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Branched RNA molecules are formed naturally by the spliceo-
some and by group Il introrisin a typical 2,5-branched RNA,
the 2-hydroxyl of an internal nucleotide and thé-I8ydroxyl of
another nucleotide are linked by a phosphodiester bond. In a lariat
RNA, the strand extending from the branch poirfGH wraps
around to become the same RNA that contains the branch site
(Figure 1A). Studies of intron processing and other biochemical
reactions of branched RNAe.g., those involving lariat debranching
enzyme Dbf) would be greatly facilitated by simple synthetic access
to branched and lariat RNA. This is currently a significant
experimental challenge by either solution-phase or solid-phase
techniques. As part of comprehensive efforts to identify deoxy-
ribozymes (DNA enzymes) that ligate RNAye report here new
metal-dependent deoxyribozymes with significant practical potential
for synthesizing branched and lariat RNA.

We previously reported an in vitro selection strategy to identify
deoxyribozymes that ligate RNAQOur initial deoxyribozymes join
a 2,3-cyclic phosphate with a'shydroxyl to form solely non-
native 2—5' phosphodiester linkages. Here, we sought linear RNA
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by attack of a terminal'23')-hydroxyl on a 5triphosphate (Figure
1B).5 We began with random 40-nt &y DNA pools and used the
reported selection strate§yrour parallel selections were performed
in which the 3-terminal ribonucleotide that donates th&32-
hydroxyl was either A, C, dA, or dC (e 2'-deoxy; the dA and

Figure 1. Branched and lariat RNA. (A) Structure of,2-branched and
lariat RNA. (B) Formation of linear RNA by attack of a termind(2)-
hydroxyl on a 5triphosphate (PRP= pyrophosphate). (C) Formation of
2',5-branched RNA by attack of an internat@H on a 3-triphosphate.
Note that when the'3&nd of the right-hand substrate is joined to the 5

end of the left-hand substrate (dotted line), the product is a lariat RNA.

A

dC substrates were intended to favor formation of a native5'3
RNA linkage). After nine selection rounds, the Rtgdependent
ligation activity of each selection pool had increased~®0%,
comparable to that observed in our earlier selecttoAssay of
each pool's product surprisingly indicated that the RNA products
were not linear but '25'-branched (evidence is given below). The
ligation reaction was presumed to occur as in Figure 1C. Because
each pool gave similar products, one pool (dC) was chosen for
further study.

Individual deoxyribozymes were cloned and characterized.
Results with the 9F7, 9F21, 9F13, and 9F18 deoxyribozymes are
representative (Figure 2). Ligation ratess were determined in a
trimolecular assay format (Figure 2A)Both Mr?t and Mg*
supported ligation activity; complete analysis of the metal depend-
ence will be reported elsewhere. At 3Z and pH 7.5 with 20 mM
Mn2t, kqops ranges from 0.1 to 2.2 mid with >85% vyield. Yields
are comparable with 80 mM Mg, althoughkyysis lower (0.1 to
0.9 il see Supporting Information). For comparison, in vitro
branch formation by Mé-dependent self-splicing group I1introns  Figure 2. Deoxyribozymes that create branched and lariat RNA. (A)
occurs withkops =~ 1074 h™1,7 and the spliceosome in vitro hlgs Trimolecular reaction format showing the RNA sequence of the ligation

~ 1 h18 The background ||gat|0n rate with an exacﬂy Comple_ ]unctlon reglon (B) 20% PAGE reveals efficient |Igat|0n to form branched
mentary DNA splint and 20 mM MR is kbkgd ~ 4 x 10-7 min-1 MNA by the new deoxyribozymes (3T, 50 mM HEPES, pH 7.5, 20 mM

. . . . nCly; see Supporting Information for complete data sets). (C) Time course
(see Supporting Information for details). This leads to a calculated 4 pranched RNA formation.
rate enhancemet,dkoiga Of Up to ca. 5x 10F-fold with Mn2*.

The formation of 25-branched RNA linkages was confirmed
using lariat debranching enzyme Dbr (Figure 3A). The site of
branching was mapped by partial alkaline hydrolysis, which
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generates an unbroken “ladder” from linear RNA and a gap-
containing ladder for branched RNA (Figure 3B). The gap location
and size correlates directly with the branch site. 9F7 and 9F21 create
a branch at the particular A indicated in Figure 2A, whereas 9F13
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Figure 3. Demonstrating 25'-branching in the ligated RNA products from

the 9F7 and 9F21 deoxyribozymes. (A) Treatment of the R product P

with debranching enzyme Dbr—( incubation without Dbr;+, 4.5-h
incubation with Dbr; partial conversion is to avoid degradation). (B) Partial
alkaline hydrolysis of the 9F21 ligated product; 9F7 is similar. Lanes: T1,
digestion of L with RNase T1 (cleavagéd G, for ladder calibration); L,
left-hand substrate RNA; P, ligated productiLR; P, L' + R where L

has six additional nt in its'&ail; P’, L" + R where L' has 18 additional

nt. In all cases, the branch site (arrowhead) maps unambiguously to the
adenosine indicated in Figure 2A.

and 9F18 induce branching at the U one nt to itsifle. Ligation
assays using RNA substrates with singlel@oxy substitutions at
each of the last four nt of the left-hand substrate were consistent
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Figure 4. Lariat RNA is synthesized by the 9F21 deoxyribozyme. The
PAGE image shows formation of lariat RNA (8C, pH 7.5, 10 mM MnGJ,

1.5 h;~15% yield; substrate prepared by transcription witf?P-CTP). A
second product is the dimer (top;10% vyield) formed from two RNA
substrates annealed to one deoxyribozyme. Two minor side produt¥s)(
migrate higher on the gel (not shown; see Supporting Information). The
lariat structure was confirmed by partial digestions with Dbr, alkaline
hydrolysis, the 16-23 deoxyribozyme (which cleaves within the lariat loop),
and combinations as indicated. The label “(2)” indicates a reaction performed
on the PAGE-purified product from the preceding assay. See Supporting
Information for detailed analysis of this gel image as well as analogous
experiments on the dimer.
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longer 3-tail originating from the left-hand substrate. Rates are
lower, but good yields are maintained (data not shown; 9F13 and

9F18 have not yet been tested). The branch site is the same Supporting Information Available:

regardless of the tail length (Figure 3B).

Because natural B'-branches are typically found at A residues,
the 9F7 and 9F21 deoxyribozymes (which branch at A) are of
particular interest. Outside of the ligation junction region, all
nucleotides in the binding arms of 9F21’s substrate RNAs may be
changed with little reduction in ligation rate or yield, as long as
the DNA sequence is changed to the Wats@mnick complement

(data not shown). This suggests that the new deoxyribozymes can

be developed into general branched RNA-forming reagents.
Naturally occurring 25-branched RNA is usually observed
during RNA splicing, where the branch is incorporated into a lariat
structure (Figure 1A}2 Synthesis of lariat RNA without using a
natural intron or spliceosome is virtually unknown. RNA minilariats

have been prepared, but these and other approaches are severely

restricted in scop&.We therefore explored the use of our new
deoxyribozymes to create lariat RNA. When the right- and left-

hand RNA substrates were connected by an unstructured 100-nt

loop, 9F21 successfully created lariat RNA (Figure 4). Therefore,
deoxyribozymes are therefore capable of synthesizing lariat RNA
as well as simpler'&s'-branched RNA.

In summary, we have demonstrated that branched and lariat RNA

can be synthesized by deoxyribozymes that have signficant potential

for convenient and practical generalization. We are currently
working to expand the scope of branched and lariat RNA formation
by the new deoxyribozymes, including variation of loop size and
composition for the lariats. There is little precedent for creation of
branched RNA by any non-natural nucleic acid enzyffecause
nature’s spliceosome is likely a ribozyriethe new deoxy-
ribozymes are of considerable mechanistic interest as well as
practical importance for their catalytic abilities.
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