Chapter 2

Enzymatic Ligation Strategies for the Preparation of Purine
Ribhoswitches with Site-Specific Chemical Modifications

Renate Rieder, Claudia Hobartner, and Ronald Micura

Summary

One of the most versatile riboswitch classes refers to purine nucleoside metabolism. In the cell, purine
riboswitches of the respective mRNAs either act at the transcriptional or translational level and off- or
on-regulate genes upon binding to their dedicated ligands. Biophysical studies on ligand-induced folding
of these RNA domains in vitro contribute to understanding their regulation mechanisms in vivo. For
such studies, in particular, for approaches using fluorescence spectroscopy, the preparation of large RNAs
with site-specific chemical modifications is required. Here, we describe a strategy for the preparation of
riboswitch aptamers and aptamers adjoined to their expression platforms by chemical synthesis and enzy-
matic ligation. The modular design enables fast access to a large number of purine riboswitch derivatives
with the modification of interest at any strand position. We exemplarily provide a detailed protocol for
the preparation of adenosine deaminase (add) A-riboswitch variants with 2-aminopurine (AP) modifications
at the 40-nmol scale.
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1. Introduction

Purine riboswitches consist of a highly conserved aptamer domain
of 60-70 nucleotides and an adjoining expression platform of about
the same size. While the aptamer sequences are highly conserved,
sequences of the expression platform are more diverse to fulfill the
specific requirements that arise from different functional determi-
nants, such as transcriptional vs. translational regulation or gene
repression vs. gene activation (1-I12). The general construction
scheme of purine riboswitches enables a modular strategy for
the efficient preparation of riboswitch variants with site-specific
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chemical modifications by ligation of chemically synthesized
RNA fragments. The two prime limits that are encountered in
this approach are size limitation with respect to chemically
synthesized RNA strands (13) and the requirement of high-yielding
ligation sites (14). Both issues render such an undertaking meth-
odologically challenging; for the class of purine riboswitches, we
offer a satisfying solution described below.

In case of purine aptamer domains, two efficient ligation sites
have been identified (Fig. 1a) (15). One site resides in loop L2
between nucleotides 35 and 36 (numbering referring to ref. 12;
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Fig. 1. Ligation strategies for the assembly of the aptamer domain and the full-length add
A-riboswitch. The aptamer domain (a) can be prepared via single-stranded ligation by T4 RNA
ligase (top) or via splinted ligation by T4 DNA ligase (bottom). For the full-length domain (b)
two RNA fragments can be ligated by T4 RNA ligase (top). Alternatively, the use of T4 DNA
ligase and T4 RNA ligase allows the simultaneous ligation of three fragments to the full-length
domain (bottom). In the ligation reaction, the free 3’ hydroxyl group of the acceptor strand (light
gray) is joined to the 5" monophosphate of the donor strand (black). When three RNA fragments
are ligated, the middle fragment acts as a donor at its 5’ monophosphate (black) and as an
acceptor at its 3’ hydroxyl (light gray).
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see also Fig. 2a) and enables ligation of a ~50 nt donor strand
and a ~20 nt acceptor strand by employment of T4 RNA ligase
(Fig. 1a, top). The alternative ligation site resides in junction J2-3
between nucleotides 52 and 53 (Fig. la, bottom) and requires
a ~40 nt acceptor strand that is ligated to a ~30 nt donor strand
by T4 DNA ligase via a 23 nt DNA splint. Especially when RNA
fragments are obtained from commercial suppliers, the latter
ligation site is more convenient with regard to readily available
RNA lengths; custom synthesis limits are often less than 40 nt at
1 umol or larger scales.

For full-length purine riboswitch domains, two pathways
have been explored. One possibility is ligation of two strands, a
~50 nt acceptor and a ~60 nt donor strand. The site of ligation is
positioned in loop L3 between nucleotides 64 and 65, and thus
enables use of T4 RNA ligase (Fig. 1b, top) for the enzymatic
reaction. The more flexible concept, however, is to join three
shorter strands (12). Thereby, one ligation site refers to the site
optimized for aptamer preparation alone and requires T4 DNA
ligase together with a DNA splint. The second site is located in
the loop of the repressor element and fulfils all criteria for
efficient T4 RNA ligation (Fig. 1b, bottom).

The enzymatic preparations described here are typically
performed with 40—-60 nmol of each ligation fragment in equimolar
ratio. For instance, the aptamer domain of add A-riboswitch is
ligated at 60-nmol scale by either T4 RNA ligase or T4 DNA
ligase (Fig. la) and isolated with yields higher than 50% after
purification by anion-exchange chromatography (36 nmol;
~820 ug; ~30 OD,, ) (12, 15). Yields of the corresponding full-
length riboswitch domains, following the three-strand ligation
approach at 40-nmol scale with simultaneous usage of T4 RNA
ligase and T4 DNA ligase (Fig. 1b, bottom), are 40% after puri-
fication by anion-exchange chromatography (15 nmol; ~580 pg;
~20 OD,; see protocol below). Yields of the full-length domain
of add A-riboswitch following the two-strand ligation are slightly
lower (Fig. 1b , top).

The following protocol provides all necessary details for
efficient ligation of full-length purine riboswitch domains based
on three individual RNA strands, exemplified for the add A-ribos-
witch (Fig. 2a). Analysis of the ligation reaction and purification
of the ligation products are performed by anion-exchange chro-
matography (Fig. 2b). For characterization of the HPLC-purified
riboswitch domains, liquid chromatography electrospray ioniza-
tion mass spectrometry (LC-ESI-MS) is applied (Fig. 2c). The
flexibility of the modular concept is illustrated in Fig. 3. Variable
combinations of the three-strand blocks rapidly enable access to
a large number of 2-aminopurine modified full-length riboswitch
domains with different 5’ and 3’ flanking sequences to assess their
influence on the ligand-induced folding process.
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Fig. 2. (a) Preparation of the 2-aminopurine (AP)-modified full-length add A-riboswitch by the three-strand ligation strategy
using T4 DNA ligase and T4 RNA ligase (compare Fig. 1b, bottom). (b) Anion-exchange HPLC analysis of the one-pot ligation
reaction. The individual traces show the sample composition before addition of ligase (start), after addition of T4 DNA ligase (2 h
reaction time; accumulation of 91 nt intermediate), and after addition of T4 RNA ligase (4.5 h reaction time; formation of 120 nt
ligation product). The bottom trace shows the HPLC-purified ligation product that was further characterized by LC-ESI-MS (c).
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Fig. 3. Modular concept for the construction of 2-aminopurine (AP)-modified full-length riboswitch domains with varying
5" and 3’ ends. The two-step ligation of three fragments allows a high flexibility in arranging a small number of different
RNA fragments (modules) to a large number of riboswitch variants. For instance, a single central module is used for liga-
tion to one out of four different 5’-modules and one out of three different 3'-modules. Out of 12 possible combinations, the
synthesis of six riboswitch domains ranging from 110 to 120 nt has been experimentally verified.
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2. Materials

2.1. Ligation Reaction

2.2. Purification

. RNA strands, DNA splint oligonucleotide. We prepared the

modified and unmodified RNA and the splint by solid-phase
synthesis, but they can also be purchased from commercial
suppliers. We recommend HPLC purification of the oligo(ribo)
nucleotides.

. 10 x Ligation buffer (Fermentas, Hanover, MD): 400 mM

Tris-HCI, 100 mM MgCl,, 100 mM dithiothreitol (DTT),
5 mM ATP, pH 7.8 at 25°C.

. 50% (w/v) Polyethylene glycol (PEG) 4,000 solution (Fer-

mentas).

. T4 DNA ligase, 5 U/mL (Fermentas), in storage solution:

20 mM Tris-HCI, pH 7.5, 1 mM DTT, 50 mM KCl, 0.1 mM
EDTA, 50% (v/v) glycerol.

. T4 RNA ligase, 10 U/mL (Fermentas), in storage solution:

10 mM Tris-HCI, pH 7.5, 1 mM DTT, 50 mM KCI, 0.1 mM
EDTA, 50% (v/v) glycerol.

. A phenol/chloroform/isoamyl alcohol (25/24/1, v/v/v)

solution is extracted three times with water and stored under
a water layer at 4°C (see Notes 1 and 2).

2. Chloroform/isoamyl alcohol (24 /1, v/v) solution.
. HPLC system.
4. Eluant A: 25 mM Tris-HCI, pH 8.0, 6 M urea. Eluant B: 25

mM Tris-HCI, pH 8.0, 0.5 M NaCIO,, 6 M urea. Prepare the
eluants from a stock solution of 250 mM Tris—HCI, pH 8.0.
Filtration of the eluants through a cellulose acetate filter, 0.2
um pore size (Sartorius, Goettingen, Germany), is strongly
recommended.

. Anion exchange column DNAPac PA-100 or 200, 4 x 250

mm, (Dionex, Sunnyvale, CA).

. Anion exchange column DNAPac PA-100, 9 x 250 mm

(Dionex).

. Sep-Pak Plus C18 Environmental cartridges (Waters, Milford,

MA).

. 0.15 M triethylamine bicarbonate bufter (Et, NH)HCO,: Pre-

pare 1 M Et,N in water and pass CO, into the solution until
the pH reaches about 8. Store at 4°C. Dilute to 0.15 M just
before use.

. HPLC-grade acetonitrile (CH,CN) (Acros Organics, Geel,

Belgium), 50% CH,CN in H,O.
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2.3. Mass
Spectrometry

1. 20 mM EDTA solution. Dissolve ethylenediaminetetraacetic
acid disodium salt dihydrate in water; the pH does not need
to be adjusted.

2. LC-ESI-MS system. We recommend the use of a Finnigan
LCQ Advantage ion trap instrumentation (Thermo Fisher
Scientific, Waltham, MA) connected to an Ettan micro HPLC
system (GE Healthcare, Buckinghamshire, UK) with -4 kV
applied to the spray needle.

3. XTerra MS C18, particle size 2.5 pm, 1 x 50 mm (Waters).
4. Eluant A: 8.6 mM Et,N, 100 mM 1, 1, 1, 3, 3, 3-hexafluoro-
isopropanol, pH 8.3. Prior to the addition of 1, 1, 1, 3, 3,

3-hexafluoroisopropanol, dissolve triethylamine in water. Store
at 4°C. Eluant B: methanol, HPLC grade (Acros Organics).

3. Methods

3.1. General Aspects
on the Design of Liga-
tion Sites for Purine
Riboswitch Domains

3.1.1. Requirements for
the 5" and 3’ Ends of the
RNA Fragments

3.1.2. Length of RNA
Strands

3.1.3. T4 RNA versus T4
DNA Ligation Site

T4 ligases catalyze the formation of a phosphodiester linkage
between the 5" monophosphate of a donor oligonucleotide and
the free 3" hydroxyl of an acceptor oligonucleotide with the assist-
ance of exogenous ATP. To avoid undesired by-products during
ligation, it is advisable to use a donor that is blocked at the 3" end
(e.g., phosphorylated) and an acceptor that has a free 5" hydroxyl
group in addition to the 3'-OH. If three RNA fragments are
ligated consecutively (see Fig. 2a), the middle RNA fragment acts
as donor and simultaneously as acceptor and therefore requires
a monophosphate at the 5’ end and a free hydroxyl at the 3’ end
(see also Fig. 3). Such a fragment is prone to circularization and to
competitive ligation to any unblocked 3’ termini. It should be
embedded in a preligation complex that adapts a defined and
stable secondary structure that resembles the structure of the
intended ligation product. To achieve such a design, the ligation
sites must be selected according to the individual substrate char-
acteristics and preferences outlined under Subheading 3.1.3.

To meet no restriction for positioning of chemical modifications
within the riboswitch target, we choose a ligation design that
relies on all RNA fragments synthesized by solid-phase synthesis.
This means that the individual strands are preferably shorter than
45 nt and none is larger than 60-65 nt. The respective 3’ and 5’
phosphate groups are directly introduced by solid-phase synthesis
(see Fig. 2a).

T4 RNA ligase and T4 DNA ligase differ in their substrate specifi-
city. T4 RNA ligase prefers single-stranded RNA; in particular,
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3.1.4. Ligation Conditions

3.2. Ligation of Three
Purine Riboswitch
Fragments Using T4
DNA Ligase and T4
RNA Ligase

the 5' phosphate should be accessible for the enzyme without
restrictions (16). In contrast, T4 DNA ligase recognizes a nicked,
double-stranded substrate, which is generated by the addition of
a splint oligonucleotide to the two RNA molecules. Importantly,
only perfectly aligned junctions get ligated (17).

The efficiency of T4 RNA ligation is influenced by the ribo-
nucleoside at the 3’ terminus of the acceptor (A > C > G > U)
and the ribonucleoside at the 5' terminus of the donor (pC >
pU = pA > pQ). The yield of ligation is even more dependent on
structural premises that are given by the RNA secondary struc-
ture. T4 RNA ligation is most advantageous if the ligation site
mimics its natural substrate, the 7 nt tRNA anticodon loop. In
this sense, and with respect to purine riboswitches investigated
here, nicks in loops L2, L3, and in the loop of the repressor or
terminator element are highly appropriate for usage of T4 RNA
ligase (Fig. 1).

Different to T4 RNA ligase, T4 DNA ligase is rather unat-
tected by the nature of the terminal ribonucleoside. As long as
the junction is without gaps or mispaired nucleotides, no further
structural requirements are needed. Significantly, the size and the
nature of the splint are crucial. The interaction of the splint and
RNA has to be potent enough to break up intramolecular base
pairing within the RNA substrate that interferes with intermo-
lecular base pairing to form the preligation complex.

In our experience, T4 RNA ligase is preferable over T4 DNA
ligase whenever possible because of lower amounts of enzyme
needed, easier product purification, and therefore higher isolated
yields.

Different conditions are needed for T4 RNA ligation compared to
T4 DNA ligation. For riboswitch aptamer sequences, we observed
that high RNA concentrations (40 uM each strand) and low
temperature (21°C) are optimal for T4 RNA ligation, while lower
concentration (10 uM each strand) and higher temperatures
(37°C) are recommended for T4 DNA ligation. When both ligases
are used in a one-pot ligation of three RNA fragments (Fig. 2),
it is important to carefully optimize the ligation conditions with
regard to RNA and ligase concentrations, buffer composition, and
reaction temperature (sec Note 3).

1. Mix 40 nmol containing aliquots from aqueous stock solu-
tions of the three RNA strands and the splint oligonucleotide.
Adjust the volume to 2,940 pL by the addition of water.

2. Heat to 90°C for 3 min. Then cool to room temperature for
20 min.

3. Add 400 pL of 10x ligation buffer and 400 puL of PEG 4,000
solution. Add 200 pL of T4 DNA ligase in storage solution.
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3.3. Purification of
Ligation Product by
Anion-Exchange HPLC

3.4. Characterization
of Ligation Product by
Mass Spectrometry

4.

Incubate the reaction solution at 33°C for 2 h.

. Add 60 uL of T4 RNA ligase in storage solution and incu-

bate for another 2.5 h at 33°C.

. Extract the reaction mixture twice with 4 mL phenol/chlo-

roform/isoamyl alcohol, and once with 4 mL chloroform/
isoamyl alcohol. Keep the organic layers separated.

. Wash the organic layers stepwise with 4 mL water (twice) and

combine with the extracted reaction mixture (see Note 4).

Concentrate to a volume of ~1 mL to make the stock solution
of crude oligonucleotide (see Note 5).

Analyze the crude product by anion-exchange chromatography.
Use 10-20 puL of the stock solution.

We recommend the use of Dionex DNAPac PA-100 or 200 col-
umns (4 x 250 mm) at 80°C. Flow rate: 1 mL/min; gradient:
0-60% eluant B in eluant A within 45 min; UV detection at 260 nm.

5.

Purify the ligation product by anion-exchange chromatog-
raphy. Use 100-150 pL portions of stock solution to avoid
overloading of the column. Collect and combine product-
containing fractions (se¢ Note 6).

We recommend the use of Dionex DNAPac PA-100 columns
(9 x 250 mm) at 80°C. Flow rate: 2 mL/min; gradient: approxi-
mately 30-50% eluant B in eluant A within 20 min; UV detection
at 275 nm.

6.

Dilute product-containing fractions 1 to 1 with 0.15 M
(Et,NH)HCO, bufter.

Pretreat the C18 cartridge consecutively with 20 mL
CH,CN, 30 mL CH,CN/H,O, 30 mL H,O, and 30 mL
0.15 M (Et, NH)HCO,.

Load the product on the cartridge.

9. Wash with 10 mL 0.15 M (Et, NH)HCO, buffer, and then

10.

11.
12.

1.

twice with 10 mL H,0.

Elute product with 40 mL H,O/CH,CN (1/1) and evaporate
to dryness.

Dissolve RNA in 1 mL H,O (see Note 7).
Quantity isolated product by UV spectroscopy (A260).

Dry an aliquot of the RNA solution containing 250 pmol
of RNA and redissolve it in 20 uL of 20 mM EDTA solu-

tion.

. Analyze the RNA by LC-ESI-MS in the negative ion mode.

Inject 10-20 uL.
In our setup, the ion trap instrumentation is connected to a
micro-HPLC system equipped with XTerra MS C18 column.
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The samples are analyzed at 21°C; flow rate: 30 uL/min;
gradient: 0-100% eluant B in eluant A within 30 min; UV
detection at 254 nm.

. Unless denoted otherwise, chemicals are available at Sigma-

2. Only HPLC-grade water should be used in the protocols.

. For optimization of ligation conditions, we recommend liga-

tion on a small scale (using 400 pmol of each RNA fragment)

. Stepwise back-extraction of the organic layers is required

to prevent phenol accumulation in the product-containing

. Do not evaporate to dryness. Difficulties in redissolving the

reaction mixture in 1 mL may occur. Mostly, pellets can be

. Store fractions at 4°C until they are desalted all together.
. Store at -20°C. For prolonged storage, lyophilize the stock
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