phosphates.
each of these deoxyribozymes. At pH 7.9, 1 mM Zt, and 23°C, merely ~3% RNA

ligation was observed in 12 h with the splifugs ~ 3 x
dependence of 6J12 ligation activity was examined in detail. 10~ min~! under the standard incubation conditions; see the
A sharp drop in 6J12 ligation yield was observed when the Supporting Information). This value fdtygq iS Similar to
Zn?* concentration was either raised or lowered from its that observed with Mg under similar conditions 4@),
optimal value of ~1.0 mM (Figure 4B). Finally, we  whereas essentially no reaction is observed when divalent
established that the 6J deoxyribozymes are truly*Zn ions are omitted altogether (1 mM EDTA).
dependent by assaying the ability of other metal ions to We assayed the small amount of?Ziackground ligation
mediate RNA ligation. All four of the 6J deoxyribozymes product to determine the structure of its linkage. Using two
were completely inactive when tested with Mdnstead of previously described approachds), the background prod-
Zn*t (<0.5% ligation in 24 h at 40 mM Mg, pH 7.5, and uct was incubated either with the-87 deoxyribozymeX(4)
37°C; data not shown). For 6J12, ligation assays with'fNi  [which selectively cleaves native-35' linkages 46)] or at
Ce?t, Ccf*, or Ci#t at 10uM, 100 uM, 1 mM, or 10 mM 100 mM Mg and pH 9 with the exactly complementary
gave in each case no observable ligation activity even uponDNA oligonucleotide [which selectively cleaves non-native
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a 2,3-cyclic phosphate. This preference is independent of
which divalent metal ion is present, although the presence
of a metal is required for observable reaction.

The identification of the Z#&", Mg?", and Mrf* back-
ground products as'25' was further supported by patrtial
alkaline hydrolysis and RNase T1 digestion assays (Figure
6C), which were later applied to the products of the new
Zn?"-dependent deoxyribozymes (see below). A conventional
alkaline hydrolysis assay generates a regular “ladder” by
random cleavage of RNA along its backbone. This occurs
by attack of an individual 2hydroxyl on its adjacent
phosphodiester linkage (technically, this is transesterification
and not hydrolysis). An unbroken ladder for each background
product confirmed its linearity, because a branched product
would have a characteristic gap within the laddgt, (73).
RNase T1 cleaves specifically after G nucleotides, providing
bands that align with the appropriate counterparts in the
alkaline hydrolysis ladder. Digestion of each background
product provides the expected G-specific bands. However,
the band corresponding to cleavage after G &&Awhere
the arrow denotes the ligation site) is very faint, as observed
for RNase T1 digestion of thé 25" standard RNA but not
for the 3—5' standard RNA, which cleaves normally.

The Four 6J Deoxyribozymes Create Two Different RNA
Linkages.In addition to the ligation kinetics and yield, the
other major issue for the products from the new deoxyri-
bozymes is of course their linkage. Ring-opening reactions
of 2',3-cyclic phosphates are inherently reversible, because
the 2-hydroxyl or 3-hydroxyl leaving group remains co-
valently attached after opening (Figure 1). To provide
information on the structural relationships among the various
ligation products, we first determined the extent to which
each of the four 6J deoxyribozymes can cleave its own
product and also the products from the other three deoxyri-
bozymes. This experiment is important for determining the
absolute number of different ligation products created by the
collection of deoxyribozymes. The-%P-radiolabeled prod-
uct from each of the four 6J deoxyribozymes was incubated
separately with each of the four 6J deoxyribozymes under
the standard incubation conditions used for ligation, and the

concentration, and metal-ion identity. (A) pH dependence of 6J12 cleavage progress for each of these 4 = 16 experiments

at 23°C. The pH was maintained with 70 mM Tris at the indicated
values; the other solution components were 150 mM NacCl, 2 mM
KCI, and 1 mM ZnC}. At pH 7.1 or 8.5, there was no detectable
ligation product £0.5% yield at 20 min)kysvalues (minl): pH
7.5,0.13; pH 7.7, 0.39; pH 7.9, 0.54; and pH 8.1, 0.48. (B¥{Zn
dependence of 6J12 activity (70 mM Tris at pH 7.9, 150 mM NacCl,
and 2 mM KCI at 23°C). Yields are the averagg standard
deviation of three determinations at eact¥Zooncentration. (C)
Metal-ion dependence of 6J12 activity. The RNA ligation reaction
was performed under standard conditions (70 mM Tris at pH 7.9,
150 mM NaCl, and 2 mM KCI at 23C) in the presence of either

1 mM ZnCh, NiCl,, CoCh, or CdC}. For the ZA+ assay, timepoints

was monitored (Figure 7). The 6J12 deoxyribozyme cleaved
the ligation products from the 6J12, 6J1, and 6J18 deoxyri-
bozymes with experimentally indistinguishable ratess&

0.2 mirm! and~40% final yield in all three cases), whereas
the 6J2 product was barely cleaveds@ yield). Similarly,

the 6J1, 6J18, and 6J2 DNA enzymes each showed an
unambiguous distinction between their cleavage abilities for
the 6J12/6J1/6J18 products and the 6J2 product. The simplest
explanation for these data is that the four 6J deoxyribozymes
collectively create just two different RNA linkages. Specif-

were taken at 0.5, 2, and 10 min; for the other assays, timepointsica”y, 6J12, 6J1, and 6J18 all create the same linkage

were taken at 0.5 min, 4 h, and 24 h. For a more comprehensive

version of the experiment showing data for all of these ions and
also for CuC} from 10 uM to 10 mM, see the Supporting
Information.

2'—5' linkages 46, 72)]. The results clearly reveal that the
Zn?* background product is d-25' phosphodiester linkage

(hereafter termed merely the “6J12 product”), which is
distinct from the 6J2 product. This conclusion greatly assists
the subsequent experiments, because only two 6J liga-
tion products instead of four need to be assayed in greater
detail.

RNA Linkages Created by the 6J Deoxyribozymes Are

(parts A and B of Figure 6). The same outcome is also found Neither 3—5' Nor 2—5'. Several bioichemical assays were

upon testing the Mi and Mr?™ background products, which
suggests an inherent preference for formihg2 linkages
upon uncatalyzed, templated reaction of ddroxyl with

used to provide more information on the two RNA linkages

formed by the 6J deoxyribozymes. As shown in Figure 8,
the B-32P-radiolabeled 6J12 and 6J2 RNA ligation products
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Ficure 5: Ligation activities for individual 12BB deoxyribozymes. Incubation conditions were 70 mM Tris at pH 7.5, 150 mM NacCl, 2

mM KCI, and 1 mM ZnC} at 23°C. The 3-terminal nucleotide of the right-hand RNA substrate was either G (filled symbols)-or 2
deoxy-G (dG; open symbols). See Table 1 kgy; values.
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Ficure 6: Analysis of the background ligation products formed with 1 mM*Zfor 40 mM Mg+ or Mn?") and an exactly complementary
DNA splint instead of a deoxyribozyme. (A) Cleavage assay with th&Bdeoxyribozyme, which selectively cleavés-8' linkages { =

0—7 h). (B) Cleavage assay at 100 mM Mgand pH 9.0 in the presence of the exactly complementary DNA oligonucleotide, which
selectively cleaves'25' linkages { = 0—7 h). See re#i6 for the assays of (B) and (C) performed on standareb3linked and 2—5'-
linked RNAs as control experiments that validate this approach. (C) Partial alkaline hydrolysis (AH; 50 mM BlaH@D9.2 and 90C

for 10 min) and RNase T1 digestion assays. The brackets mark key bands that distingidhodn 2 —5' linkages in RNase T1 digestion.
The lower of the two bracketed bands observed for th663RNA is present only in greatly reduced intensity for the-2 RNA. This is
because RNase T1 has difficulty cleaving after the G 88@ when the indicated ligation junction i$-%', although cleavage after the
next G to the 3side is unaffected (upper bracketed band).

were analyzed using the partial alkaline hydrolysis and alkaline hydrolysis ladder (typically a 10-min incubation for
RNase T1 digestion assays that were previously applied to“single-hit” conditions, which provide<50% cleavage). This
the background ligation products in Figure 6C. Upon alkaline indicates that the new bonds are neither nati*e53 nor
hydrolysis, the 6J12 and 6J2 ligation products quickly revert non-native 2-5' linkages, because both of these natural
to the left-hand substrate RNA as the clearly dominant band, linkages are relatively stable and contribute normally to a
instead of providing a nonspecific ladder (Figure 8; a nonspecific alkaline hydrolysis ladder (Figure 6C). The
secondary degradation ladder is apparent). This indicates thatomplete absence of the RNase T1 band corresponding to
the ligation products are unusually base-labile at the newly cleavage after the G ofi& also indicates that the 6J products
formed bond. Complete reversion to the left-hand substrateare neither 3-5' nor 2—5', because these standard RNAs
occurs withty, &~ 2 min at 90°C (data not shown), which ~ show this particular RNase T1 band with high and low
is orders of magnitude faster than formation of a nonspecific relative intensity, respectively (Figure 6C).



9224 Biochemistry, Vol. 44, No. 25, 2005 Hoadley et al.

6J12 deoxyribozyme s 6J1 deoxyribozyme 6J12 6J2 3-5'
) AlG  AlG std
40 . v L —AHT1 — AHT1 — AHT1
ES ES
o a0 < 104 . . ---
5} ©
2 cleavage of 2 i
S 2 —e— 6J12 product S H
g <9 -B— 6J1 product Y .
3 ---&-- 6J18 product S 51 - (g
S —— 6J2 product < —e— 6J12 product =
104 -3— 6J1 product —%
---#&--- 6J18 product —A
—— 6J2 product [ ] [ ] [ ] = g
03 T T T T (U e S R BN B e e e A . . - AE lig
0 10 20 30 40 0 60 | 120 180 240 = - L
time, min time, min — R
=u
60 6J18 deoxyribozyme 40 6J2 deoxyribozyme i g
el 1 ¢
50+ -u
N N 30 -C
; 40 P 5 = A
% ] —@— 6J12 product %
= | -3 6J1 product = -G
g 30 ---#&--- 6J18 product g 201
Y 642 product Y cleavage of -C
®© 204 ® .
% % 104 —e— 6J12 product H
-3— 6J1 product 5
104 ---&--- 6J18 product
—/— 6J2 product
0 01* T T T T T T T T T T T T
0 60 120 180 240 0 60 120 180 240
time, min time, min

Ficure 8: Partial alkaline hydrolysis and RNase T1 digestion assays
of the ligated RNA products from the 6J12 and 6J2 deoxyribozymes.
The ligation products were subjected either to no incubation (

Ficure 7: Cleavage of the 6J ligation products with the 6J
deoxyribozymes. Each of the four 6J deoxyribozymes cleaves the

6J2 product ¥) with a different rate and yield than the products . . ) . .
from the other three deoxyribozymes. These kinetic data separat(ﬁo‘"“t""lI alkaline hydrolysis (AH), or treatment with RNase T1-L

: i eft-hand RNA substrate standard with'a32cyclic phosphate. The
?n%per‘c])gupcrtgdls(t:ct). two distinct types, termed here the 6J12 prOOIUCtfar right set of lanes are the assays performed on-&'dinked

RNA standard. The sequence on the right side of the gel corresponds

Mass Spectrometric Analysis of the 6312 Ligation Product. [0 the ligated RNAs with a'3'5 linkage. See Figure 6C for these
. o . assays performed on a-%5'-linked RNA standard. The brackets

.TO prov_lde a qualitatively different type of stru_ctural denote the key difference in the RNase T1 digestion pattern between
information, we pursued mass spectrometry analysis of thethe g3 products and thé-35' standard, similar to the bands marked

6J12 ligation product. A trinucleotide fragment that contains in Figure 6C.

the newly created linkage was excised from the long ligation

product, taking advantage of the fact that RNase T1 does(i.e., not the 5terminal nucleotide) were to provide the
not cleave after the G of W& (Figure 8). To provide a  nucleophile. Unfortunately, the 6J2 product could not be
suitable substrate for this RNase T1 cleavage reaction,similarly analyzed because of low preparative-scale ligation
appropriate RNA sequences were ligated by 6J12 to form yields. More detailed considerations of the possible unnatural
the product 5..GAIGG|A...3, where the vertical bars denote linkages created by the 6J deoxyribozymes are deferred until
incipient RNase T1 cleavage sites (i.€.pBa G nucleotide) after the 12BB deoxyribozyme products are described.
and the arrow denotes the deoxyribozyme ligation site. The Various 12BB Deoxyribozymes Create Eithér3 Link-
RNA substrates for this experiment were carefully redesigned ages, 2—5' Linkages, or Unnatural Linkageshe 12BB

to remove all G residues except the three that surround theligation products were examined using the same array of
new linkage as written above; these sequence changes arbiochemical assays that were applied above to the 6J and
fortunately permitted by the 6J12 deoxyribozyme (see the background ligation products (Figure 9). The data unambigu-
Supporting Information). RNase T1 digestion of the product ously reveal that the collection of 12BB deoxyribozymes
then forms an AGG trimer plus two longer flanking forms three different products: the native-3' linkage (by
sequences as a 17-mer and a 16-mer (see the Experimentdl2BB5 and 12BB12), the non-nativé-2%' linkage (by
Procedures). The smalli&G trimer containing the new 12BB1 and 12BB2), and at least one unnatural linkage that
linkage was readily separated from these longer cleavageis neither 3—5' nor 2—5' (by 12BB6 and 12BB8). Each of
byproducts using DEAE anion-exchange chromatography the latter two deoxyribozymes is observed to cleave both its
(66, 67), and the purified trimer was analyzed by ESI own product and the other product with indistinguishable

MS/MS and MALDI mass spectrometry. rate constants (see the Supporting Information), suggesting
Using MALDI, the parent mass for the 6J12 product was that these two products are identical. Therefore, only 12BB8

as expected for 'SAVGG>p-3 in which the 2,3-cyclic was considered further.

phosphate Xp) has been hydrolyzed to thé(2)-mono- Correlating the Unnatural Products from the J and BB

phosphate, as often occurs with ribonucleases. The sameSelections: Formation of Three Different Unnatural RNA
parent mass that was expected for tR&& trimer was also  Linkages.The unnatural 6J12, 6J2, and 12BB8 products
observed using ESIMS. As shown in detail in the Sup- cleave rapidly and specifically under alkaline hydrolysis
porting Information, the observed ESI MS/MS fragments conditions (Figures 8 and 9). The rate constants for these
confirm that the linkage is between the terminalGA reactions were determined quantitatively at lower temperature
nucleotides and is not a branched linkage, as would be (60 °C) than used in standard alkaline hydrolysis conditions
formed if an internal nucleotide of the right-hand substrate (90 °C), such that the;, values were larger and could
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Ficure 9: Linkage assays for 12BB ligation products. (A) Partial time, h

alkaline hydrolysis. For preparation of these products, the 5
terminal m}/cleot)i/de of the r?ghEhand RNA substratpe Wasedxy-G Ficure 10: Cleavage assays to correlate the three 6J12, 6J2, and

(dG), as was the case during selection itself. Therefore, in each12BB8 ligation products. Compare with Figure 7, which shows
ladder, an expected 1-nucleotide gap is observed at the ligationan@logous cleavage assays among the four 6J deoxyribozymes and
site, which is denoted by the small arrowhead on the right side. As their products.

expected, analogous assays on the products prepared witG a 5

substrate showed an unbroken ladder (data not shown). However6J2, and 12BB8 products were analyzed in cleavage assays
instead of a regular ladder, the 12BB6 and 12BB8 products show yjth each of these three deoxyribozymes (Figure 10,
apid revrson 0 (e intal substates, imcaing 1l ey ae consiuing 3 3— 9 experiments nal) this s imiar 0
age assays with the-87 deoxyribozyme (3-5'-selective:ty, = the assays for.the four 6J deoxynbozymes and their proc_jucts,
12—14 min), performed on the four 12BB products that showed a as shown in Figure 7. The data in Figure 10 clearly indicate
regular alkaline hydrolysis ladder and are therefore linear. Only that the 12BB8 product is different than either the 6J12
the 12BBS and 12BB12 products are-5'-linked. (C) Cleavage  product or the 6J2 product, and from Figure 7, the latter two

assays at 100 mM Mg and pH 9.0 in the presence of the exactly .
complementary DNA oligonucleotide’(25-selectivety = 9—12 products were already known to be different from each other.

h). Only the 12BB1 and 12BB2 products are-%'-linked. (D) Therefore, all of the three 6J12, 6J2, and 12BB8 products
RNase T1 digestion of the 12BB6 and 12BB8 products. The are pairwise-distinct, and because none of them h&vé'3

brackets enclose the positions of two missing cleavage bands relaor 2—5' linkages, these three products represent three
tive to the 3—5' standard (compare bracketed bands in Figure 6C (ifferent unnatural RNA linkages.
and Figure 8). For preparation of all ligation products for (&), Explicitly Testing the Possibility of Various Linear and
the B-terminal nucleotide of the right-hand RNA substrate was G. P y! g y of

Branched Linkages for the Deoxyribozymes that Form

therefore be measured with greater accuracy. All of the Unnatural LinkagesFor the 6J12, 6J2, and 12BB8 deoxy-

linkages were cleaved with,, ~ 10 min at 60°C (see the ribozymes that form different unnatural RNA linkages, a
Supporting Information), suggesting a similar structure. To strong possibility is that one or more of these DNA enzymes
correlate their structures more precisely, the unnatural 6J12,uses a 2hydroxyl group from the right-hand (R) RNA
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Ficure 11: Possibilities for the unnatural RNA linkages formed
by the 6J12, 6J2, and 12BB8 deoxyribozymes. (Ay23 and
2'—2' linear linkages that would be formed by attack of the terminal
guanosine 2hydroxyl of the right-hand RNA substrate (R) on the
2',3-cyclic phosphate of the left-hand RNA substrate (L), with the
2'- or 3-oxygen of the cyclic phosphate as the leaving group, -~ pn—
respectively. (B) The '23-branched and'2'-branched linkages
that would be formed by attack of an intern&l®/droxyl of R on
the 2,3-cyclic phosphate of L, shown here using tHehgdroxyl Ficure 12: Experimentally testing the removal of individuat 2

group of the second nucleotide. Analogous branched products arehydroxyl group nucleophiles from the R substrate (ohRby&iroxyl
possible using an internal-Bydroxyl group from further down at a time) with the 6J12, 6J2, and 12BB8 deoxyribozymes. The
the R substrate strand. All unnatural linkages are named systematifour 5-terminal nucleotides of the R substrate used in each kinetic
cally following the conventions for naturally occurring-%' and assay are shown € 0.5, 2, and 10 min for 6J12; 0.5, 30, and 120
2'—5' linkages (i.e., native and non-native linear linkages) and for min for 6J2; and 0.5, 15, and 90 min for 12BB8), where (dG) or
naturally occurring 25'-branched linkages, which are distinct from  (dA) denotes the singl€-2leoxy-G or 2-deoxy-A in each substrate
the branches shown here (see the Discussion). In all structures, theas appropriate. No activity<0.5%) is detected with the (dG)GAA
3'-terminal adenosine nucleotide of the L substrate (formerly bearing substrate for 6J12 and 6J2, whereas no activity is detected with
the 2,3-cyclic phosphate) and the first three nucleotides of the R the G(dG)AA substrate for 12BB8.

substrate (5GGA...) are drawn explicitly. The newly formed bond

is marked with an arrow; the oxygen of the guanosinbyziroxyl branched linkages cannot be formed if the corresponding
nucleophile is adjacent to the arrowhead. internal 2-hydroxyl group of R is omitted.

Using four separate R substrates, each with a single 2
substrate as the nucleophile to attack th& Zyclic phos-  deoxy substitution at one of the first four nucleotide positions

phate of the left-hand (L) RNA substrate. If the nucleophile (5-GGAA...), these key experiments were performed (Figure
is the 2-hydroxyl group of the 5terminal nucleotide of R,  12). The clear outcome very strongly suggests the identities
this would lead to a'3-2' or 2—2' linear linkage (Figure  of the three unnatural linkages from the 6J12, 6J2, and
11A), depending on which oxygen of the cyclic phosphate 12BB8 deoxyribozymes. Both 6J12 and 6J2 fail completely
serves as the leaving group. Alternatively, if an interral 2 with a 5-terminal 2-deoxyguanosine R substrate(8G)-
hydroxyl of R is the nucleophile, then &2-branched or  GAA, but they retain substantial activity when thed2oxy
2',2-branched linkage would be formed (Figure 11B). substitution is at any of the three internal nucleotides. The
Distinguishing these potential products by direct spectro- simplest explanation is that 6J12 and 6J2 create th€'3
scopic analysis is extremely challenging largely because ofand 2—2' linear linkages, in one of the two possible
the small amount of material available. Fortunately, informa- combinations (which deoxyribozyme creates which of the
tion on the linkages may be gleaned from simple functional isomeric linkages cannot be assigned from these data). In
assays in which individual 'zhydroxyl groups of R are  sharp contrast, 12BB8 retains activity with 'atérminal 2-
omitted one at a time and the deoxyribozyme ligation deoxyguanosine R substrate; therefore, it does not create
activities are assessed. The-2' and 2—2' linear linkages either the 3-2' or 2—2' linear linkage. However, 12BB8
cannot be formed if the'zhydroxyl group of the terminal R fails completely when the'leoxy substitution is made at
nucleotide is missing. Conversely, the32branched or 22 - the next nucleotide position'®&(dG)AA...; activity is
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retained when either of the next two nucleotides (adenosines)ref 46 for a more complete discussion of this issue).
is 2-deoxy. The simplest explanation is that 12BB8 creates Considering the relatively high background rate for the
either the 23-branch or 22-branch that is formed upon reaction of a cyclic phosphate, these rate enhancements are
attack of the 2hydroxyl of the second guanosine nucleotide considerable. In additiofksvalues of~0.5 mirt approach

of R at the 2,3'-cyclic phosphate of L. the recently postulated “speed limit” for naturally occurring
nucleic acid enzymeg 4, 75), suggesting that Z2m permits

DISCUSSION deoxyribozyme reaction rates that are fast on an absolute
scale.

We previously reported the in vitro selection of deoxyri-

bolgymeshthat use I\tlfg as thef d!valent metal-ion coflactor bozymes such as 6J12 are quite fast even without reselection
to ligate the RNA substrates of Figure4s(-50). For unclear i yrove their activities. In comparison, our analogous

mechanistic reasons, all of these deoxyribozymes selectivelygqactions usin initially provided deoxvribozvmes with
mediate formation of '2-5' linkages from a 5hydroxyl and rates only on ?h?%rder gpr.Zh at pH 7¥5 an)(; 40 mM
a 2,3-cyclic phosphate. Notably, nativé-35' linkages are 12+ (46) and reselections were necessary to improve the

not formed,. and neither_ are various u_nnatural Iink_ages that rates into the 0.5 mirt range of 6J1249). The kyps of 0.5
would require the reaction of alternative nucleophiles such . -1 (tz = 1.4 min) for 6J12 is much higher than

as the 2hydroxyl on the 5terminal nucleotide of the right- demanded by the J selection strategy, in which 14 h was
hand RNA substrate. Others have successfully used transition, | teq during the key selection step. This observation

nr:etz:]ls such as 2 in Ise_lectl(_)n_s_ for_nulclg_m acid enlzymes provides a counterpoint to the common and otherwise
that have various catalytic activities, including RNA cleavage gonarq|ly reasonable assertion that selections provide mini-

(10, 17, 22-27, 31, 32). Here, we+s_ought to determine the 511y competent solutions to the chemical problem that is
effects of using Z#t instead of M@" in selections for DNA posed 76). On the other hand, it is intriguing that the sharply
enzymes that ligate RNA. The results show dramatic effects optimum Zr¥* concentration of-1.0 mM for 6J12 (Figure

on both the rates a_nd the ligation junction se_lectivities. 4B) is the same concentration that was used during the
Notably, for the first time, we have found deoxyribozymes gejection procedure itself. Without repeating the entire
that catalyze formation of nativé-35' RNA linkages from  seaction effort many times using differentZrconcentra-

2',3-cyclic phosphate substrates (although the particular tions, it is impossible to know more generally if the2Zn
deoxyribozymes that we have identified are likely not useful optimum will always correlate directly with the 2h

in a practical+sense for 35 RNA ligation). We have also ., centration used during selection. For 6312, the substantial
found that ZA* enables formation of many ligation products, drop in yield upon raising the Zh concentration above its

n contrast+to Mg" that has p_rowded lonly’25' Ilr)kages, optimum suggests inhibitory metal-binding sites, but more
and that ZA enaples very rapid RNA ligation. An important experiments are needed to test this hypothesis.

general conclusion from our data is that t_he identity of the Synthesis of Nate 3—5' RNA Linkages by 2A-Depend-
metal-ion cofactor plays a substantial role in DNA-catalyzed ent Deoxyribozymeghe formation of native'3-5 linkages

reactions of RNA substrates. by the 12BB5 and 12BB12 deoxyribozymes (Figure 9) is
Using Zr#* as the Cofactor instead of Mg Effects on  the first example of deoxyribozymes that create™ RNA
RNA Ligation ACTII/Ity In the J selection, the onIy critical |inkages by reaction of a'z'_cycnc phosphate_ The use of
parameter that was changed relative to the selection in ourznz+ was key to this outcome, because all previousMg
original paper 46) was the divalent metal ion. Using 1 MM dependent deoxyribozymes that ligate RNA by reaction at a
Zn?* in place of 40 mM M@* (Figure 2) had dramatic effects  cyclic phosphate form'25' linkages #6—50). Others have
on the outcome of selection. One clear effect is that some described a Z#t-dependent deoxyribozyme that cleaves
of the resulting ZA*-dependent deoxyribozymes are at least 3 —g linkages (with formation of a cyclic phosphate), but
an order of magnitude faster than their Mgounterparts,  no ligation activity was detectedL). Using an entirely
with kopsup to 0.5 min* at 23°C and pH 7.9 for 6J12 (Figure  different ligation reaction, that of a termindtBydroxyl with
3). The 6J deoxyribozymes are highly sensitive to both pH 3 5-triphosphate, we have recently identified Melepend-
and the ZA" concentration (at least for 6J12), and they are ent deoxyribozymes that specifically synthesize RNA
truly Zn?*-dependent (Figure 4). For the BB selection, the |inkages b4) and have separately outlined a general approach
2-hydroxyl was absent from the'-ferminal guanosine of  to force selections involving this other chemical reaction to
the right-hand RNA substrate. This selection also led to pro\/ide 3-5 |inkages 66) However, it should be empha-
deoxyribozymes with substantial ligation activity (Figure 5), sjzed that there is no necessary relationship between deoxy-
including one rather fast DNA enzyme (12BB8) wis ~ ribozymes that catalyze these two entirely different chemical
0.1 mirt at 23°C and pH 7.9. reactions. It is important for practical reasons to develop
For the 6J12 deoxyribozyme, the hih,s of 0.5 mirm?® RNA ligation approaches that make use df32cyclic
and the background rate data (Figure 6) lead to a calculatedphosphate substrates, because these substrates are readily
rate enhancememtpdkokga Of ~17 000 (i.e., on the order of  available from both intra- and intermolecular RNA-process-
10%. This calculation assumes that the exactly complemen- ing reactions that use ribozymes, deoxyribozymes, or pro-
tary splint provides an appropriate background reaction with tein enzymes{7—81). Therefore, our present results with
which to calculate the rate enhancement. However, usingZn®t-dependent deoxyribozymes and cyclic phosphate sub-
this splint may in fact overestimate the background rate, strates are a substantial advance toward practical formation
because the deoxyribozyme does not necessarily hold theof 3—5" RNA linkages.
substrates in the same relative spatial orientation as the splint. Although 12BB5 and 12BB12 indeed create natilre 3
Thus, the actual rate enhancements may be even higher (seknkages using a'Z'-cyclic phosphate, these specific deoxy-

Remarkably, the Zii-dependent RNA ligase deoxyri-
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ribozymes are probably not optimal for general synthesis of ligation products are highly base-labile (Figures 8 and 9A).
3'—5'-linked RNA. One concern is that these specific deoxy- In view of these considerations, the most likely candidates
ribozymes prefer a’'&erminal dG insteadfa G nucleotide for the three unnatural linkages are the structures shown in
on their right-hand RNA substrate (Figure 5). A second issue Figure 11, each of which arises from attack of a terminal or
is that the ligation yields are not very high, particularly internal 2-hydroxyl group of the right-hand RNA substrate
with a 5-terminal G (Figure 5). A third issue is that these at the 2,3-cyclic phosphate of the left-hand RNA substrate.
DNA enzymes are likely to have particular sequence re- Identifying the Unnatural RNA Linkages: Experimental
quirements for their RNA substrates, although this has not Evidence.The most compelling evidence for assigning the
been tested comprehensively. For other deoxyribozymes thatstructures of the three unnatural RNA linkages formed by
were selected using a strategy where single-stranded RNA6J12, 6J2, and 12BB8 derives from the functional assays
overhangs were present in the RNA substrates, we havethat use 2deoxy substitutions in the R substrate (Figure 12).
generally observed substantial sequence requirements for th&he complete lack of ligation activity upon deleting a single
substrate nucleotides near the ligation junction (e.g.,48fs  2'-hydroxyl group is most simply explained by assigning that
and52). In ongoing efforts, we are using Znas the cofactor  particular 2-hydroxyl group as the nucleophile in the ligation
in new deoxyribozyme selections aimed specifically at reaction. This leads directly to the conclusion that 6J12 and
preparatively useful synthesis of-3%' RNA linkages from 6J2 create the'3-2' and 2—2' linear linkages in one of the
2',3-cyclic phosphate substrates with tolerance of any RNA two combinations (Figure 11A), whereas 12BB8 creates
substrate sequences. either the 23-branch or 22-branch (Figure 11B).

Identifying the Unnatural RNA Linkages: Structural The assigned unnatural linkages are corroborated by the
ConsiderationsUnexpectedly, many of the deoxyribozymes RNase T1 digestion assays. The single “missing” RNase T1
from the J and BB selections are found to create unnaturalbands in Figure 8 are consistent with the postulated unnatural
RNA linkages that are neithef-35' nor 2—5'. Specifically, linear structures for the 6J12 and 6J2 products. In these
the 6J12 and 6J2 deoxyribozymes form two different products, only the 'sterminal guanosine has its-Bydroxyl
unnatural linkages, and 12BB8 creates a third unnatural group occupied in a covalent bond, such that RNase T1
linkage (Figures 7#10). For each of 6J12, 6J2, and 12BB8, cannot catalyze RNA cleavage at that particular nucleotide.
whatever the identity of the attacking nucleophile into the Similarly, the two missing RNase T1 bands in Figure 9D
2',3-cyclic phosphate, two isomers of the products are are consistent with the postulated unnatural branched struc-
possible, depending on whether thHe @ 3-oxygen of the ture for the 12BB8 product. Here, the internal guanosine 2
cyclic phosphate serves as the leaving group. For-a 5 hydroxyl group is occupied in a covalent bond, and RNase
hydroxyl nucleophile, these products are the standar®'3 T1 cleavage of the single-nucleotideduanosine tail of the
and 2—-5' linkages respectively, but neither of these linkages branch does not cut the RNA strand into two large fragments;
is formed by 6J12, 6J2, and 12BB8. therefore, two RNase T1 digestion bands are missing.

Solely on the basis of the chemical reactivity of the = The mass spectrometry data support the assignment of the
substrate (i.e., before considering the stability of the possible 6J12 product as either the-3' or 2—2' linear linkage and
ligation products), possible nucleophiles from thée€sminal not the 2,3 -branched or 22'-branched linkage. Both of the
nucleotide of the right-hand substrate (other than the 5 linear unnatural linkages of Figure 11A should give rise to
hydroxyl group itself) are the'zhydroxyl group 61, 53), the observed '5AIGG-3 trimer after RNase T1 digestion
the guanosine ©atom @2), the guanosine Natom g3, 84), of the ligated product, whereas neither of the branched
and the guanosine?itom @85—87). Further along the right-  linkages of Figure 11B could lead to such a trimer. Because
hand substrate strand, each interrighyroxyl group is also  the trimer is in fact observed by mass spectrometry, the two
a potential nucleophile, as are specific atoms of the internal branched linkages are strictly excluded as the 6J12 product.
nucleobases. Considering the chemical stability of the Formation and Stability of Various “Branched RNA”
possible ligation products helps to rule out some of the Linkages.The 2,3-branched linkage shown on the left of
products that would involve these nucleophiles. The ligation Figure 11B is structurally equivalent to the branch that Tuschl
products from attack of Nat the 2,3 -cyclic phosphate would et al. proposed is formed by a selected ribozyr@é).(
almost certainly be unstable because of intramolecular However, their very inefficient ribozyme (for which the
displacement at P by the neighboring &r 3-hydroxyl reaction rate is barely above the background RNA degrada-
group. Experimentally, none of the three unnatural ligation tion rate) is specific for a particular combination of RNA
products is reactive upon NaBfdniline treatment that is  substrate sequences. Furthermore, their ribozyme becomes
known 4) to cleave N-alkylated guanosines (data not covalently incorporated into the ligation product, and its site
shown), which is direct evidence against guanosirieadl of branch formation could not be mapped precisely. Similar
the nucleophile. Similarly, putative linkages formed between to our finding, their nonstandard junction is very base-
0%G and P would almost certainly be inherently unstable sensitive, with a reported alkaline hydrolysis ~ 1 min
(e.g., ref88); therefore, such products are also unlikely. In under slightly different incubation conditions than those used
contrast to Nland GG, the possibility of the guanosine?N  here, for whichty, ~ 2 min at 90°C. Another report on
amino group acting as a nucleophile cannot be discountedstructurally related '3-3' linkages was recently published
out of hand, because this functional group is known to be (91), and the kinetic data for base lability are quantitatively
nucleophilic in several natural contex&5(-87). However, consistent with our observations. In all of these cases, the
several guanosine®phosphoramidate derivatives have been increased base lability of the unnatural linkage relative to a
synthesized and are stable under highly basic condit&®)s (  natural 3—5' or 2—-5' linkage apparently derives from the
This argues strongly against guanosirfeal the nucleophile  weaker basicity and therefore greater leaving group ability
for the 6J12, 6J2, and 12BB8 deoxyribozymes, because theirof a ribose 23')-hydroxyl group as compared with &-5
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hydroxyl group. The finding that each of our three experi- to obtaining 3—5' linkages, because all of our previous
mentally observed unnatural linkages cleaves with compa- efforts with Mg?™ have led only to non-native 25' linkages.
rablety, under alkaline hydrolysis conditions-(0 min at On the basis of these results and because deoxyribozymes
60 °C; see the Supporting Information) supports their that use transition-metal-ion cofactors (rather tharf Muy
assignments as one of the structures of Figure 11, each ofC&") are often highly metal-specifi@(), we conclude that
which should be comparably base-labile. expanded efforts are warranted to identify transition-metal-

In nature, “branched RNAs" are formed during RNA mediated deoxyribozymes and ribozymes for reactions of
splicing reactions. More specifically, these splicing products Nucleic acids and other substrates. The discovery tht-Zn
are 2,5-branched RNAs, for which an internalBydroxyl dependent deoxyribozymes catalyze a wide variety of ligation
group of one RNA strand is connected via a phosphodiesterreactions that form either natural or unnatural RNA Iinkages
linkage to the terminal 'soxygen of a second RNA strand indicates that Z#" is a particularly versatile cofactor for
(92, 93). However, each of the unnatural linkages shown in nucleic acid catalysis.

Figure 11 is expected to have a substantially higher base
lability (i.e., lower alkaline hydrolysidi, value) than a ACKNOWLEDGMENT
naturally occurring 25-branch. In each of the structures  We thank Elizabeth J. Duvall for testing the deoxyribo-

shown in Figure 11, a fre€-hydroxyl or 3-hydroxyl group zymes with M@*. We also thank members of the Silverman
is located adjacent to the new phosphodiester bond, renderingab for discussions.

this bond unstable under basic conditions by intramolecular
attack at P by the fre€2or 3-hydroxyl group. In contrast, SUPPORTING INFORMATION AVAILABLE
a 2,5-branch has no free hydroxyl group adjacent to the
branch site and therefore one expects dessbase lability

when compared with a standard RNA phosphodiester link-

Assays for background RNA ligation rate. Kinetic char-
acterization of RNA ligation by the 6J deoxyribozymes.
Assays of metal-ion dependence and RNA substrate sequence

age. Indeed, the Iocatio_n_s o‘f,fil-branch_ sites may rgadily dependence for the 6J deoxyribozymes. Dependence of 6J
be mapped by nonspecific partial alkaline hydrolysis of the deoxyribozyme ligation activity on the RNA functional

branched RNAs in which they are embedded, because the -
2',5-branched linkage is very stable under basic conditions groups. Mass spectrometry data for the 6J12 ligation product.

. o Cleavage of the 12BB6 and 12BB8 ligation products by
(51, 73). In contrast, the_ substantial base Ial_)|I|ty of our new 12BB6 and 12BB8. Quantitative determination of the alkaline
unnatural linkages (Figures 8 and 9) directly prevents

mapping of their branch sites by partial alkaline hydrolysis. hydrolysist;, values. This material is available free of charge

Fortunately, the functional assays of Figure 12 allow this via the Internet at http://pubs.acs.org.
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