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DNA catalysts, also known as deoxyribozymes or DNA
enzymes, are synthetic single-stranded DNA molecules that
can catalyze chemical transformations with high selectivity.
Since the first report of a DNA-catalyzed cleavage of an RNA
phosphodiester linkage,[1] deoxyribozymes for a variety of
reactions have been identified by in vitro selection.[2] Practical
applications of DNA catalysts include their use as analytical
tools, computational devices, and therapeutic agents, and as
reagents for synthesis.[3] The DNA-catalyzed ligation of RNA
is an experimentally attractive alternative to protein-cata-
lyzed RNA ligation.[4] A powerful application of DNA
catalysts is the synthesis of 2’,5’-branched RNA by activating
a specific internal 2’-hydroxy group of one RNA substrate
(L-RNA) for the nucleophilic attack to the 5’-triphosphate of
the second RNA substrate (R-RNA). The prototype of this
class of RNA ligases is the 7S11 deoxyribozyme[5] (Figure 1a),
which provides access to the 2’,5’-branched core structures of
lariat RNAs, important RNA-splicing intermediates[6] that
are difficult to obtain by other chemical methods.[7] Deoxy-
ribozymes can also serve as useful tools for the linear ligation
of two RNA fragments. The 9DB1 deoxyribozyme[8]

(Figure 1b) catalyzes the formation of a native 3’-5’-phos-
phodiester bond between two RNA substrates, using the
3’-OH of the L-RNA as a nucleophile to react with the
5’-triphosphate of the R-RNA.

The chemical mechanism of DNA-catalyzed RNA liga-
tion is not known. Deoxyribozymes bind their RNA sub-
strates by means of Watson–Crick base-pairing; the binding
arms are connected by one or more single-stranded regions
(Figure 1) that form the active sites for catalysis. For the
single-stranded loops A and B of 7S11, limited mutagenesis
data have provided preliminary information about function-
ally important nucleotides.[5b] In contrast, the nucleotides
required for activity of the 9DB1 DNA have not yet been
defined.

Understanding the functionality and sequence require-
ments of DNA catalysts is important from the mechanistic
point of view and is expected to promote the engineering of

deoxyribozymes for practical applications. In the absence of
any three-dimensional structure of a DNA catalyst in an
active conformation,[9] the identification of nucleotide func-
tional groups that are essential for deoxyribozyme activity is
fundamental to understanding the mechanisms of DNA
catalysis. Traditional characterization methods are based on
systematic deletion or substitution of individual nucleotides
and meticulous kinetic analyses of many separate deoxyribo-
zyme mutants.[10] Innovative alternatives to this rather labor-
intensive approach should rapidly provide comprehensive
and reliable data sets that permit the assessment of individual
nucleotide contributions to catalytic activity. The results from
such a comprehensive mutation analysis are expected to
provide new insights into the molecular basis of DNA-
catalyzed reactions.

We report herein the development of a combinatorial
approach to mutation interference analysis that serves as a
general tool for the characterization of functional single-
stranded DNA, in particular for the identification of catalyti-
cally important nucleotides in deoxyribozymes. Combinato-
rial mutation interference analysis (CoMA) enables the
simultaneous assessment of the catalytic ability of all possible
single mutants of a deoxyribozyme (e.g., 120 single mutants
for a deoxyribozyme with a 40-nucleotide catalytic region).
For this endeavor, deoxyribozyme mutants are prepared in
four combinatorial libraries by solid-phase synthesis. To

Figure 1. DNA-catalyzed RNA ligation. a) 7S11 enables the synthesis of
2’,5’-branched RNA.[5] b) 9DB1 joins two RNA substrates by means of
a linear 3’-5’-phosphodiester linkage.[8] Secondary-structure prediction
(mfold[11]) suggests two stem–loop domains in 9DB1. Both deoxyribo-
zymes require Mg2+ as a divalent metal-ion cofactor.
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encode the nucleobase mutations in the deoxyribozyme
libraries, the 2’-OH group of the ribonucleotides is used as a
chemical tag. Each library therefore contains one of the four
standard ribonucleotides statistically distributed in the cata-
lytic core of the deoxyribozyme. The CoMA workflow
consists of four steps as depicted in Figure 2: A) solid-phase
synthesis of four 2’-OH-encoded combinatorial mutation
libraries, B) separation of active and inactive library mem-
bers, C) specific backbone cleavage at mutation sites by
alkaline hydrolysis, and D) analysis of interference patterns
by denaturing polyacrylamide gel electrophoresis (PAGE).

The solid-phase synthesis in step A uses standard DNA
synthesis conditions, with the exception that mixtures of
phosphoramidite solutions are employed (Figure 2A). The
four 2’-O-triisopropylsilyloxymethyl (TOM)-protected ribo-
nucleotide phosphoramidites (rN) are individually mixed
with each of the four deoxyribonucleotide phosphoramidites
(dN) in a ratio that would ideally result in one ribonucleotide
mutation per DNA molecule on average. The efficiency of rN

incorporation for different rN/dN ratios was examined for all
16 combinations by synthesizing pentamer oligonucleotides
containing a single ribonucleotide mutation. The amount of
rN incorporation was analyzed by anion-exchange HPLC
based on the separation of parent (all DNA) from mutant
(2’-O-TOM-rN-containing) pentamers. The experimental rN
incorporation ratio was in the range of 40–70% of the rN
content in the rN/dN phosphoramidite mixtures.[12]

In step B, active RNA ligase deoxyribozyme mutants are
separated from inactive derivatives (Figure 2B) by means of
DNA-catalyzed RNA ligation in a bimolecular format. In this
setup, the R-RNA substrate is covalently linked to the
3’-32P-labeled mutant DNA enzyme library, and the active
DNA–RNA conjugates become attached to the L-RNA. Both
active and inactive fractions are readily separated by dena-
turing PAGE. In step C, the unseparated mutant library as
well as the active and the inactive fractions of the separated
library are individually hydrolyzed under alkaline conditions
(Figure 2C). In step D, the cleavage products are separated

Figure 2. Workflow of steps A–D for combinatorial mutation interference analysis (CoMA). A) Mixtures of DNA and RNA phosphoramidites are
used for solid-phase synthesis of mutant deoxyribozyme libraries. B) The DNA-catalyzed reaction is performed in a bimolecular format to separate
active from inactive library members. C) The 2’-OH group enables specific backbone cleavage at mutated positions. D) PAGE analysis for missing
bands reveals mutation effects. Transitions are G$A, C$U, transversions are G$U, A$C, and G$C, A$U.
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on a denaturing polyacrylamide gel, and the resulting
interference pattern is analyzed using a PhosphorImager.

Inspection of the hydrolysis lanes for the presence or
absence of bands in all four libraries allows the assessment of
mutation effects (see Figure 2 D for a schematic representa-
tion). For a given nucleotide position, the presence of
hydrolysis products in all four mutant libraries indicates that
nucleobase mutations at this position are well tolerated and
that the 2’-OH tag does not interfere with catalysis. In
contrast, the absence of the hydrolysis product in all four
mutant libraries indicates that the 2’-OH substitution at this
nucleotide position is not tolerated. This suggests sensitivity
to local conformational changes at the ribose moiety, in which
case the effect of nucleobase mutations cannot be deter-
mined. The presence of a hydrolysis band only in the “parent”
library of a given position (i.e., the absence of bands in the
other three libraries) indicates that any type of standard
nucleobase mutation at this position is detrimental to catalytic
activity. At nucleotide positions at which transitions and/or
transversions are allowed, hydrolysis products appear in more
than one library. Numerical values for the interference effects
of nucleotide mutations are obtained by quantification of
individual band intensities (see below).

To demonstrate the concept of CoMA, we investigated
the catalytic loops of the 7S11 deoxyribozyme. To assess
whether individual ribonucleotides (i.e., the presence of the
2’-OH tag) would inhibit 7S11-catalyzed RNA ligation, we
first synthesized a library of 7S11 variants in which only the
nine 2’-deoxyguanosines in loops A and B were statistically
replaced by the corresponding guanosine ribonucleotide. The
rG-containing 7S11 library was covalently attached to the
R-RNA substrate using T4 RNA ligase. The ligation products
were radioactively labeled at their 3’-end by templated
addition of 32P-dATP with Klenow DNA polymerase. The
7S11-catalyzed ligation reaction was run in the presence of
40 mm MgCl2, and the ligated and unligated fractions were
isolated by denaturing PAGE. Both fractions were individu-
ally hydrolyzed with 10 mm NaOH at 95 8C for 10 min, and
the cleavage products were separated on a sequencing gel.
The analysis of the hydrolysis pattern revealed the presence
of all nine 2’-OH-tagged DNA molecules in both fractions,
indicating that no single guanosine ribonucleotide inhibited
the catalytic ability of 7S11.[12] Similar results were obtained
with libraries that contained rC, rA, and rU nucleotides at
their parent deoxyribozyme positions.[12]

Based on these observations, we targeted the synthesis of
four ribonucleotide mutant libraries of 7S11 for a compre-
hensive analysis of mutation interference effects at all loop
nucleotide positions. The loop regions (including P4, see
Figure 1A) were synthesized with rN/dN mixtures, whereas
the substrate binding arms P1–P3 were synthesized with
standard DNA phosphoramidites. The hydrolysis pattern of
the four active 7S11 fractions in comparison to the four
unseparated libraries is shown in Figure 3.[13] Individual band
intensities were quantified, and interference values were
calculated by dividing the band intensity of every nucleotide
position in the unseparated library by the band intensity in the
active fraction.[12] This resulted in an interference value of 1 if
the modification (i.e., nucleobase mutation and 2’-OH group)

had no effect on the catalytic activity. Values > 1 indicated
positions where the mutation inhibited activity, whereas
values < 1 (not actually observed) would have represented
positions where mutations enhance the activity. The interfer-
ence data were grouped for transitions (G$A, C$U; blue),
transversions 1 (G$U, A$C; magenta), and transversions 2
(G$C, A$U; turquoise) for all loop nucleotide positions
and represented as bar graphs. Interference values between
0.5 and 2 are considered insignificant and are marked in green
(see the representation of 7S11 loop sequences, Figure 3
bottom). Medium interference values between 2 and 5 are
colored pink, and strong interference values > 5 are marked
in red. No significant interference of the 2’-OH group by itself
was observed at any 7S11 loop position (gray bar in Figure 3).

The analysis of the 7S11 CoMA data identified three
conserved guanosine nucleotides G8, G9, and G10 in loop A
that cannot be changed to any other nucleotide without
severely affecting catalytic activity. The interference values at
these positions are > 5, except for G10U with an interference
value of 2.1. This smaller effect for the G10U mutation could
indicate that the O6/N1 lactam functionality at position G10
contributes to catalysis, and that this function can partially be
maintained by O4/N3 of uridine. The very strong effects at the
other two guanosines for all mutations could be interpreted as
more than one functional group of the nucleobase being
essential for activity. A strong interference effect in loop A
was also observed for C11A. Medium effects were detected
for changing C1 into purines and for the C5G and C11U
mutations. At position 6, the C6A mutation was well

Figure 3. CoMA of 7S11. Gels show the alkaline-hydrolysis pattern of
unseparated libraries and of the active fractions of 7S11 mutants. The
DNA is 32P-labeled at the 3’-end; therefore, nucleotide numbering from
5’ to 3’ runs from top to bottom on the gel. Interference values for
transitions and both kinds of transversions are shown as bar graphs
for loops A and B (including P4 as part of loop B). The circular color
representation of the loop sequences at the bottom of the figure
summarizes strong (red), weak (pink), and negligible (green) interfer-
ence effects for transitions (trans; top third), transversions 1 (trv1;
right third), and transversions 2 (trv2; left third) at all nucleotide
positions.
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tolerated, whereas diminished activity was observed when C6
was changed to U or G. This could indicate a functional
importance of the exocyclic N4 amino group that can be
imitated by N6 of adenosine. In loop B, nucleotides G12, C16,
and C22 are most sensitive to alteration. Mutations at
positions G13 and C14 show medium or small effects, and
at T14, G17, and G18 any substitution is tolerated. Interest-
ingly, single nucleotide mutations have also rather small
effects in loop B at nucleotides 19–21, which are involved in
base-pairing with the R-RNA substrate, apparently demon-
strating that single mismatches at all but the first position of
P4 are acceptable. For selected mutants, the 7S11 CoMA
results have been independently confirmed by analyses of the
ligation activity (as reported earlier[5b] and/or confirmed by
our data[12]). Overall, these experiments demonstrate that
CoMA provides comprehensive and reliable mutation data
for the nucleotides in the catalytic region of 7S11.[14]

CoMA was then applied to investigate the 40nt catalytic
region of the 9DB1 deoxyribozyme that catalyzes the linear
ligation of two RNA substrates. No mutagenesis data of any
kind has been reported for 9DB1. According to the CoMA
workflow outlined in Figure 2, four 9DB1 mutant libraries
were synthesized using rN/dN mixtures at the 40 contiguous
positions of the catalytic region. After separation of active
and inactive deoxyribozyme mutants, the RNA–DNA hybrids
were subjected to alkaline hydrolysis and the interference
patterns were analyzed. The hydrolysis lanes of the active
deoxyribozyme fractions, the interference values for transi-
tions and transversions, and a schematic summary of the
results are depicted in Figure 4.[13] The 2’-OH tag was
tolerated at almost all 40 positions, with only three nucleotide

positions showing OH-interference values slightly larger than
2. Strikingly, three consecutive guanosine nucleotides, G17–
G19, in loop A were essential for catalytic activity (in red),
reminiscent of the functionally important triple guanosine
motif in loop A of 7S11. In addition, C13, G14, and A16 were
highly sensitive to mutations. Nucleotides G15 and G20
showed small interference effects, and T21–T23 could be
changed to any other nucleotide (green). Another exciting
result was the clustering of green positions, that is, interfer-
ence values less than 2, in stem II and loop B. This finding
indicated that all mutations are allowed between positions 30
and 38 and suggested that this stem–loop is dispensable. In
contrast, most of the nucleotides involved in stem I showed
large interference effects, suggesting that mismatches are not
tolerated in this stem. The predicted loop-closing wobble
base-pair T12:G24 is most likely not formed because T12 can
be changed to any other nucleotide but G24 is essential.
Moreover, several nucleotides in the 5’-single-stranded part of
the 9DB1 core could not be mutated without strongly
affecting ligation activity. In particular, G1, A3, C5, and T7
seem to be involved in formation of the active conformation
and/or participate in catalysis.

To validate the 9DB1 CoMA data, we synthesized several
9DB1 mutants and analyzed the DNA-catalyzed ligation rate
in the trimolecular format (i.e., R-RNA is not covalently
attached to the 9DB1 derivative). As expected from the
interference data, stem II and loop B could be removed
without considerably reducing the ligation rate (Figure 5).
Mutations that showed high interference values in the
combinatorial libraries were also detrimental when assayed
in individual 9DB1 mutants. Tested examples include the
G18A and G24A mutants that were about 800-fold and 1600-
fold slower than 9DB1-mini (Figure 5). Further investigation
of the predicted stem I by testing compensatory mutations
revealed pronounced sensitivity to stem length and base-pair
identity. Stabilization of the stem by changing A8:T28 to
C8:G28 resulted in a 150-fold slower reaction. Changing
individual base pairs resulted in 20–800-fold slower ligation

Figure 4. CoMA of 9DB1. The gel lanes depict the hydrolysis pattern of
the catalytically active fractions of 9DB1 mutant libraries. The full gel
including control lanes is shown in the Supporting Information.
Interference values and secondary-structure representation follow the
same scheme as that used in Figure 3.

Figure 5. Analysis of the ligation activity of selected 9DB1 deoxyribozyme
mutants. a) Minimized 9DB1 deoxyribozyme based on CoMA results.
Selected loop mutations and kobs values are indicated. b) Kinetic plots for
original 9DB1 (*, kobs = 0.023 min�1), minimized 9DB1 (&), and loop
mutations T12A (~), G18A (&), and G24A (*). c) Selection of examined
9DB1 mini stem-mutants. Original stem base-pairs are in black, mutations
in gray. kobs values (min�1) are shown below each stem.
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rates (Figure 5 and the Supporting Information). These
results suggest that the helix orientation and the hydrogen-
bonding donor/acceptor pattern in the grooves are important
for interactions with other nucleotides.

The kinetic analyses confirmed that CoMA successfully
identified core nucleotides that define the deoxyribozyme
active site and are essential for catalytic activity. For both
DNA enzymes studied, CoMA revealed a series of three
consecutive guanosine nucleotides that are crucial for DNA-
catalyzed RNA ligation of a ribose hydroxy group to a
5’-triphosphate. A comparison with other known deoxyribo-
zymes that catalyze the formation of 2’,5’-branched nucleic
acids[15] suggests that at least two consecutive guanosines
might be generally needed to assist DNA-catalyzed RNA
ligation of the 2’- or 3’-hydroxy groups to 5’-triphosphates.
Based on the presented results for 7S11 and 9DB1, it seems
likely that this requirement is independent of the branched or
linear topology of the ligation product. More detailed
investigations are certainly needed to identify the interaction
partners of the functional nucleotides, which will lead to a
mechanistic framework for DNA-catalyzed RNA ligation.

In this study, we have shown that combinatorial mutation
interference analysis (CoMA) is a highly efficient method to
identify catalytically essential nucleotides in deoxyribozymes.
In addition, the CoMA results provide information on
nonessential nucleotides and thereby facilitates minimization
of the catalytic core regions. The ability to cleave mutant
DNA libraries under alkaline conditions exclusively at 2’-OH-
tagged positions makes it possible to map mutation-sensitive
nucleotides. We found that the deoxyribose-to-ribose sub-
stitution is functionally silent for the large majority of
nucleotide positions in the RNA-ligating deoxyribozymes
investigated in this study. The application of solid-phase
synthesis for the preparation of deoxyribozyme libraries
enables the assessment of all possible mutants in one set of
experiments using four distinct libraries. This cannot be
achieved by enzymatic methods using template-dependent
polymerase enzymes, which can only incorporate Watson–
Crick-complementary nucleotides. In addition, CoMA is
unbiased by the need to choose a subset of specific mutants
for investigation, in contrast to the conventional mutagenesis
approach. This is an especially important practical advantage
of CoMA for longer functional nucleotide regions that are
characteristic of many DNA catalysts and aptamers. The
application of the 2’-OH group as an effective chemical tag
will also allow the analysis of individual functional-group
contributions to DNA catalysis. This application will be
conceptually related to nucleotide analogue interference
mapping (NAIM), which has been developed for assaying
ribozyme catalytic mechanisms.[16] NAIM is based on the
enzymatic incorporation of phosphorothioate-tagged nucleo-
tide analogues by in vitro transcription.[17] In contrast, our
approach for deoxyribozymes can employ incorporation of
ribonucleotide analogues by solid-phase synthesis. Compre-

hensive results from mutagenesis and modification analyses
will guide more detailed mechanistic investigations of DNA
catalysts and may inspire the rational design of minimal
functional units for the construction of more complex DNA
architectures.
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