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An artificial RNA ligase specific to RNA with a 5'-triphosphate (PPP-RNA)
exhibits broad sequence specificity on model substrates and
secondary siRNAs with direct applications in the identification of
PPP-RNAs through sequencing.

The development of novel enzymes to manipulate nucleic acids
has been a driving force in pioneering methods for molecular
biology, genomics and transcriptomics. One such type of
enzymes are ligases, which join together two strands of nucleic
acids by forming a phosphodiester bond with a 3’-5’ linkage.
Many known natural ligases couple the phosphodiester bond
formation with ATP hydrolysis through a series of group
transfers." Ligases have been used extensively in the analysis
of large mixtures of RNA to add adapters of known sequence to
the RNAs,” thus enabling reverse transcription, PCR amplifica-
tion and ultimately their identification by microarray analysis
or sequencing.’ As all known natural ligase enzymes require a
5’-monophosphate terminus (P-RNA) for the ligation reaction
to occur, RNA mixtures are typically enzymatically modified to
uniformly introduce the 5-monophosphate in preparation for
ligation and sequencing. This can prove problematic for inter-
preting subsequent RNA sequencing data as classes of RNA
characterized by a different 5’-phosphorylation can no longer
be easily distinguished in sequencing data. Identifying primary
transcripts, also called immature RNA, can be particularly
difficult because they have a 5'-triphosphate (PPP-RNA) and
cannot be selectively purified from other classes of RNAs. While
the triphosphate of eukaryotic mRNA is eventually capped,
other classes of RNA retain the 5'-triphosphate as one of their
only identifying features. This includes prokaryote mRNA, some
viral mRNAs in eukaryotes,” transcripts from mitochondria®
and chloroplasts,® and secondary siRNAs.” To identify these
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RNAs from cell isolates, methods exist which enrich for PPP-
RNAs prior to sequencing, but they commonly identify false
positives and require laborious independent verification with a
complementary method.® Therefore, an alternative, simplified
method for identifying PPP-RNAs with improved accuracy
would be highly desirable.

The splinted, 5’-triphosphate-dependent ligation of two RNA
strands has repeatedly been used as a model reaction to generate
novel catalysts. Both artificial ribozymes® and deoxyribozymes'®
have been generated that catalyze this reaction. However, these
catalytic nucleic acids often have strict sequence requirements
near the ligation site, limiting the choice of PPP-RNA sequences
that can be ligated. Furthermore, these nucleic acid enzymes
act as both catalyst and complementary splint, which requires a
new catalyst to be designed and synthesized specifically for
each new substrate sequence. Previously, we reported the
de novo selection and evolution of triphosphate dependent artificial
RNA ligases.’* These protein enzymes ligate a 5'-triphosphate
RNA substrate to the 3’-hydroxyl of a second RNA exclusively
forming a 3'-5’ linkage while both substrates are aligned by a
complementary oligonucleotide splint (Fig. 1). The artificial
ligases are zinc-dependent metalloproteins of ~10 kDa and
were derived from the two zinc finger protein hRXRa.''* We
solved the structure of RNA ligase 10C, a highly active variant,
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Fig. 1 Artificial RNA ligase catalyzing the formation of a 3'-5’-phosphodiester
bond between a 5'-triphosphate RNA (red) and 3’-hydroxyl RNA (blue) substrate.
The proposed mechanism of the reaction is shown. A complementary splint DNA
oligonucleotide (black) anneals to the RNA and is necessary for ligation.
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revealing a novel protein fold with highly unusual structural
features."

To determine if this enzyme could be used for the general
identification of PPP-RNAs, we investigated the sequence speci-
ficity of ligase 10C. This artificial enzyme had been generated to
ligate a single substrate pair, but had never been challenged to
evolve an ability to ligate alternative RNA sequences. To deter-
mine the sequence specificity of 10C, we varied the nucleotides
adjacent to the ligation site. We also tested a substrate pair of
entirely unrelated sequence to assess the impact of large scale
changes in sequence. Finally, to extend 10C for practical
applications, we investigated whether this ligase can perform
selective ligation in a mixture of secondary siRNAs. These
experiments demonstrate RNA ligase 10C exhibits broad
sequence specificity and therefore should be a valuable tool
for the whole-cell isolation and identification of PPP-RNA.

RNA ligase 10C was assayed for the ligation of chemically
synthesized RNA oligonucleotides to PPP-RNA substrates
synthesized and **P-labeled by in vitro transcription. Assay
conditions were chosen to mimic conditions used in commer-
cial RNA isolation and sequencing kits."* Under these condi-
tions, 10C was able to ligate the original substrates used during
its evolution as well as an unrelated sequence, even though the
nucleotides flanking the ligation site were completely different
(Fig. 2). Ligation rates were similar for these two substrates with
the kops of 0.45 & 0.01 h™' for the original substrates and
0.24 £ 0.01 h™" for the substrate pair with unrelated sequence.
We expanded upon these experiments by testing different
nucleotides at the 3’-hydroxyl and 5’-triphosphate sides of the
ligation site independently (Table S1, ESIf). As we were limited
to the transcription by T7 RNA polymerase, we only created
PPP-RNA substrates beginning with a G or A.™ For all substrates
tested, the ks were similar within a 10-fold range (Fig. S1, ESIY).
By comparison, the most commonly used natural enzyme T4
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Fig. 2 Ligation of two pairs of RNA substrates by artificial ligase 10C. The arrow
represents the site of ligation. The data were fit to first-order kinetics Y = Y; (1 —e kY
where Y; = final yield and k = kops. The solid lines show the progress of the
reaction with the substrates that were originally used to generate ligase 10C
(5" CUAACGUUCGC | GGAGACUCUUU). Dashed lines indicate the ligation of a
second substrate pair of unrelated sequence (5" GCAUGUCAGCA | AGGCCUAUCAA)
that has the same GC content. Data are the mean of 3 replicates 4 SD.
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DNA ligase has been shown to have an approximately 3-fold
difference in k., in the ligation of nicked DNA depending on
the sequence surrounding the ligation site.’® If the ligation
using 10C is allowed to proceed overnight as is commonly done
with commercial ligases, the differences in yield for different
substrates are reduced to <3-fold. Although the ligase 10C was
originally selected to ligate only one specific pair of substrate
sequences, the enzyme does not require any specific nucleotide
sequence near the ligation site.

The ligation rate of ligase 10C is comparable to previously
reported deoxyribozymes'®® which catalyze the same reaction
under similar reaction conditions, but is lower than the typical
rate observed for natural ligase protein enzymes."® Nevertheless,
the current activity of 10C is sufficient for immediate applica-
tions, and engineering efforts to improve the catalytic efficiency
of 10C are underway. In contrast to previously generated
nucleic acid enzymes,”'® ligase 10C can ligate all different
RNA sequences without the need to tailor-make a modified
catalyst for each substrate because the complementary splint is
not part of, or attached to, the catalyst.

To directly demonstrate the utility of 10C, we tested the
ligase with two secondary short interfering RNAs (siRNAs).
siRNAs are involved in the regulation of gene expression
through the RNAi pathway. Secondary siRNAs are a unique
class of siRNA that were identified in C. elegans and have a
5'-triphosphate as they are synthesized by an RNA-dependent
RNA polymerase to amplify the RNAi response.”'” We chose
two previously published siRNAs (S2, S3 in Fig. 3a)’“ which we
transcribed with T7 polymerase. Those siRNAs lack secondary
structure that could interfere in base pairing to the comple-
mentary DNA splint. We also included the original PPP-RNA
substrate (S1) used to evolve ligase 10C as it shares a similar
5'-sequence with the secondary siRNAs. As expected, ligase 10C
was capable of ligating 5'-triphosphorylated versions of all
three substrates to an adapter sequence 8 nucleotides in length.
While the 8 nt adapter was chosen to facilitate separation of
RNAs in the gel, longer adapters of constant sequence can be
used to enable subsequent RNA sequencing. Substrates of
the same sequence but with a 5’-monophosphate instead of
the 5’-triphosphate were not ligated (Fig. 3b).

We then combined the three 5’-triphosphorylated substrates
in a single reaction and tested if individual splints could
specifically promote the ligation of their complementary sub-
strates in a mixture of similar sequences. No cross-reactivity
between splints was detected, despite sequence identity of the
substrates in three of the four nucleotides adjacent to the
ligation site (Fig. 3b). The discrimination between substrates
with a complementary splint and those with imperfect com-
plementarity is >100-fold, using the limit of detection of the
assay as a conservative estimate. Calculated melting tempera-
tures (T,,) of the splint-substrate combinations indicate that only
the matching sequence pairs will hybridize at the temperature
and ionic strength of the ligation mixture (Table S2, ESI}). By
using splints with relatively short overhangs (e.g. 8 base pairs),
the hybridization stringency increases dramatically as even
single mismatches can reduce the T, by more than 10 °C.
Therefore, the ligation of sequencing adapters to biologically
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Fig. 3 Application of the artificial RNA ligase enzyme to selectively ligate
secondary siRNA. (a) Alignment of the original ligation substrate (S1) and
secondary siRNA substrates (S2) and (S3). Sequence similarities are highlighted
in yellow. For each of the three substrates, a matching complementary splint
oligodeoxynucleotide (black) was used to ligate them to a 3’-hydroxy-substrate
"adapter”. The adapter is identical in all three cases (blue). The first eight
nucleotides of each substrate base-pair to its respective splint and are capitalized.
(b) Denaturing PAGE gel depicting ligation experiments with substrates S1 to S3
to form products P1 to P3, demonstrating the necessity of a triphosphate (PPP) at
the 5’-terminus (lanes 3, 7, 11). No ligation is observed for substrates with a
5’-monophosphate (P) (lanes 2, 6, 10). Lanes 4, 8 and 12 show the selective
ligation of a single substrate in a mixture of substrates with highly similar
sequences, which is dependent on the presence of the correct complementary
splint. The substrate bands are marked by empty triangles and the product bands
by filled triangles.

relevant RNAs by ligase 10C can be controlled through the use
of a splint which specifically base pairs to the desired PPP-RNA
substrate.

The artificial RNA ligase enzyme 10C has a potential appli-
cation in the sequencing of PPP-RNAs (Fig. S2, ESIT). Deep RNA
sequencing (RNA-seq) is replacing traditional microarray
technology for large scale RNA analysis in part because of its
increased dynamic range and lower detection limit. RNA-seq
has been used to characterize specific RNA subpopulations,
including those which are of low cellular abundance.®> One of
the primary challenges in the analysis of specific RNA classes is
the minimization of false positive results due to sample
contamination with other classes of RNA or cleavage products.®

7324 | Chem. Commun., 2013, 49, 7322-7324

For PPP-RNAs, ligase 10C offers a simple and direct route for the
ligation of adapters without false positives as the triphosphate
provides the energy needed to drive bond formation. We
envision that, in addition to sequencing specific sequences,
total PPP-RNA could be analyzed by using oligonucleotide
splints with a short degenerate sequence overhang. This would
allow for ligation of any RNA sequence and has been used
previously for RNA-seq in a similar fashion."*

In summary, these results highlight the value of the artificial
RNA ligase 10C for the direct isolation and identification of
virtually any PPP-RNA. Efforts are underway to utilize ligase 10C
in RNA sequencing efforts to evaluate the efficacy of 10C to
identify a broad range of PPP-RNAs from biological samples.
Finally, this exemplary application of the artificial RNA ligase
highlights the potential of in vitro selection and evolution
methods for the creation of useful artificial biocatalysts.'®
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Fig. S1 Probing the sequence specificity of RNA ligase 10C with various substrate combinations. The
PPP-RNA substrates and the RNA-OH substrates are shown in red and blue, respectively. The data are
the mean of 3 replicates + SD and were fit to first-order kinetics Y=Y{(1-e*") with Y=final yield and
k=Kopns. The arrow represents the site of ligation and the complementary splint required for the reaction is
omitted for clarity. a) Single nucleotide changes next to the ligation site. The C|G substrates are the
original two sequences that were used in the selection and evolution of RNA ligase 10C. Rates of ligation
(kops) ranged from 0.12 + 0.01 h™ for UG to 0.85 £0.05 h™ for A|G. While not all theoretically possible
substrate nucleotide combinations were tested, the combination U | A is likely to have the lowest reaction
rate. This rate can be estimated by multiplying the Kqps (U] G) by the fraction of Kops (CLA) / Kops (C|G)
which yields an approximate value of 0.085 h™, assuming that the reaction rate contributions from
nucleotides on both sides of the ligation site are independent. b) Change of whole sequence of ligation
substrates. Progress of ligation is shown for combinations of the original substrate sequences used during
the selection and evolution of ligase 10C (solid gray line) and substrate sequences that are completely
unrelated, but have the same length and GC content (dashed lines). For detailed sequence information see
Table S1.
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Fig. S2 General method for the modification of RNA samples necessary for next generation sequencing.
RNA is typically not sequenced directly, but first converted to DNA through reverse transcription.
Adapters add the needed terminal constant regions that facilitate the annealing of primers and reveal the
orientation of the original RNA sequence. The artificial RNA ligase enzyme can be used during the
“Ligate adapters” step to ligate the adapter to those “Isolated RNA” molecules that have a 5'-triphosphate
group utilizing degenerate splints (dashed box). Ligase 10C can also ligate the second adapter to the 3'-
terminus of the “Isolated RNA” if an adapter with a 5'-triphosphate is used.

S2



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Table S1. Oligonucleotide substrate combinations used in the sequence specificity and application

experiments.

Substrate combinations

RNA-OH

PPP-RNA’

DNA Splint

Variation at ligation site®

5'"-CUAACGUUCGC

5'"-GGAGACUCUUU

5"-GAGTCTCCGCGAACGT

5'"-CUAACGUUCGC

5'"-AGAGACUCUUU

5'"-GAGTCTCTGCGAACGT

5'-CUAACGUUCGA

5'"-GGAGACUCUUU

5'"-GAGTCTCCTCGAACGT

5'"-CUAACGUUCGG

5'"-GGAGACUCUUU

5"-GAGTCTCCCCGAACGT

5 cle 3¢
5 cla 3
5 AlG 3
5 e fe 3
5 ule 3

5'"-CUAACGUUCGU

5'"-GGAGACUCUUU

5'"-GAGTCTCCACGAACGT

Variation of whole sequence

5‘—1—3’ c

5'"-CUAACGUUCGC

5"-GGAGACUCUUU

5"-GAGTCTCCGCGAACGT

Gummm | -

5'"-GCAUGUCAGCA

5'"-AGGCCUAUCAA

5'"-ATAGGCCTTGCTGACA

& e | o 3

5'"-CUAACGUUCGC

5'"-AGGCCUAUCAA

5'"-ATAGGCCTGCGAACGT

Gmmmm | —

5'"-GCAUGUCAGCA

5"-GGAGACUCUUU

5'"-GAGTCTCCTGCTGACA

Secondary siRNA

Adapter Original (S1)

' e || s 3

5'"-ACGUUCGA

5"-GGAGACUCUUU

5'"-GAGTCTCCTCGAACGT

Adapter

5 e || s 3

5'"-ACGUUCGA

5"-GCAGAAACUGGAACCCAGGU

5'"-GTTTCTGCTCGAACGT

Adapter siRNA (S3)

5 e || s 3

5'"-ACGUUCGA

5"-GGAACCCAGGUGUUGGUCUUUG

5'"-TGGGTTCCTCGAACGT

& All oligonucleotides in this column carry a 5'-terminal triphosphate, which is not shown here to

simplify the table.

® Nucleotides that were varied are underlined and shown in bold.
¢ This combination of substrate sequences is identical to the original substrates used in the selection and
evolution of the RNA ligase enzymes.
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Table S2. Melting temperatures (Tm) calculated for the hybridization of each PPP-RNA substrate with
each of the three different splints used in the application experiment. The Tm values for fully
complementary PPP-RNA/splint combinations are close to room temperature or above (shown in bold).
All combinations that would result in mismatches yielded calculated Tm values that were substantially
below room temperature (shown in parentheses and italics). In practical terms, this means that the fully
complementary combinations are stable under the reaction conditions used in the application experiment,
whereas the mismatched combinations are unlikely to hybridize.

PPP-RNA | Tm (by Pasteur?) Tm (by Stratagene®)

Splint-1 | Splint-2 | Splint-3 | Splint-1 Splint-2 Splint-3
Original (S1) | 30.1°C | - - 228°C | (-19.9°C) | (-27.3°C)
SiRNA (S2) | - 18.3°C | - (-14.8°C) | 17.6°C | (-63.0 °C)
SiRNA (S3) | - - 30.2°C | (-27.3°C) | (-57.4°C) | 22.8 °C

% Tm values were calculated using the Melting 4.1f calculator hosted by Mobyle@Pasteur
(http://mobyle.pasteur.fr/cgi-bin/portal. py?#forms::melting) with adjustments made for the RNA/DNA
duplex, [Na+] and [oligonucleotide].

Tm values were calculated using Stratagene’s QuikChange® Primer Design Program (Tm = 81.5 +
0.41(%GC) - (675/N) - % mismatch, where N = total number of bases.
https://www.genomics.agilent.com/CollectionSubpage.aspx?PageType=Tool&SubPageType=ToolQCPD
&PagelD=15) Note that this calculator assumes a DNA/DNA duplex. The calculator was used because
no suitable RNA/DNA calculator was available that considers mismatches. While the real Tm values for
RNA/DNA duplexes are higher than those calculated for the respective DNA/DNA duplexes, the general
trend between different sequences is expected to be similar.
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Materials and Methods
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.

Expression & Purification of RNA Ligase 10C:
RNA Ligase 10C was expressed and purified as previously published.!

Preparation of Oligonucleotides:

The a-**P-labeled PPP-RNA substrates were prepared by in vitro transcription using T7 RNA
polymerase as previously published.! The inactive o-**P-labeled P-RNA substrates were
prepared by treating PPP-RNA with 5" RNA Polyphosphatase from Epicentre (Madison, W1)
followed by phenol/chloroform extraction or PAGE gel purification to remove the
Polyphosphatase. The RNA-OH substrates were purchased from Dharmacon (Lafayette, CO) and
prepared according to the manufacturer’s protocol. DNA splints were purchased from Integrated
DNA Technologies (Coralville, 1A). All oligonucleotides were dissolved in ultra-pure water and
concentrations determined by UV absorbance.

Ligation Assay:

1 uM PPP-RNA, 3 uM RNA-OH and 6 uM DNA splint (Table S1) were combined in a buffer
containing 20 mM HEPES pH 7.5, 100 mM NacCl, 100 uM ZnCl,. The oligonucleotides were
annealed by heating the solution to 60 °C for 3 minutes and allowing it to cool at room
temperature for 10 min. A stock of 50 uM RNA Ligase 10C in buffer containing 20 mM HEPES
pH 7.5, 150 mM NaCl, 100 uM ZnCl; and 0.5 mM B-mercaptoethanol was added to the
oligonucleotide mix to a final concentration of 10 uM enzyme. The ligation reactions were
incubated at room temperature for the indicated times, and quenched with two volumes of 20
mM EDTA in 8 M urea, heated to 95 °C for 4 min and separated by 20% denaturing PAGE gel.
The gel was analyzed using GE Healthcare (Amersham Bioscience) Phosphorimager and
ImageQuant software (Amersham Bioscience).
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