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RNAs play pivotal roles in the cell, ranging from catalysis
(e.g., RNase P), acting as adaptor molecule (tRNA) to regulation
(e.g., riboswitches). Precise understanding of its three-dimen-
sional structures has given unprecedented insight into the
molecular basis for all of these processes. Nevertheless, struc-
tural studies on RNA are still limited by the very special nature
of this polymer. The most common methods for the determi-
nation of 3D RNA structures are NMR and X-ray crystallogra-
phy. Both methods have their own set of requirements and
give different amounts of information about the target RNA.
For structural studies, the major bottleneck is usually obtain-
ing large amounts of highly pure and homogeneously folded
RNA. Especially for X-ray crystallography it can be necessary to
screen a large number of variants to obtain well-ordered single
crystals. In this mini-review we give an overview about strate-
gies for the design, in vitro production, and purification of RNA
for structural studies.

Introduction

Structural studies on RNA molecules began in the late 1960s
with the work on tRNA. Structures of the yeast phenylalanine-
tRNA gave for the first time a detailed atomic insight into the
complex folding of RNA.?

Interest in RNA structures was renewed when the first cata-
lytically active RNAs were discovered.*> However, it required
two decades of investigation by several groups to gather struc-
tural information on catalytic RNAs.>? In the 1990s, (DNA and)
RNA-molecules (termed aptamers) were designed by systematic
evolution approaches (SELEX) for highly specific binding to
proteins and small molecules.'® NMR and X-ray structures of
these aptamers in complex with their respective target molecule
revealed that RNA and DNA can adopt sophisticated folds to
bind a far wider range of molecules than what was known at that
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time (reviewed in ref. 12). RNAs with similar function were
later discovered to occur naturally. These RNAs, termed ribo-
switches, are usually located in the 5-UTR of mRNAs. They
couple the binding of a small molecule to the transcription or
translation of the mRNA, consequently inducing or preventing
gene expression.'>'¢ In addition, riboswitches have been identi-
fied that bind to tRNAs or allow the cells to react rapidly to tem-
perature changes (reviewed in refs. 17 and 18). Recent progress
in structural biology has led to a dramatic increase in structures
deposited in the protein data bank (PDB). The PDB (a database
for experimentally determined structures of macromolecules)
contained at the time of writing this review 96 417 structures
of macromolecules. However, only a small fraction of those are
pure RNA structures (1061) determined either by NMR (548)
or X-ray crystallography (513), owing to the inherent difficulties
when working with RNA. In this review we will discuss state of
the art techniques for the design, production, and purification of
RNA for use in structural studies.

RNA Design and Production

Target RNAs that contain a large number of modified resi-
dues (e.g., tRNAs) or are part of a complex protein/RNA assem-
bly (ribosomes, RNase P) and are not easily reconstituted in vitro
are best purified from their native sources. The required methods
as well as RNA synthesis by solid-phase chemical synthesis will
not be discussed here.

Generally, handling RNA requires some extra precautions
to ensure that the sample is kept intact. The additional 2-OH
group at the ribose moiety can catalyze cleavage of the backbone
at basic pH, and thus, makes RNA a much less stable polymer
than DNA. In addition, RNase contaminations are a big concern
as they are quite stable and difficult to remove.

The size of the target RNA as well as its sequence directly dic-
tate the optimal course of action and design. In general, in vitro
production of RNA is performed by a phage RNA polymerase
using a linear DNA template and nucleoside triphosphates. This
review will focus on strategies based on T7 RNA polymerase
(T7 RNAP), as it is the most commonly used enzyme. It has
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Figure 1. Design of RNA-ribozyme constructs. The target RNA (green), with optional up- and downstream ribozymes, is cloned with the T7 RNA pro-
moter (T7P) between EcoRl and Xbal sites of a high-copy plasmid (A). After linearization with Xbal, transcription by the T7 RNAP begins at +1 site (marked
with an arrow). The synthesized RNA (highlighted in green) includes the hammerhead ribozyme (highlighted in blue) fused at the 3'-end; cleavage
occurs after the GUC triplet (bold) indicated with a red arrowhead (B). The hammerhead ribozyme is easily adapted and fused to any RNA either at the
5'- or 3’-end (C). Alternatively, the HDV-ribozyme (D) or the recognition stem-loop of the VS-ribozyme may be fused to the 3'-end (E). Cleavage sites are
marked with red arrowheads. In the case of the VS recognition stem-loop, cleavage occurs by addition of the VS-ribozyme in trans.

high processivity, is highly specific to the T7 RNAP promoter,
and is easily produced recombinantly and well characterized.”
T7 RNAP functions as a monomer with a molecular weight of
98 kDa and contains the entire catalytic activity for initiation,
elongation, and termination of the transcription process. There
is no need for the assembly of a holo-enzyme, making it very
easy to handle. Transcription starts at the +1 base after the T7
RNAP promoter and proceeds till a T7 terminator stem loop
is encountered or the template ends and the T7 RNAP falls off
(run-off transcription). The latter is usually preferred, as inser-
tion of a restriction enzyme site at the 3’-end allows stopping the
transcription at a defined place and avoids the synthesis of extra-
neous RNA. The starting sequence of the target RNA should
be purine-rich, with the strongest transcription observed if three
consecutive guanosines reside after the T7 RNAP promoter.® A

mutant variant of the T7 RNAP (P266L) has been described that
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relaxes these requirements for the starting codons and may be an
option if the first nucleotide has to be a pyrimidine base.?

T7 RNAP is known to add non-templated nucleotides at the 5'-
and 3’-end.?? Addition of non-templated nucleotides at the 3’-end
(N+1, N+2, etc. products) is observed under almost all conditions.
Since sample homogeneity is very important for NMR and crys-
tallography, special care needs to be taken to remove N+1, N+2,
etc. products to obtain > 95% pure samples. 5"-heterogeneity can
be reduced with the use of an alternative promoter sequence or
the addition of a self-cleaving hammerhead ribozyme upstream
of the target RNA (Fig. 1A).? Similarly a self-cleaving ribozyme
may be fused to the 3’-end to reduce 3"-heterogeneity (Fig. 1B).
Instead of fusing the ribozymes to the target RNA (c4s) there is also
the option to only add the recognition sites of the ribozyme at the
3'-end of the RNA. The separately prepared and purified ribozyme

is then added to the transcription reaction in trans.*
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While the hammerhead ribozyme is quite small (50 nt) and
easily adapted to the target RNA, it requires the addition of
two specific nucleotides at the 3'-end that remain after cleavage
(Fig. 1C). If low cleavage efficiency is observed or the addition
of two nucleotides is unfavorable, then the H8V- or VS-ribozyme
may be used (Fig. 1D and E).” The H8V-ribozyme is only slightly
bigger than the hammerhead ribozyme but does not require
adapration to the target RNA sequence (Fig. 1D). It will cleave
efficiently after any base.?® The ribozyme construct can be reused
if a restriction enzyme site has been inserted into its sequence.””*
The Varkud satellite (VS) ribozyme can cleave efficiently as long
as the base preceding the cleavage site is not a C.” The small
stem-loop that is recognized by the VS ribozyme is fused to the
3’-end of the target RNA (Fig. 1E) and the VS ribozyme is added
in trans. Fusion of the VS-ribozyme to the target RNA is also
possible, although, with a length of approximately 150 nt, it is
considerably bigger than the HH- and H8V-ribozyme.

Instead of a linearized plasmid, a PCR product can also be
used as a template. Such an approach is particularly useful to opti-
mize yield, as multiple starting sequences can be quickly screened
in parallel by use of different forward primers. In such a case,
incorporation of two bases with a 2’-O-methyl-modification at
the 3’-end can cause the transcription to stop without addition of
non-templated nucleotides.’® Since no ribozyme is required, the
in vitro transcription reaction will only yield the target RNA, thus
making a more efficient use of INTPs. This setup can increase
yield and reduce costs especially when "C/®N-labeled tNTDPs
are used for NMR studies. Once the sequence design is com-
plete it can be cloned into a high-copy plasmid such as the pUC-
series.>"?? The restriction enzyme chosen at the 3"-end should be
robust, relatively inexpensive (as large amounts of DNA will need
to be digested), heat-inactivatable, and should not leave a 3'-over-
hang after cleavage as this may inhibit the transcription.

Large-scale plasmid preparations can be performed either with
commercial kits or by using a standard anion-exchange chroma-
tography with a resin such as Q-Sepharose.”

After linearization of plasmids with a restriction enzyme,
the reaction should be further processed in order to remove the
restriction enzyme and to ensure that no RNase is carried over
into the in vitro transcription. RNases in turn can be effectively
removed either by performing a chloroform-phenol extraction or
by treating the reaction with Proteinase K. We usually opt for
the Proteinase K treatment only as it requires less hands-on time
and avoids the handling of chloroform and phenol. Proteinase K
is simply added to the restriction digest reaction to a final con-
centration of 0.05-0.1 mg/ml and the reaction mixture is incu-
bated for 60 min at 50-55 °C. Proteinase K is inactivated by
incubating at 95 °C for 10 min. This restriction digest can then
be used for RNA production without any further purification.
The general flow of sequence design to transcription and subse-
quent purification is summarized in Figure 2. It is recommended
to perform 50 pl-test-reactions to optimize the concentration of
MgClL,, rNTPs, and template to maximize yield and also cleav-
age efficiency before performing large-scale reactions. In vitro
transcription is performed at 37 °C for 2—4 h. Transcription
activity of the T7 RNAP is indicated by the production of
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Figure 2. General flow from sequence design to NMR or X-ray structure
analysis.

inorganic pyrophosphate forming a white precipitate if concen-
tration reaches a certain threshold. Addition of phosphatase may
improve yield by removing the pyrophosphate, which can inhibit
T7 RNAP. Low cleavage efficiency of the hammerhead ribozyme
can be increased by incubation at 40-55 °C for 30—-60 min. It
has to be kept in mind that most RNAs will be denatured to a
certain degree at this temperature. This is suitable if further puri-
fication will be done under denaturing conditions and a refolding
protocol is established.

Ribozyme processed RNA will contain a cyclic 2’-3"-phos-
phate at the 3"-end. If the same RNA is used for labeling reac-
tions the cyclic phosphate may be post-transcriptionally removed
by treatment with maleic acid and calf intestine alkaline phos-

phatase (CIAP).*

Sample Purification

DPurification of RNA can be done using several methods. In
addition to the approach of excising bands of the target RNA
from large preparative urea-PAGE gels, alternative methods have
been developed. Some of these methods are performed under
native conditions using size exclusion chromatography (SEC),
anion exchange chromatography (AEX), or affinity chromatog-
raphy (AC).

PAGE

The classic way is to separate target RNA from ribozymes or
abortive transcripts, proteins, and nucleotides using large urea-
PAGE gels with a polyacrylamide content of 4-20% depend-
ing on the RNA size.* The target RNA band is detected via
UV-shadowing and excised. Extraction of the RNA from the
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gel matrix is either done by electroelution or by the crush and
soak method.” Electroelution is a second electrophoresis step
that allows the elution of the RNA from the excised band into
a dialysis bag.*® Although commercially available equipment is
relatively expensive, the advantage of this method is the very high
recovery rate and small elution volume. Alternatively, the crush
and soak method can be used. The excised gel piece is crushed
and sliced into a fine slurry and soaked in elution buffer. Elution
of the RNA, which occurs by simple diffusion, is usually per-
formed overnight or even longer times. Even though the crush
and soak method does not require expensive special hardware it
suffers from low recovery rates and long incubation times.

DPurification via preparative PAGE is still a very laborious
method but it provides very high resolution, purity, and is very
robust.

SEC

Size exclusion chromatography can also bypass the denatur-
ing and refolding step and allows a very gentle purification of the
RNA. Following in vitro transcription, the reaction is quenched
with 50 mM EDTA. Optionally, proteins and non-incorporated
tNTPs can be removed by phenol-chloroform extraction and
buffer exchanged before being subjected to size exclusion chro-
matography.”” While properly folded RNA behaves similar to
proteins in SEC, there is a noticeable difference in elution vol-
ume to similar sized proteins. The work of Kim et al. contains
the elution volumes of RNAs with different length on standard
SEC columns such as Superdex 75 and 200 10/300.>” A prereq-
uisite for successful purification is that the in vitro transcription
reaction will produce mostly a single and properly folded species.
This was successfully shown for the purification of a truncated
tRNA and subsequent crystallization with the general (RNA
export factor exportin-t.%

AEX

In general, the achievable resolution in anion-exchange chro-
matography strongly depends on the amount of secondary struc-
tures, and therefore, accessible negative charge, making it a less
favorable method for large RNAs.* For small RNAs (< 30 nt),
anion exchange can be performed under native conditions and
gives sufficient resolution.”” Larger RNAs however tend to elute
in multiple peaks and also at very high salt concentrations leading
to large losses.” Keeping the column at a constant temperature
by a column heater is recommended to maintain adequate resolu-
tion. Weak ion exchange material such as DEAE has also success-
fully been used to purify RNA suitable for structural studies.*!

RNA purification by SEC or AEX should be performed on an
HPLC system dedicated to RNA work only, to prevent RNase-
contamination. Both methods allow the purification of milli-
gram amounts of RNA within one day following transcription
and give sufficient purity required for NMR or crystallographic
studies.

AC

Recently, several methods for affinity chromatographic puri-
fication of RNA for structural studies have been reported.?®4*4
Target RNA is fused to a ribozyme and an affinity sequence. The
affinity sequence is bound by a specific protein and allows the
immobilization of the transcribed target RNA-ribozyme fusion
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to a resin. After extensive washing, the target RNA is eluted by
triggering the cleavage by a special ribozyme. The ribozymes
employed here are triggered to cleave by addition of a small mol-
ecule, which they either require natively (g/mS) or because they
have been modified (H8V C75U variant) to do so. The drawback
of these methods is that a substantial amount of the synthesized
RNA is not the target RNA and that auxiliary proteins need to
be purified. Nevertheless, for some of the RNAs in our lab this
method proved quite useful and straightforward, especially since
the RNA is not denatured.

Depending on the purification method, the RNA might
require a refolding step before it can be used for structural
and biochemical studies. A full review of refolding protocols
is beyond the scope of this mini-review, but briefly the RNA
solution is diluted into a refolding buffer, heated to 95 °C, and
allowed to cool to room temperature either at a slow or fast rate
(seconds to hours). The composition of the refolding buffer as
well as the cooling protocol for each individual RNA has to be
established by trial and error. This topic has been well covered
in the literature.*-¢ Properly refolded RNA should result in one
distinct band on a native gel or a single peak on size exclusion
chromatography.

Purified RNA can be concentrated by centrifugal concentra-
tors or by Ethanol-precipitation and quantified by measuring the
absorbance at 260 nm. Moreover, it is recommended to also mea-
sure absorbance at 280 nm or even perform a spectrum scan from
200 to 320 nm to detect possible contaminants such as Phenol.
A 260/280 ratio, which is lower than 2.0, indicates significant
contamination with protein or DNA.

Conclusions

Irrespective of the chosen purification method, a way to assess
the folding state and integrity of the sample after purification is
indispensable. Is it still possible to form a complex with a known
binding partner? Do different refolding protocols give different
migration behavior on native PAGE or SEC? If there is a catalytic
activity—how well is it retained over the course of purification?
It is better to think about these questions early on before invest-
ing time and money in the preparation of supposedly well-folded
RNA that has however lost its biological activity.

RNA structural biology has come a long way since the first
crystal structures of tRNAs. Methods to produce and purify large
amounts of RNA of different sizes are now very sophisticated and
robust, which has resulted in an average of 50 pure RNA struc-
tures being deposited per year in the PDB since 2000. Problems
still arise when handling larger RNAs for NMR or obtaining and
phasing well-diffracting crystals for X-ray analysis. Larger RNAs
can be tackled by NMR, using nucleotide selective or segmental
labeling (reviewed in refs. 47 and 48). Obtaining well diffracting
crystals of RNA still remains a bottleneck and different tech-
niques have been used to address this issue. Insertion of a tetra-
loop/tetra-loop-receptor-pair can promote crystal packing.®>
Another strategy is to incorporate a loop, which is specifically
recognized by a protein and co-crystallize with that protein.’'?
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Co-crystallization with a helper-protein can also provide ini-
tial phases for structure determination. If experimental phases
are essential, then insertion of heavy-atom binding sequences at
an early stage of the project is recommended.”® In contrast to

the structural genomics approach for proteins there are, at the

moment, no systematic and coordinated efforts underway target-
ing RNA molecules. For crystallographic studies, RNA requires

a much more focused approach and is less amenable to an auto-
mated high-throughput procedure. NMR studies while poten-

tially more straightforward, require the use of expensive labeled
nucleotides making it a less appropriate choice for a high-through-
put project. Nevertheless NMR and X-ray crystallography can
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