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In vitro evolution was previously used to identify a small deoxyribozyme,
7Q10, that ligates RNA with formation of a 20 –50 phosphodiester linkage
from a 20,30-cyclic phosphate and a 50-hydroxyl group. Ligation occurs in
a convenient “binding arms” format analogous to that of the well-known
10–23 and 8–17 RNA-cleaving deoxyribozymes. Here, we report the
optimization and generality of 7Q10 as a 20 –50 RNA ligase. By comprehen-
sive mutagenesis of its 16-nucleotide enzyme region, the parent 7Q10
sequence is shown to be optimal for RNA ligation yield, although several
mutations are capable of increasing the ligation rate approximately five-
fold at the expense of yield. The 7Q10 deoxyribozyme ligates any RNA
substrates that form the sequence motif UA # GR (arrowhead ¼ ligation
site and R ¼ purine), providing at least 30% yield of ligated RNA in ,1–
2 hours at 37 8C and pH 9.0. Comparable yields are obtained in ,12–24
hours at pH 7.5, which may be more suitable for larger RNAs that are
more sensitive to non-specific degradation. For RNA substrates that form
the related ligation junction UA # GY (Y ¼pyrimidine), somewhat lower
yields are obtained, but significant ligation activity is still observed.
These data establish that 7Q10 is a generally applicable RNA ligase. A
plot of logðkobsÞ versus pH from pH 6.9 to 9.0 has a slope of just under 1,
suggesting that a single deprotonation occurs during the rate-determining
reaction step. The compact 7Q10 deoxyribozyme has both practical utility
and the potential for increasing our structural and mechanistic under-
standing of how nucleic acids can mediate chemical reactions.
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Introduction

Site-specifically modified RNAs are valuable
for studies of RNA structure, folding, and
catalysis.1 – 19 Modifications are most readily incor-
porated by solid-phase methods using synthetic
ribonucleoside phosphoramidites.20 – 23 Because
many interesting RNAs are larger than can be
prepared directly by solid-phase synthesis, new
approaches for RNA ligation are in demand. We
have recently begun to develop deoxyribozymes
(DNA enzymes)24 – 27 for RNA ligation. At least
two general strategies may be employed to ident-
ify deoxyribozymes that ligate RNA. First, in vitro
selection may be performed using a random
DNA pool as the starting point. Second, a deoxy-
ribozyme that is known to cleave RNA may be

evolved to operate “in reverse” as an RNA ligase.
In our hands, both approaches have been
successful.28 – 30 In particular, the latter strategy
provided a family of deoxyribozymes
(Figure 1(a)) that were evolved from the 8–17
RNA-cleaving DNA enzyme31 (Figure 1(b)). One
of the new RNA ligase deoxyribozymes, desig-
nated 7Q10, provides ,30% yield of ligated
RNA in 12 hours at pH 7.5 and 40 mM Mg2þ

with a particular set of RNA substrates.29 The
ligated RNA product was shown to be joined by
a non-native 20 –50 phosphodiester linkage, which
should be tolerable or even advantageous under
many circumstances.28,29 Here, we report the sys-
tematic optimization of 7Q10 as a general 20 –50

RNA ligase that can be applied to join a wide
range of RNA substrates. Additionally, 7Q10
offers the potential for future structural and
mechanistic investigations that should expand
our understanding of how nucleic acids can med-
iate chemical reactions.
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Results

In Figure 1(a) are shown four deoxyribozymes
that ligate RNA. These DNA enzymes were pre-
viously identified by in vitro evolution from the
8–17 DNA enzyme that cleaves RNA.29 Here, we
used the highest-yielding of these RNA ligase
deoxyribozymes, 7Q10, as the starting point for
optimizing the RNA ligation reaction and for
establishing its generality with a wide range of
RNA substrate sequences.

Strategy for optimizing and generalizing 7Q10
as an RNA ligase

The enzyme region of 7Q10 (Figure 1(a)) com-
prises 16 DNA nucleotides that may be concep-
tually divided into a single-stranded segment
(green), a three base-pair stem (red), and a penta-
loop (purple). The DNA–RNA substrate-binding
arms are shown in blue. The illustrated secondary
structure for 7Q10 is conjectural (i.e. based only
on computer folding algorithms), but the structure

is consistent with mutagenesis experiments that
are reported in the first section below, and the
8–17 DNA enzyme is thought to have a somewhat
similar stem–loop structure.29 Each nucleotide in
the enzyme region was investigated for its role in
RNA ligation activity by mutagenesis as described
below. These experiments used standard assay
conditions of 50 mM Hepes (pH 7.5), 150 mM
NaCl, 2 mM KCl, and 40 mM MgCl2 at 37 8C,
which are the incubation conditions that we have
used in related deoxyribozyme selections and
assays.28,29 Further experiments in the second sec-
tion below examined changes in temperature, pH,
and salt concentration to optimize these environ-
mental variables. Previously we showed that the
Kd,app for Mg2þ for 7Q10 is 18 mM at 37 8C and
pH 7.5.29 The divalent metal ion used in all experi-
ments of the second section was 40 mM Mg2þ. In
the final two sections are described investigations
of the RNA substrate sequence dependence of the
optimized 7Q10 deoxyribozyme under the most
favorable incubation conditions. The overall con-
clusion is that under optimal conditions, 7Q10

Figure 1. Deoxyribozymes that ligate and cleave RNA. (a) Sequences of the 7Q10 deoxyribozyme that ligates RNA,
along with three other deoxyribozymes from the same family.29 The conjectured secondary structure of the 7Q10
enzyme region is colored green for the single-stranded segment, red for the stem, and purple for the pentaloop. The
substrate-binding arms are blue. The arrow indicates the ligation site. (b) Structure of the 8–17 deoxyribozyme that
cleaves RNA.31 The lowercase nucleotides may be changed freely as long as Watson–Crick base-pairing is maintained.
The arrow indicates the cleavage site. (c) The trimolecular kinetics assay format used to determine the effects of
changing sequence and incubation conditions on the DNA-mediated RNA-ligation reaction.
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provides at least 30% yield of 20 –50 ligated RNA in
,1–2 hours with any RNA substrate sequences
that can form a UA # GR ligation junction (R ¼
purine). Furthermore, a UA # GY linkage (Y ¼
pyrimidine) can be formed with only slightly
reduced yield.

Nucleotide requirements in the enzyme region
of the 7Q10 deoxyribozyme

In this section are described experiments to opti-
mize the enzyme region DNA sequence of 7Q10 for
RNA ligation. The 7Q5 deoxyribozyme was ident-
ified during the same selection procedure as was
7Q10.29 By comparison between 7Q10 and 7Q5
(see Figure 1(a) for sequences and nucleotide num-
bering), it was noted that the A1C2 dinucleotide of
7Q10 is replaced with a single T in 7Q5, and
G11G12 is replaced with AA. In addition, the A-U
base-pair in the 7Q10 left-hand-binding arm is
replaced with G-U in 7Q5. As a result of these
changes, the observed ligation rate kobs increased
fivefold from 7Q10 to 7Q5, but the yield dropped
threefold. As summarized in Figure 2, we system-
atically investigated all possible combinations
among these three nucleotide elements. The results
reveal that the particular combination of sequence
elements present in the parent 7Q10 sequence pro-
vides the highest ligation yield, whereas the combi-
nation of 7Q5 elements provides the highest kobs at
the expense of yield. As expected, the replacement
of A-U with G-U in the binding arm mattered little;
the binding arms are addressed more systemati-
cally below. Replacement of A1C2 with T in the
7Q10 single-stranded segment abolished ligation
activity, but the same T nucleotide supported a
high ligation rate in 7Q5. The only difference
other than A1C2 $ T is that 7Q10 has G11G12 in its
pentaloop, whereas 7Q5 has A11A12. These results
suggest a detailed interplay during the ligation
reaction between the single-stranded segment and
the pentaloop. Understanding the exact nature of
this interplay requires more detailed structural
data that is not yet available.

The modified version of 7Q10 with an A11A12

pentaloop had a two- to threefold higher ligation
rate kobs than the parent 7Q10. Both this modified
deoxyribozyme and the parent 7Q10 sequence
were used to explore changes at the other DNA
nucleotides of the enzyme region, as follows
(Figure 3):

Pentaloop nucleotides (Figure 3, purple)

The pentaloop nucleotide T10 preceding G11G12

was changed to C (T10 ! C) with little effect on
the 7Q10 rate or yield, suggesting that this nucleo-
tide’s identity is unimportant, although the nucleo-
tide could not be deleted without obliterating
activity (DT10, ,4% yield ¼ “inactive”). The
G9 ! A9 or G13 ! A13 mutants were also inactive,
indicating critical roles for those nucleotides,
which are conserved among all of the deoxyribo-

zymes shown in Figure 1(a). Inserting an
additional A into the A11A12 pentaloop (i.e. convert-
ing A11A12 ! AAA) or changing G11G12 ! G or
G11G12 ! A led to inactive or nearly inactive
deoxyribozymes, suggesting that a five nucleotide
loop is optimal. In contrast, G11G12 ! GA or
G11G12 ! AG led to activity essentially equivalent
to that of the parent sequence, indicating that the
size of the loop is more important than the identi-
ties of these particular nucleotides. Pyrimidines
were not tested at these positions.

Single-stranded segment nucleotides
(Figure 3, green)

The nucleotides at positions 3–5 of the single-
stranded segment are conserved as G3T4G5 for
three of the four parent deoxyribozymes of

Figure 2. Mutagenesis of three regions of the 7Q10
deoxyribozyme sequence and its effect on ligation
activity. In color are highlighted the three sequence
elements that differ between 7Q10 (upper sequence)
and 7Q5 (lower sequence). All possible combinations of
the three sequence elements were tested as described in
the text, with the observed ligation rates (kobs) and yields
shown (pH 7.5, 37 8C). “Inactive” means ,4% yield in
24 hours. The logical connections among the sequences
are shown as dotted arrows. Subsequent to the collection
of these data and the data in Figure 3, it was found that a
slightly longer left-hand substrate modestly improves
the rates and yields (see Materials and Methods). Com-
parison of the relative rates and yields for the various
deoxyribozymes should not be affected by this issue.
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Figure 1(a), while 7Q2 has G3C4G5. As expected
based on these sequence comparisons, the tran-
sitions G3 ! A or G5 ! A each abolished RNA
ligase activity for 7Q10, while T4 ! C was tolerated
with little loss of activity. We also examined
changes in the first two nucleotides of the single-
stranded segment. Because A1C2 ! T (as found in
7Q5) still supports activity as long as A11A12 is pre-
sent, as described above (Figure 2), some flexibility
in the length of this sequence was indicated. There-
fore, we tested the effect of inserting an additional
nucleotide near the A1C2. Inserting either an A or

T before A1C2 gave active deoxyribozymes with
equivalent kobs but somewhat reduced yield. This
indicates no strict length requirement for the
single-stranded segment, at least in some contexts,
in contrast to the length requirement for the penta-
loop (see above). It is interesting to note that a
similar tolerance regarding the length of its single-
stranded segment was found for the 8–17
deoxyribozyme.31

Stem nucleotides (Figure 3, red)

Various changes to the putative three base-pair
stem of 7Q10 were examined. Swapping the
nucleotides of either of the bottom two base-pairs
was not tolerated at all. At the uppermost base-
pair, the 7Q2 deoxyribozyme has G16-C6, while the
other three DNA enzymes of Figure 1(a) (including
7Q10) each have C16-G6. Curiously, three of the four
possible Watson–Crick combinations at this base-
pair of 7Q10 gave active deoxyribozymes; only the
A16-T6 base-pair failed to support ligation. The kobs

was higher for the two active combinations not
found in the parent 7Q10 sequence, although the
yield was lower. The data presented here are con-
sistent with the assignment of the putative stem as
an element of 7Q10 secondary structure. However,
further experiments (e.g. chemical probing or
direct structural analysis by X-ray crystallography
or NMR spectroscopy) are necessary to demon-
strate with confidence the existence of the stem.

A summary of all of the mutagenesis exper-
iments that are depicted in Figures 2 and 3 is that
the parent 7Q10 DNA sequence gives the highest
ligation yield of any tested sequence. Incorporation
of 7Q5 sequence elements (i.e. G11G12 ! A11A12

with or without A1C2 ! T) or changes to the
three-base-pair stem increase the ligation rate up
to fivefold, but at the expense of yield. Because
the 7Q10 rate is acceptable for practical RNA lig-
ation (see below), and because the highest possible
ligation yield is usually desirable even if the incu-
bation time is modestly longer, we used the parent
7Q10 sequence for the remaining assays.

Dependence of 7Q10 Ligation on pH,
temperature, and salt concentration

Having established that the parent 7Q10 sequence
is optimal for ligation yield, we investigated the
effects of changing pH, temperature, and salt con-
centration. In all assays that are described in this
and the following section, the RNA substrate
sequences flanking the UA # GG (i.e. the light blue
segments in Figure 1(a)) were kept identical with
those used during the original selection of 7Q10,28,29

and the deoxyribozyme sequences (dark blue seg-
ments) were their Watson–Crick complements.
A strong temperature dependence between 10 8C
and 45 8C was observed at pH 7.5, with faster
ligation at higher temperature (Figure 4(a)). Ligation
was two- to threefold faster at 45 8C than at 37 8C,
but there was substantially more non-specific

Figure 3. Mutagenesis of the remaining sequence
elements of 7Q10 and its effect on ligation activity. The
observed ligation rates (kobs) and yields are shown next
to each mutation (pH 7.5, 37 8C). “Inactive” means ,4%
yield in 24 hours. See the text for further explanation.
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degradation at 45 8C at long incubation times (.12
hours; data not shown). At 37 8C, ligation reactions
at various pH values from 9.0 to 6.0 gave a wide
range of rates for kobs (Figure 4(b)), with signifi-
cantly higher rates observed at elevated pH.
Higher pH values than 9.0 were avoided out of
concern for non-specific degradation of the RNA
substrates. Between pH 6.9 and 9.0, the value of
logðkobsÞ increased linearly with pH, with a slope
of just under 1 (Figure 4(c)). This slope is often ,1
for ribozymes and deoxyribozymes,32 – 38 indicating
a single deprotonation during the rate-determining
step. In contrast to the strong temperature and pH
dependence, adjusting both [Naþ] and [Kþ] within
broad ranges (0–300 mM Naþ and 0–100 mM Kþ)
had little effect on the 7Q10 ligation rate or yield
(data not shown).

From these data, we reasoned that many
practical RNA ligation reactions would likely be
performed at pH 9.0, at least for RNA substrates
small enough that non-specific degradation would
not be problematic. The ligation activity of 7Q10
was reassessed under these conditions at 37 8C
and 45 8C. A ligation yield of ,30–40% was
obtained in one hour at 37 8C in Ches (pH 9.0)
buffer with 40 mM Mg2þ (Figure 5). These latter
conditions were adopted as the standard con-
ditions for the final assays, which examined
changes in the RNA substrate sequences (next two
sections).

RNA substrate sequence requirements for
7Q10 near the ligation junction

The results to this point established the optimal
DNA sequence (7Q10) and incubation conditions
for the RNA ligation reaction. We finally turned
our attention to the generality of 7Q10 for RNA lig-
ation with respect to its RNA substrate sequences.
Some of the initial experiments in this section
were performed at pH 7.5 concurrently with the
pH dependence studies of the previous section.
Except for these initial experiments, all of the
assays in this section were performed at 37 8C
with 50 mM Ches (pH 9.0) and 40 mM MgCl2. In
all cases, the buffer additionally contained
150 mM NaCl and 2 mM KCl, but the precise
monovalent ion concentrations were shown in the
previous section to be unimportant.

The original RNA substrates used throughout
the selection procedure and in the above assays
may be denoted UAUA # GGAA (see Figure 1(a)),
where the arrowhead marks the ligation junction
and only four RNA nucleotides are shown on
each side of the junction. We methodically replaced
these eight nucleotides with others, to explore the
tolerance of the parent 7Q10 deoxyribozyme for

Figure 4. Temperature and pH dependence of 7Q10
ligation activity. (a) Ligation activities observed in
50 mM Hepes (pH 7.5) at temperatures from 10 8C to
45 8C (RT ¼ room temperature, ,23 8C). After 24 hours
at 45 8C, significant degradation was observed on the
PAGE image (data not shown). kobs: RT, 0.029 h21; 37 8C,
0.19 h21; 45 8C, 0.40 h21. The rates were reproducible to
^10% or better. (b) Representative ligation activities
observed at pH values ranging from 9.0 to 6.0 at 37 8C.
The buffer compounds (50 mM) for pH 9.0, 8.2, 7.6, 6.9,
and 6.0 were Ches, bicine, Tris, Pipes, and Mes, respect-
ively. At incubation times .6 hours at pH 9.0, significant
RNA degradation was observed (not shown). Lines
through points are first-order exponential fits, except for
a linear fit to the pH 6.0 data. A 36-hour data point is
not shown for the pH 6.9 assay but was on the fit curve.
(c) Plot of logðkobsÞ versus pH derived from data in (b)

and similar data. The linear fit has slope 0.80(^0.09).
The error bars in both directions are smaller than the
sizes of the data points.
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various RNA substrates. These assays were gener-
ally performed by taking only three timepoints
per reaction, which allowed us quickly to survey
ligation activities with a manageable number of
gel electrophoresis experiments. Only a summary
of the data is provided here; see Supplementary
Material for details. In the following descriptions,
the altered RNA nucleotides of the UAUA # GGAA
sequence are underlined for identification, and
nucleotides not directly relevant to the discussion
are omitted.

Changing A # G to G # G decreased the activity
14-fold (in terms of yield) to barely detectable
levels. Changing A # G to A # A; A # U; or A # C
abolished ligation activity altogether. Changing
UA # G to CA # G or GA # G also completely abol-
ished activity (AA # G was not tested). Together,
these data indicate a stringent requirement for

UA # G as a minimal ligation motif of the RNA
substrates to be joined. In contrast, the other RNA
nucleotides surrounding the ligation junction
could be changed more freely. In an initial set of
experiments, we used the 7Q10 DNA sequence of
Figure 1(a) with no compensatory changes to the
nucleotides of its binding arms. Each underlined
RNA nucleotide of the UAUA # GGAA substrates
was changed via a transition (U to C; A to G; or G
to A) with no significant loss of 7Q10 ligation
activity, even though the outer two changes on
each side appeared to destroy one Watson–Crick
base-pair in the putative-binding arm duplex. The
implications of these results with respect to
changes in the binding arms are explored more
systematically below. Based on these initial data,
we were encouraged that UA # G might be the
only nucleotides required for ligation, and thus
7Q10 would be quite general as an RNA ligase.

The nucleotide two to the right of the ligation
junction ðUAUA # GGAAÞ provided an interesting
situation. By examination of the putative second-
ary structure of 7Q10 bound with its original RNA
substrates (Figure 1(a)), this particular nucleotide
appears not to engage in base-pairing interactions.
However, such interactions may easily be intro-
duced with appropriate combinations of RNA sub-
strate and deoxyribozyme, and the effects of such
interactions were unknown. This was examined
more comprehensively by determining the ligation
kinetics for every combination of RNA substrate
ðUAUA # GXAAÞ and deoxyribozyme (A1 ! Z of
the 7Q10 sequence), which required a total of
4 £ 4 ¼ 16 parallel assays.

The results of these assays are presented in
Figure 6. All 16 combinations of nucleotide X in
the RNA substrate and Z in the deoxyribozyme
gave observable RNA-ligation activity, although
some combinations were clearly better than others.
The highest yields (.30%) were obtained in the
upper left quadrant of Figure 6, with X ¼ R (purine
G or A) in the RNA and Z ¼ R0 (the other purine A
or G) in the DNA. Conversely, the lowest yields
(#10%) were obtained in the lower right quadrant,
where X ¼ Y (pyrimidine C or U) and Z ¼ Y (pyri-
midine C or T) in any combination. Along the
“Watson–Crick diagonal” (dark shading), yields
of .20% were obtained for any Watson–Crick
combination of X and Z. These data indicate that
the highest ligation yield is achieved for two RNA
substrates that form a UA # GR junction, where
the deoxyribozyme nucleotide opposite R is the
“other” purine (A or G). If a UA # GY junction is
desired, then this may be achieved with somewhat
lower yield by choosing the deoxyribozyme
nucleotide opposite Y to be the Watson–Crick
complement of Y.

RNA requirements away from the ligation
junction: changing the substrate-binding arms

If deoxyribozymes are to be useful for practical
RNA ligation, then it must be possible to change

Figure 5. Assays of 7Q10 ligation activity under opti-
mal conditions. (a) PAGE image of a ligation assay per-
formed in 50 mM Ches (pH 9.0) at 37 8C. The yield was
reproducible to ^5%. (b) Kinetic plots. kobs: 37 8C,
0.046 min21; 45 8C, 0.085 min21. The rates were reprodu-
cible to ^10% or better. The final 45 8C timepoint was
not fit due to a small amount of degradation clearly vis-
ible on the gel image (data not shown). An experiment
using 40 mM MnCl2 instead of MgCl2 at 37 8C and pH
9.0 showed a similar ligation rate as with Mg2þ, but
with only about half the yield (data not shown).
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the RNA substrate sequences away from the lig-
ation site essentially without limitation. For unre-
lated deoxyribozymes that were identified by in
vitro selection from completely random DNA
pools (unlike 7Q10), the substrate-binding arms
were indeed found to have no particular sequence
restrictions aside from a limited ligation junction
sequence requirement, thereby allowing relatively
general RNA ligation.28 We investigated this issue
with 7Q10, using RNA substrates with the com-
mon sequence 50· · ·UA # GG· · ·30 to allow particular
focus on the effects of changing the surrounding
binding arms. As described above, such substrates
were already known to provide yields approaching
40% in the special case that their binding arm

sequences were identical with those used in the
original selection of 7Q10.

These RNA substrate sequences were systemati-
cally altered to change every nucleotide flanking
the common UA # GG motif. This was accom-
plished with a carefully designed set of only six
additional substrates, three each for the left and
right-hand RNAs, for a total of eight substrate
RNAs as shown in Figure 7(a). By scanning verti-
cally down each column of sequence, it may be
verified that among the four pairs 1–4 of left and
right-hand substrates, any particular RNA nucleo-
tide may be found at any position along the
sequence (except for the UA # GG; or in the case of
the right-hand substrate of combination 4,
UA # GA to avoid a long stretch of G nucleotides).
Thus, just four ligation reactions with substrate
combinations 1–4 provide a comprehensive test of
the 7Q10 RNA substrate sequence dependence.
The results of these assays (Figure 7(b)) reveal that
7Q10 tolerates any RNA substrate nucleotides out-
side of the UA # GR region with nearly equivalent
ligation rate and yield. Therefore, 7Q10 is truly a
general RNA ligase, aside from the modest sub-
strate sequence requirements adjacent to the lig-
ation junction. In control experiments, the
additional presence of an RNA substrate not comp-
lementary to the deoxyribozyme had no effect on
the ligation reaction of the “correct” substrates
(data not shown). A deoxyribozyme with binding
arms that were not complementary to the RNA
substrates also provided no detectable ligation.

Discussion

Our major goals in this study were to optimize
the 7Q10 deoxyribozyme for RNA ligation and to
explore the extent of its generality for joining var-
ious RNA substrate sequences. By determining the
activity of 7Q10 and 30 related deoxyribozymes as
shown in Figures 2 and 3, we determined that the
parent 7Q10 sequence itself is optimal in terms of
RNA ligation yield. We further established that
outside of a very limited region of the RNA sub-
strates surrounding the ligation site (UA # G), the
7Q10 DNA enzyme is completely general for creat-
ing 20 –50 RNA linkages. A brief summary of these
results is shown in Figure 8. Our findings indicate
that 7Q10 has significant promise for utility as a
general RNA ligase. Although mechanistic analysis
is not the primary focus here, the available data
(e.g. Figure 4) also indicate that further biochemi-
cal and structural investigations of deoxyribo-
zymes such as 7Q10 will be fruitful for exploring
the underlying principles of catalysis by nucleic
acids.

Practical considerations on using the 7Q10
deoxyribozyme for RNA ligation

The 7Q10 deoxyribozyme is a general RNA ligase
with a relatively simple sequence requirement at the

Figure 6. Optimizing the interaction between the 7Q10
deoxyribozyme and its RNA substrates at the position
one nucleotide to the right of the ligation junction. The
ligation activity of each of the 16 combinations of deoxy-
ribozyme and RNA substrate was determined in 50 mM
Hepes (pH 7.5) at 37 8C. Shown are the ligation yields
and rates relative to the parent 7Q10 and original RNA
substrate sequences (red). In the grid, a dark square
denotes a potential canonical Watson–Crick base-pair
between the X nucleotide of the DNA and the Z nucleo-
tide of the RNA substrate. A lighter gray square denotes
a potential G-U wobble pair.
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ligation junction. Specifically, UA # GR is best;
UA # GY is acceptable; and the flanking RNA nucleo-
tides may be anything at all. On this basis alone, we
anticipate that 7Q10 will find immediate use in prac-
tical RNA ligations. Many RNA substrates for lig-
ation are prepared by in vitro transcription, and
these typically begin 50-GG· · · or 50-GA· · ·, with the
50-triphosphate readily removed using a phos-
phatase. These are precisely the RNA sequences
that offer the highest ligation yields using the 7Q10
deoxyribozyme.

The general applicability of the 7Q10 deoxyribo-
zyme for RNA ligation is limited by three factors:
(1) the relatively modest ligation yield of $30%;
(2) the requirement that the RNA substrates have
sequence UA # G at the ligation junction; and (3)
the formation of unnatural 20 –50 linkages versus
native 30 –50 linkages. The first two limitations on
yield and substrate sequence may not be critical
for any given application, and the modest yield is
certainly better than nothing at all if other ligation
approaches fail. The suboptimal yield may reflect
formation of incorrect structures during complexa-
tion of the DNA enzyme with its RNA substrates,
but the available data are insufficient to evaluate

Figure 7. Demonstrating the RNA substrate generality
of the 7Q10 deoxyribozyme. (a) RNA substrate sequence
combinations 1–4 that were tested for ligation by 7Q10.
The central UA # GR region was kept constant, while
the flanking nucleotides (blue) were varied. In all cases,
the deoxyribozyme-binding arms were changed to main-
tain Watson–Crick complementarity with the substrates.
In sequences 1-3, R ¼ G, while in 4, R ¼ A to avoid hav-
ing a series of G nucleotides at the start of the right-
hand substrate (which could cause problems during
transcription39). (b) Ligation activity for the various
RNA substrate combinations with their complementary
7Q10 deoxyribozymes (37 8C, Ches, pH 9.0). Timepoints
for each at 0, 10, 20 40, 60, 90, 135, and 180 minutes.

(c) Kinetic plots. kobs, min21: 1, 0.047; 2, 0.033; 3, 0.034; 4,
0.031. For each data set, the 180 minute point was indis-
tinguishable in yield from the 135 minute point and is
therefore omitted from the plot for clarity. Note that the
data for 1 in this panel are from nominally identical
ligation reactions as for the 37 8C data in Figure 5(b).
The minor differences in rate and yield between the
data sets are representative of the level of reproducibility
between experiments.

Figure 8. Summary of the nucleotide requirements for
the 7Q10 deoxyribozyme and its RNA ligation sub-
strates. This summary is based on the data shown in
Figures 2, 3, 6, and 7. It was obviously impractical to
test all conceivable mutations of the 16 nucleotide
enzyme region of 7Q10. The indication of tolerance to
variability in this region is based on the mutations that
were experimentally tested.
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fully this possibility. Ongoing efforts in our labora-
tory focus on identification of deoxyribozymes
with improved yields and expanded RNA sub-
strate sequence tolerance. The third limitation, for-
mation of non-native linkages, also may not
matter in certain situations.28 The 20 –50 linkage
may even be advantageous if the newly formed
bond is otherwise susceptible to nuclease cleavage
or if one wishes to test the relevance of a 30 –50 link-
age at a particular site. We are currently pursuing
strategies aimed at identifying deoxyribozymes
that create native 30 –50 RNA linkages. All of these
efforts will be reported in due course.

If particularly large RNAs are to be ligated but
incubation with Mg2þ at pH 9.0 is undesirable due
to non-specific degradation, then the ligation reac-
tions may instead be performed at pH 7.5. The
incubations will need to be left overnight (at least
12 hours) for the best yields (Figure 4), but in our
experience this is a routine and acceptable length
of time. Because the Kd,app(Mg2þ) for 7Q10 is
,20 mM,29 whereas all of the experiments reported
here were performed at 40 mM Mg2þ (i.e. at just
twice the Kd,app), it is also likely that the ligation
rate will increase at even higher [Mg2þ]. This
is useful only if the RNAs of interest do not
degrade under the particular incubation con-
ditions, with specific attention to the pH. As
usual, it would be prudent to perform small-scale
tests before committing large amounts of valuable
RNA to a ligation reaction under any incubation
conditions.

During certain ligation assays using 7Q10, we
have made some observations that are difficult to
explain. For example, two particular left-hand
RNA substrates that differ only in their 50-phos-
phorylation state (monophosphate versus triphos-
phate) provided ligation yields that reproducibly
differed by about 5% in side-by-side assays under
nominally identical conditions (data not shown).
The detailed explanation is not yet known, but the
different yields may correlate sensitively with the
energy of the DNA–RNA interaction in a way
that is difficult to predict. Considering the inexpen-
sive nature of DNA relative to most RNA sub-
strates, for practical use of the 7Q10 deoxy-
ribozyme it would usually be worthwhile to
make each binding arm fairly long; e.g. with bind-
ing DG80 of $15 kcal/mol. A similar consideration
was advanced regarding RNA-cleaving DNA
enzymes.32 Any minor energetic effect, e.g. that
related to the 50-phosphorylation state of the sub-
strate, would thus be negligible relative to the sig-
nificant excess of total DNA/RNA binding energy.
Increasing the binding arms’ lengths may have
side benefits in cases where hybridization of the
DNA disrupts RNA secondary structure near
the ligation site, via what is colloquially termed
the “disruptor oligo” effect. That is, to the extent
that nearby RNA secondary structure interferes
with deoxyribozyme activity, disruption of this
structure by DNA binding should be advantageous
for the ligation reaction.

Relationship of deoxyribozyme-mediated RNA
ligation to protein-mediated ligation

RNA ligation mediated by T4 DNA ligase has
been the standard approach for joining RNA frag-
ments for over a decade.33,34 Even so, there are
recognized limitations to this protein-mediated
approach. In particular, sometimes very low lig-
ation yields are obtained for a given combination
of RNA substrates,15,35 – 37 and we suspect that such
observations are frequently unreported as “nega-
tive results”. To the extent that protein-mediated
ligations fail due to idiosyncracies of the ligase
enzyme, rather than failure to form the required
DNA:RNA:RNA trimolecular complex, we antici-
pate that deoxyribozymes will be a valuable
counterpart to protein enzymes for RNA ligation.
For this to be true, the limitations on yield, sub-
strates, and linkage mentioned above must even-
tually be overcome, and studies along these lines
are in progress in our laboratory. Despite their cur-
rent limitations, deoxyribozymes like 7Q10 are
highly promising as mechanistically interesting
and generally useful reagents for RNA ligation.

Materials and Methods

Kinetics assays

All of the kinetics assays used the trimolecular format
shown in Figure 1(c). The 32P-radiolabeled left-hand
RNA substrate L was the limiting reagent relative to the
right-hand substrate R and deoxyribozyme E (the ratio
L:E:R was ,1:3:6 to 1:10:30, with the concentration of E
equal to ,0.5–3 mM). Increasing the concentration of E
or R (or both) did not significantly change the observed
kinetics or yields, indicating that the observed yields
were not limited by availability of E or R. See our earlier
report for a detailed description of the sample prep-
arations and method of analysis.28 Values of kobs and
final yield were obtained by fitting the yield versus time
data directly to first-order kinetics; i.e. yieldð%Þ ¼
100 £ Yð1 2 e2ktÞ; where k ¼ kobs and Y ¼ final yield in
%. Note that in all of the curve fits, the data clearly level
off at a final yield less than 100%, such that the fitted
value of Y is meaningful.

Two alternative radiolabeled left-hand RNA substrates
were used in the kinetics assays. The assays in the first
section of Results were performed using a shorter
(50-32P)-radiolabeled left-hand RNA substrate that had
high specific activity but gave slighly reduced overall
ligation rates and yields relative to longer left-hand sub-
strates. This shorter substrate was prepared by (50-32P)-
radiolabeling of an RNA oligonucleotide and subsequent
cleavage by a 10–23 deoxyribozyme to provide the
requisite 20,30-cyclic phosphate.28 Comparisons of relative
rates and yields among the various deoxyribozymes
should not be impaired for this shorter substrate. In sub-
sequent studies as described in later sections, slightly
longer left-hand substrates were used that gave moder-
ately higher ligation yields. These longer substrates
were prepared by T7 RNA polymerase transcription
from DNA templates,38 and they incorporated internal
32P-radiolabels from [a-32P]UTP (the 20,30-cyclic phos-
phate was provided by a 30-terminal HDV ribozyme).
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These substrates were longer because they had three
additional nucleotides (50-GGA) on their 50-end to permit
transcription, but they were of lower specific activity due
to the source of the 32P and level of incorporation. We
estimate that only 12% of transcripts have at least one
32P, versus ,100% for 50-radiolabeling. It was observed
that the transcript substrates had generally higher
ligation yields (e.g. 30–40%) when compared with the
shorter 50-32P-radiolabeled substrate (e.g. 25–30%; this is
a separate issue from the 5% difference in yield for
various substrates as mentioned in Discussion). We attri-
bute this difference in yield, in part, to tighter binding of
the transcript substrates with the deoxyribozyme due to
their increased length, although this has not been
proven. In the assays described here, the relatively short
left-hand substrate was used to acquire the data for
Figures 1–3, and the longer substrate was used for the
data in Figures 4–7.

Design of RNA substrates for sequence-dependence
experiments of Figure 7

The various RNA substrates shown in Figure 7(a)
were designed by taking the parent substrate combi-
nation 1 and systematically altering the nucleotides. The
substrate combination 2 was obtained from 1 by the
interconversions G $ U and A $ C, except for the lead-
ing 50-GGA (required for T7 RNA polymerase transcrip-
tion) and the UA # GG (required for deoxyribozyme
ligation). Combination 3 was obtained from 1 by tran-
sitions U $ C and A $ G, and 4 from 3 by the same
interconversions as for 2 from 1. For 3 and 4, the third
and fourth nucleotides to the right of the ligation junc-
tion were designed as illustrated to avoid having a
stretch of $3 G nucleotides at the 50-end of the
substrate.39 For the same reason, the second nucleotide
to the right of the junction for 4 was A and not G. Either
purine at this position permits ligation with equivalent
yield, as denoted by the UA # GR motif (Figure 6).
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