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Abstract: We previously used in vitro selection to identify several classes of deoxyribozymes that mediate
RNA ligation by attack of a hydroxyl group at a 5'-triphosphate. In these reactions, the nucleophilic hydroxyl
group is located at an internal 2'-position of an RNA substrate, leading to 2',5'-branched RNA. To obtain
deoxyribozymes that instead create linear 3'-5'-linked (native) RNA, here we strategically modified the
selection approach by embedding the nascent ligation junction within an RNA:DNA duplex region. This
approach should favor formation of linear rather than branched RNA because the two RNA termini are
spatially constrained by Watson—Crick base pairing during the ligation reaction. Furthermore, because
native 3'-5' linkages are more stable in a duplex than isomeric non-native 2'-5' linkages, this strategy is
predicted to favor the formation of 3'-5' linkages. All of the new deoxyribozymes indeed create only linear
3'-5" RNA, confirming the effectiveness of the rational design. The new deoxyribozymes ligate RNA with
Kobs Values up to 0.5 h™* at 37 °C and 40 mM Mg?*, pH 9.0, with up to 41% yield at 3 h incubation. They
require several specific RNA nucleotides on either side of the ligation junction, which may limit their practical
generality. These RNA ligase deoxyribozymes are the first that create native 3'-5' RNA linkages, which to
date have been highly elusive via other selection approaches.

Deoxyribozymes (DNA enzymesyre catalysts that mediate  itself that a ligation reaction was performed and, therefore, no
a variety of reactions of nucleic acid substrat€ur laboratory nonstandard linkage that could have unintended structural or
has focused on deoxyribozymes for RNA ligation, using one functional effects. Because one or more of the RNA substrates
of two fundamental chemical reactions (Figure 1). First;-a 5 may be prepared by solid-phase synthesis, the ligated RNAs
hydroxyl group nucleophile can attack a3®-cyclic phosphate, may incorporate site-specific modificatiéfio enable structure
forming either a 25 (non-native) or 35 (native) linear function studied! However, our efforts reported to date have
phosphodiester linkage (Figure 1A, patrendii).3-5 Alterna- not provided deoxyribozymes that synthesiz&3RNA, using
tively, a 2- or 3-hydroxyl group nucleophile can attack & 5 either set.of substrgtes from Fi.gure 1. For thg deoxyribozymes
triphosphate, forming eithet-B' linear RNA, 3-5' linear RNA, that mediate reaction of a'-fiphosphate (Figure 1B), the
or 2,5-branched RNA (Figure 1B, patfisiii).5~8 Among the nucleophilic h_ydroxyl_ group has always been an interrial 2
possible products,'&-linked linear RNA is a particularly hydroxyl, leading to biochemically relevan2-branched RNA

"6 7 . . .
important practical goal because synthesis of such native g?ra:?em).s elrtl.iftir(]:lasllStrod)ébg?n'?gulig:lzatoe?(()d;%iﬂz)? Eielﬁrcetlon
linkages will allow preparation of large RNAs by ligation of gy sb y 9 P 9

o N . . 1B).
smaller fragment8.Significantly, this ligation will occur in a . .
. S o o The strategy that we previousl rsued for selecting RNA
traceless fashion; that is, with no evidence remaining in the RNA 9y We previously pursu n9

ligase deoxyribozymes using the-téiphosphate substrate
combination is shown in Figure 2A as strategy 1. In this
approach, the ligation junction is formed between two RNA
substrates that each have four-nucleotide RNA overhangs
between the RNA:DNA duplex regions. The resulting deoxy-
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Figure 1. Possible RNA ligation reactions catalyzed by deoxyribozymes.
(A) Attack of a 8-hydroxyl group onto a'23'-cyclic phosphate, leading to
either 2-5'-linked RNA (i) or 3-5'-linked RNA (ii). (B) Attack of a hydroxyl
group onto a 5triphosphate, forming either linear RNA of,2-branched
RNA. The product depends on whether the nucleophilic hydroxyl group is
from the terminal 23'-diol (as ini andii) or an internal nucleotide (as in
ii). The reactions of 'Sriphosphorylated RNA are shown with a nonrevers-

A. Strategy 1

Jjunction
(if linear)

mutations accumulate
during PCR

B. Strategy 1, modified (AV selection)

Figure 2. Selection strategies for deoxyribozyme-mediated RNA ligation
using the 5triphosphate reactions of Figure 1B. RNA is shown as a thick
bar and DNA as a thin line. The number of RNA:DNA base pairs is not
depicted quantitatively. (A) The original approach (strategy 1), which leaves
four-nucleotide RNA overhangs flanking the linear ligation junction. In
practice, this strategy leads to formation 662branched RNA, using the
indicated U or A 2-hydroxyl groups (solid arrows) as the nucleophfles.
When the overhang on the left is reduced to just one nucleotide by creating
three additional base pairs with the overhanging UAU, branch formation is
observed using an adenosinehgdroxyl from within the left-hand RNA
(dashed arrow). This is accompanied by loss of RNA:DNA base pairing
due to accumulation of mutations within the indicated portion of the DNA
binding arm’ The PCR primer that binds to thé-8nd of the DNA strand

is shown explicitly. (B) A modified version of strategy 1 that prevents DNA
mutations from accumulating by using a longer PCR primer. Because four
overhanging RNA nucleotides are retained, branched RNA is still the
expected outcome; the picture shows a linear connectivity of the RNA
product to facilitate comparison with the other panels. This strategy was

ible reaction arrow because we have never observed the reverse reactionmplemented in the selection designated here as AV. (C) A new approach

for any of our deoxyribozymes, although reversibility is theoretically
possible.

ribozymes used the indicated internal nucleotitiday&roxyls
(solid arrows) as nucleophiles, providing®-branched RNA
rather than linear RNA Strategy 1 was subsequently repeated
after extending the base-pairing of the left-hand (L) RNA

substrate to leave just one overhanging RNA nucleotide (not
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(strategy 2) in which the enzyme region is offset from the ligation junction,
such that the new RNA linkage is formed within a duplex region. This is
anticipated to favor linear RNA and specifically+3 linkages, which are
more stable than'' linkages in the context of a dupléX.This strategy

was performed in the selection designated here as AY. Note that the
illustrated PCR primer is further extended to cover all DNA nucleotides
that are complementary to the RNA substrate sequences, including those
nucleotides immediately around the ligation junction.

shown explicitly in Figure 2¥.In this effort, we reasoned that
constraining the overhanging nucleotides in a duplex should
restrict their reactivity and favor formation of linear RNA by
using a hydroxyl group from the terminal',2-diol as a
nucleophile. While the reactivity of the formerly overhanging
internal nucleotides was indeed suppressed, accumulation of
PCR-derived mutations in the left-hand DNA binding arm led
to substantial alteration of the RNA:DNA interactions and
emergence of a deoxyribozyme that creates branched FNA.
This reaction occurs essentially in the manner of Figure 2A using
the indicated adenosin€-RBydroxyl from deep within the L
RNA substrate (dashed arrow). Although the resulting deoxy-
ribozyme has proved to be a very interesting model system for
nucleic acid catalysis, an important question remains: how can
we synthesize '35'-linked RNA using deoxyribozymes?

The results of these previous studies suggested two rational
modifications of the strategy that together would achieve

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16427
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synthesis of the desired-8'-linked RNA. Modifying strategy A

1 slightly by extending the appropriate PCR primer to encom- pppGGAARNA
pass all of the left-hand DNA binding arm, instead of merely 3 5 N
part of this arm, was anticipated to prevent DNA mutations from Nag region -...._
accumulating (Figure 2B, strategy 1 modified). However, in this >\ DNA
approach, we would still expect,2-branched RNA as the RNA

product because the overhanging nucleotides of the left-hand 40 mM Mg2*
RNA substrate remain present and likely reactive. Therefore, s_U AU%' PH9.0,37°C

the strategy was additionally modified by offsetting the ligation

junction away from the DNA enzyme region (Figure 2C,

strategy 2). With this change, the newly formed RNA linkage 5  RNA
is embedded within a continuous Watse@rick DNA:RNA 3 WEEEmUA
duplex. Formation of linear instead of branched RNA should
be strongly favored because the two terminal nucleotides are
held closely together by the base pairing, whereas branch
formation would require disruption of at least one duplex

element. Furthermore,-3' RNA linkages are more stable in B RNA l RNA

an RNA:DNA duplex than the isomeri¢-8' linkagest?13and 5 I U AU .G G A 2 NS
a substantial fraction of this stability difference is predicted to o d
be present in the transition state for ligation, thereby favoring DNA

the synthesis of '3&5'-linked RNA. Here, we demonstrate that

this rationally modified approach indeed providéss3linked trimolecular format

R_NA, revea}ling Unpreced_ented Contro_l over the Iinkag_e_ formed Figure 3. (A) Key step of each selection round, illustrated for strategy 2
via deoxyribozyme-mediated RNA ligation. In addition to of Figure 2C (the AY selection). The number of RNA:DNA base pairs is
increasing our control over the outcome of deoxyribozyme- not depicted quantitatively. (B) Trimolecular format in which the new
catalyzed reactions, the successful identification of deoxy- deoxyribozymes can be used to join two separate RNA substrates.

nbozym_es that_ create natl_ves RNA Imk_ages IS an |mportar_1t_ the pool products from round 7 for selection AV and round 8
step to improving synthetic access to site-specifically modified for selection AY. This was achieved by partial alkaline

large RNAs for studies of structure, folding, and catalysis. hydrolysis (Figure 4A), which generates an unbroken ladder
Results for linear RNA but a ladder with a characteristic gap f652
branched RNA. For branched RNA, the location of the gap
indicates the branch point, as calibrated by an RNase T1
digestion ladder run in parallel on the same gel. The 7AV
products are mostly branched. The branch site is the adenosine
two nucleotides from the '3erminal residue (i.e., the A of

Selection Procedure and ProgressiorT.he strategies shown
in Figure 2B,C were performed here as previously described
for our other deoxyribozyme selectiofis, using the 5
triphosphate RNA substrate combination that can perform any

of the reactions of Figure 1B. As part of our laboratory's ...UAUA-3'), although contributions from other branch sites

gng_omg s;jel:\(;tlond T;nenclatur_e, Ith? tv;/]o I?ew elffor_ts WEre cannot be rigorously excluded based on this whole-pool assay.
esignate an , respectively. In the key selection step | contrast, the 8AY products are largely linear, as evidenced

(illustrated in Figure 3A for strategy 2, corresponding to the by the unbroken alkaline hydrolysis ladder.

AY selection), th.e'left-hand and .”ght'haf‘d (L and R) RNA, Further characterization of the products required cloning of
substrat'es were Jomeq na r_eac_tlt_)_n medmted_ by the deoxyri- individual deoxyribozymes, which was performed as described
bozymgs enzyme region, Wh'c.h initially _c_ompnsed 38 random previously®® Individual 8AY clones were tested for ligation

nucleotides (Mg). The incubation conditions were 50 mM activity (data not shown), and six promising deoxyribozymes

CHE?’ F}H 92?] 159 mM I;Ia(lzl, 2 mlM KCI' and 42 mM Mk?ﬂ were prepared independently by solid-phase synthesis. See the
at 37°C for - Prior to the key selection step, the R substrate Supporting Information for sequences, which show regions of

was dcovallenltly attaﬁhed to tf;z[él\éA, which permifts po_Iya(;ryI- some similarity but no clear consensus. The RNA ligation
amide gel electrophoresis ( ) separation of active from products of these six deoxyribozymes (see below for kinetic

|nact|_v_e deoxy‘llrlb_ozym?s. Folloyvmg the key selection step, we analyses) were assayed by partial alkaline hydrolysis (Figure
amplified the W|nn|ng deoxyribozyme sequences by F,)CR' 4B), which confirmed that each is linear, as expected based on
Atter seven and eight r.ounds .fc.)r. the.AV and AY .selectlons, the whole-pool assay. To distinguish natives3linkages from
respectively, the selection activities (i.e., the fraction of each non-native 25 linkages, two previously described assays were
deoxyribozyme pool that forms ligated RNA during the selection performec® In the first assay, the 8-17 deoxyribozythe
step) leveled off at-51 and 38% (data not shown), respectively, selectively cleaves'®d’ RNA linkages, and in the second assay,

sigr?ifying the end of selection. ) incubation with the exactly complementary DNA splint and 100
Linkages Formed by the New DeoxyribozymesBefore mM Mg2+ at pH 9 selectively cleaves-8 RNA linkages!?

cloning individual deoxyribozymes, we assessed the linkage 11,¢ 3.5 sglective assay performed on the uncloned round 8AY
selectivity during RNA ligation for both selections by assaying pool showed that-95% of the pool products aré-8'-linked

(data not shown). Consistent with this, all six individual 8AY

(12) Rohatgi, R.; Bartel, D. P.; Szostak, J. W.Am. Chem. Sod.996 118
3340-3344.

(13) Usher, D. A.; McHale, A. HProc. Natl. Acad. Sci. U.S.A976 73, 1149- (14) Santoro, S. W.; Joyce, G. Proc. Natl. Acad. Sci. U.S.A997, 94, 4262
1153. 4266.
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L+R Figure 5. Kinetic analyses of the 8AY deoxyribozymes using the
- trimolecular format of Figure 3B. (A) Gel image for RNA ligation by

8AY13. Incubation conditions: 50 mM CHES, pH 9.0, 150 mM NaCl, 2
mM KCI, 40 mM MgCh, 37 °C. (B) Kinetic data for all six 8AY
deoxyribozymes. For 8AY13Xops = 0.0077+ 0.0004 mint (n = 4); for

the other five deoxyribozymekq,s ranges from 0.004 to 0.006 mih At
timepoints>180 min under these conditions, small amounts of nonspecific
degradation are often evident (not shown), and therefore the yields at these
long timepoints are unreliable.

Secondary Structures of the 8AY DeoxyribozymesThe
1001 3] predicted secondary structures of the six representative 8AY
deoxyribozymes were analyzed using the mfold progkam.
Without exception, the deoxyribozymes and their RNA sub-
strates are predicted by mfold to adopt structures that maintain
] the designed arrangement of strategy 2 (see Supporting Informa-
16 tion for representative secondary structures). In particular, the
40 four nucleotides on either side of the ligation junction are
| continuously base-paired with the left-hand DNA binding arm.
20 o— individual BAY product Th|s_ confirms that the extended PCR primer (Figure 2) funct!ons
g w3 35! linear standard as intended to prevent the accumulation of PCR-derived
0 M mutations, which were previously observed at the analogous
: . L - nucleotide positions in our earlier selection effdits.

Fi 4. Analysis of the branched ,ers s linear nature of the ligation Kinetic Analyses of the 8AY Deoxyribozymes.The six

igure 4. ysi versus li u igati . . .
products. (A) Determining the linkages formed by the pools of the AV and rep_resentatlve SAY deOXy”bOZymeSf were a_lssayed to de_termme
AY selections (after rounds 7 and 8, respectively) using a partial alkaline their rates and yields for RNA ligation. This was done in the
hydrolysis assay (HO. The 7AV products are branched, as indicated by  trimolecular format of Figure 3B, in which neither of the RNA
the gap in the ladder, whereas the 8AY products are linear, as indicated by 5\ ,pstrates are covalently linked to the DNA enzyme. For the
the unbroken ladder. (B) Partial alkaline hydrolysis of the ligation products N . )
from the six individual 8AY deoxyribozymes, demonstrating that all best” of _the six DNA er_]zymes’ 8AY13, the observed rate
products are linear. (C) Cleavage of the new linkages with the 8-17 constant ikops = 0.008 mirr® (0.5 1) at 40 mM Md*" and
deoxyribozyme, indicating that the products at&'3linked. The products pH 9.0, with 41% yield of ligated RNA at 3 h (Figure 5). At
from each of the six 8AY deoxyribozymes were treated with the appropriate : - e :
8-17 deoxyribozyme, which selectively cleavés3linkages? a representa- longer timepoints at. pH 9.0, nonspecific RNA degradation
tive data set for one deoxyribozyme is shown (all six products and the Pecomes a substantial concern (data not shown). At pH 7.5,
uncloned 8AY pool gave equivalent results). The linéf' 3inked standard the yield was about the same, 37% at 24 h incubation, kyith

RNA was prepared independently by solid-phase synthesis. = 0.06 T2 (tyo = 12 h). For all six deoxyribozymes, when the
. . . . 2 i

deoxyribozymes unambiguously createS3linkages (Figure ~ Mg?" concentration was quadrupled from 40 to 160 mM at pH

4C). Similarly, the 25-selective assays performed alongside 9.0, thekgps values increased by about 3-fold, indicating that

a positive control clearly show that the new linkages are not 5, .y santaLucia, J., Froc. Natl. Acad. Sci. U.S.A998 95, 1460-1465.

2'-5' (data not shown). (b) Zuker, M.Nucleic Acids Re2003 31, 3406-3415.

e

cleavage yield by 8-17, %
1

o
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A nucleotides were left unchanged (variations42 are consistent

5 UAUA | GGAAGA=——13' original with a requirement minimally at the five AUSG positions,
although the data allow that the requirement may extend as far
as the eight UAUAGGAA positions. The precise requirement
was not pursued experimentally in greater detail because
§'resssssssssnsns UA L GGAAGA++++++3'  variation 3 regardless of the detailed outcome, none of the various possible
5 ssasenssss UAUA L GGARA #rsssnsns3'  variation 4 requirements are sufficiently permissive for 8AY13 to be useful
in the general preparative sense.

For the other five 8AY deoxyribozymes, analogous experi-
ments also showed that retaining only@\is insufficient to
support activity, and we established that the RNA sequence
requirements are no more restrictive than UAGGAAGAGA
(data not shown). However, we have not performed the large
number of experiments necessary to determine more precisely

the substrate sequence requirements for these other five deoxy-
VN ribozymes.
0. ‘62;2 Analysis of the 7AV DeoxyribozymesWe briefly examined
the 7AV deoxyribozymes, which were obtained from the
N - S modified version of strategy 1 (Figure 2B) and collectively
0 30 60 90 120 150 180 created 25'-branched RNA (Figure 4A). Several 7AV clones
time, min were tested individually at 40 mM Mg and pH 9.0, withkops
Figure 6. Assaying the generality of the 8AY13 deoxyribozyme with  ~ 0.01 mirr! and 60-70% ligation yield (data not shown).

varying RNA substrate sequences. (A) Variations of the substrate sequences\niith 20 mM M+ H 7 h val were al 1
The solid lines denote the original RNA sequences used during the selection th 20 atp -5, thekons values were also-0.0

PN . . St
procedure, and the arrow marks the ligation site. The dashed lines denoteMN W'th 80% y'eld.deSp'te the lower pH, indicating that
systematic RNA transversions & C and G< U, with maintenance of Mn2" is a more effective cofactor than Mg for the 7AV

Watson-Crick complementarity for all corresponding DNA nucleotides. deoxyribozymes, unlike for the 8AY deoxyribozymes. Such
(B) Kinetic assays using the modified substrate sequences. These were S . . . .
performed as in Figure 5 except with 160 mM ¥gwhich led to higher improvement in ligation activity upon replacing Mg with

kobs Values. For the original substrate sequences, 8AY13 shdwgd= Mn2* has been observed previously with our unrelated branch-
0.0274+ 0.005 minm? (n = 3) under these conditions. forming deoxyribozyme$8; the detailed explanation for the
Mn2* preference in any of these cases is not yet known. Because
the focus of the present study was on synthesis of linear and
not branched RNA, the 7AV deoxyribozymes were not exam-
ined further.

5'-----------------A\L Gresnnnnnnnnnnnnn 3' - ygriation 1
5'-------"------UAJ,GG--------------3' variation 2

B 70

60

50

40

30
v

ligation yield, %

20

the deoxyribozymes require several tens of millimolar2g
for full activity. Finally, because other RNA ligase deoxy-
ribozymes have been effective with Khinstead of Mg*, we
tested 20 mM MA" as the metal ion cofactor at pH 7.5. The
yields are reduced several-fold (data not shown), indicating that Discussion
Mn2* supports catalytic activity much less effectively than does
Mg?* for this particular deoxyribozyme. Because the leaving
group in the ligation reaction is pyrophosphate (Figure 1), we
tested if inclusion of pyrophosphatase increases the ligation
activity. No increase in rate or yield was observed (data not
shown).

Assessing the Generality of the 8AY Deoxyribozymes for
Ligating Varying RNA Substrate SequencesAn important
question regarding the practical utility of RNA ligase deoxy-
ribozymes is their generality for joining RNA substrates of
varying sequence. In the arrangement of strategy 2 (Figure 2C),
all of the RNA substrate nucleotides are initially base-paired
with DNA nucleotides of the deoxyribozyme, as supported by
the mfold analysis. Changing the RNA sequence therefore
prompts alteration of the corresponding DNA nucleotide(s) to
maintain WatsorCrick interactions, which are presumed to
be required. For the most active of the new deoxyribozymes,
8AY13, we investigated its generality by systematically co-
varying the nucleotides of the RNA substrates and the comple-
mentary DNA binding arms via transversions<sAC and G
U/T. An initial experiment in which only the two RNA
nucleotides AG directly at the ligation junction were retained
and all others were Changed.(Figur.e 6' varigti_on _l) led to nearly 16) (a) Breaker, R. RChem. Re. 1997 97, 371-390. (b) Wilson, D. S.;
complete loss of 8AY13 ligation activity. This indicates a more Szostak, J. WANnu. Re. Biochem.1999 68, 611-647. (c) Joyce, G. F.
substantial RNA sequence requirement than is ideal for a general,,, Annu. Re. Biochem2004 73, 791-836.

. L . ) : (17) Tuschl, T.; Sharp, P. A.; Bartel, D. EMBO J.1998 17, 2637-2650.
RNA ligase enzyme. Additional experiments in which more (18) Breaker, R. R.; Joyce, G. Frends Biotechnol1994 12, 268-275.

In vitro selection is typically used to obtain functional nucleic
acid sequencé$.However, our understanding of the selection
process itself is vague, and undesired or unexpected outcomes
are common (e.g., ref 17). Selection has been described as an
“irrational” approach to functioA® While one can debate the
merits of this description, it is clear that rational control over
the outcome of a selection process is an important practical
objective. Our previous in vitro selection efforts have led only
to linear 2-5'-linked RNA (using the substrate combination of
Figure 1A¥~> or to 2,5-branched RNA (using the substrate
combination of Figure 1Bj;8 we have never formed lineaf-3
5'-linked RNA using deoxyribozymes. In sharp contrast, via
careful modification of the selection strategy (Figure 2) and
using the substrates of Figure 1B, all of the new 8AY
deoxyribozymes (each of the six tested DNA enzymes and
>95% of the pool before cloning) create solely53 linkages
(Figure 4). Therefore, we have successfully and rationally
modified the selection procedure, leading to the desired outcome
of linear 3-5'-linked RNA. The ligated RNA products from the
new deoxyribozymes are sought largely for structtftenction
studies of RNA folding and catalysis. Significantly, the ligation
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event is traceless because the newly forme8' 3inkage is has not retained the duplex arrangement aP&fin a different
indistinguishable from all of the other native linkages in the study, 3-5' linkages were obtained from a ribozyme built upon
RNA product; a non-native linkage could lead to undesired aTetrahymenaroup | intron scaffold! as found here, ligation
structural or functional effects in the ligated RNA. In efforts occurred within a duplex region. The observation that the 8AY
that will be described elsewhere, we are also seeking to use thedeoxyribozymes all create’-3' linkages while retaining the
2',3-cyclic phosphate substrate combination of Figure 1A to designed duplex arrangement around the ligation site indicates
obtain native 35' linkages. that this general approach is critical for full control over the
Catalytic Characteristics of the 8AY Deoxyribozymes. RNA ligation regioselectivity.
While the new 8AY deoxyribozymes achieve our principal
objective of 3-5'-linked RNA, several other goals have not been
fully met. Specifically, the rates, yields, and generality of the ~ We have rationally modified our previously established
deoxyribozymes are not optimal. The best new deoxyribozyme, deoxyribozyme selection strategy to obtain nati&'dinked
8AY13, haskos = 0.06 't and 37% yield in the Figure 3B RNA by attack of a 3hydroxyl at a 5triphosphate. The
trimolecular format under typical RNA incubation conditions approach successfully providesslinkages, which have eluded
(pH 7.5, 40 mM Mg™, 24 h), with higherkys at elevated pH synthesis in all of our previous studies. For each of the new
(Figure 5) and Mg" concentration (Figure 6). As we have deoxyribozymes, sequence requirements for the RNA substrates
observed for other deoxyribozyme selecti®mee anticipate that are found near the ligation junction, and these requirements
further experimentation (e.g., using in vitro evolution) would restrict the general practical application of the deoxyribozymes.
result in catalysts with higher rates and yields. Further development of this and other selection approaches
The separate issue of generality with respect to the RNA should lead to deoxyribozymes with substantial practical utility
substrate sequences can also be addressed. 8AY13 requires &r RNA ligation with formation of native 35' linkages.
most the RNA nucleotides UAUKGGAA at the ligation site;
the requirement minimally includes the five AUBG positions
(Figure 6). However, any of these possibilities are rather  Selection Procedure and Cloning.The selection procedure was
restrictive requirements for practical purposes. For example, thedescribed previously, including sources of matetighe left-hand (L)
probability of finding a particular five-nucleotide RNA sequence RNA substrate was'8JAAUACGACUCACUAUA-3', preceded by
at a candidate ligation site is only about 1 iR % 0.1% 5-GGA... when appropriate to permit in vitro transcription. The right-
(assuming a random RNA sequence). Therefore, more work ishand (R) substrate was-8GAAGAGAUGGCGACGG-3, prepared
necessary to obtain generai® RNA ligase deoxyribozymes. by in vitro transcription with a Striphosphate. Modpﬁegi versions .of.
As the mechanistic origin of the sequence requirement, we the RNA substrate sequences were prepared by in vitro transcription.

. . For the AV selection, the 83-mer deoxyribozyme strand was identical
presume that the DNA nucleotides of the 8AY13 enzyme region to that used previousl§.For the AY selection, the 89-mer deoxy-

interact direct_ly with the req_uire_d RNA r\ucleobases, which ribozyme strand was E£LGAAGTCGCCATCTC-Ng TTCCTATAGT-
would be particularly accessible in the minor groove near the GAGTCGTATTA-AGCTGATCCTGATGG-2 The underlined regions
ligation site; high-resolution structural information is needed are complementary to the RNA substrates according to the arrangement
to assess this hypothesis. Ongoing efforts in our laboratory areof Figure 2C; N denotes an equal probability of incorporating any of
checking if changes to the nucleotides directly at the ligation the four deoxynucleotides, corrected for unequal coupling efficiencies
junction (ALG) at the outset of selection provide more general of the four phosphoramidit_es. In each round, the key selection step of
RNA ligase deoxyribozymes, which may operate via different Figure 3A was performed in 50 mM CHES, pH 9.0, 150 mM NaCl, 2
mechanisms. An untested possibility is that DNA enzymes with MM KCI. and 40 mM MgC} at 37°C for 2 h. Individual deoxy-
greater generality could be obtained by varying the RNA 'iPozymes were cloned as descriiegkcept that the PCR primers for
nucleotides that surround the ligation junction at each selection cloning additionally incorporated TAA stop codons in all three frames
round. However. this would begtechnfcally challenging within to avoid false negative’3.The survey of kinetic activities was performed

. . . using the procedure described previouslpursuing those deoxy-
the framework of this particular selection approach because theyjpozymes with ligation yields-20% at the longest timepoint.

complementary DNA nucleotides would also have to be  assaying Branched Versus Linear RNA ProductsThe uncloned
changed, which may interfere with the PCR step during each selection pools were assayed either by partial alkaline hydrolysis (Figure
selection round. In particular, note that the PCR primer shown 4A), by cleavage with the 8-17 deoxyribozyme, or by cleavage with
in Figure 2C would have to be changed, disrupting the required 100 mM Mg at pH 9.0 in the presence of the DNA complement as
complementarity with the'and of the deoxyribozyme product described:® Ligation products created by individual deoxyribozymes
from the previous selection round. (Figure 4B,C) were assayed in the same way.

Comparison to Other Nucleic Acid Enzyme SelectionsThe Kinetic Analyses. The kinetic analyses (Figures 5 and 6) were

rational modification embodied in strategy 2 places the ligation performed n the trimolecular.assay format O.f Figurg 3B, using
. . . ] ; deoxyribozymes prepared by solid-phase synthesis®?Phediolabeled
junction within an RNA:DNA duplex region. Some of the i o )

. e . . left-hand RNA substrate L was the limiting reagent relative to the
earliest reported artificial _nbozymes ligate RNA substrates_ N deoxyribozyme E and right-hand substrate R. The ratio of L:E:R was
a roughly analogous fashion, although one of the two flanking 1:5.15 with the concentration of E equalt®.5 M. The incubation

duplexes was merely three base pairs I&tigore importantly, conditions were 50 mM CHES, pH 9.0, 150 mM NaCl, 2 mM KCl,
two of the three classes of these RNA ligase ribozymes createand 40 mM MgC} at 37°C (or 50 mM HEPES, pH 7.5 with all other

non-native 25'-linked RNA from a 5-triphosphate, and the

well-studied class | ligase ribozyme that create§'3inkages (20 28(‘)3(;‘9;%&1 17\16-}H1.£;3 kau, N. C.; Lehnert, V.; Westhof, E.; Bartel, DRRA

(21) Jaeger, L.; Wright, M. C.; Joyce, G.Froc. Natl. Acad. Sci. U.S.A999
(19) (a) Bartel, D. P.; Szostak, J. \§lciencel 993 261, 1411-1418. (b) Ekland, 96, 14712-14717.
E. H.; Szostak, J. W.; Bartel, D. Bciencel995 269 364—370. (22) Langner, J.; Klussmann, BioTechnique2003 34, 950-954.

Conclusions

Experimental Section
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values ofk.ps and final yields were obtained by fitting the yield versus Grant-in-Aid of Research (to R.L.C). S.K.S. is the recipient of
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bound in the ternary L:E:R complex.
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