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Unravelling molecular principles of RNA 
sequence recognition by proteins is 
necessary for a better understanding of 
post-transcriptional regulation of gene 
expression. Regulatory RNA–protein 
interactions occur during multiple steps 
of gene expression, such as pre-mRNA 
processing (1), splicing (2,3), trans-
lation (4), RNA transport, localization 
(5), and degradation (6). Biophysical 
and biochemical studies aimed at eluci-
dating mechanisms and structural 
details of RNA–protein interactions in 
these processes require short single-
stranded RNA (ssRNA) oligonucleotides. 
Custom ssRNA oligonucleotides can be 
purchased from a range of companies at 
different yields and quality. This simple 
solution is appropriate for preliminary 

studies when small amounts of ssRNA 
oligonucleotides suffice; however, it does 
not suit large-scale RNA–protein inter-
action studies that require large quantities 
of numerous ssRNA oligonucleotides. 
Such studies include screening of suitable 
ssRNA for X-ray crystallography, or NMR 
spectroscopy of RNA–protein complexes, 
as well as extensive RNA mutagenesis to 
deduce or confirm sequence specificity of 
ssRNA–protein interactions. Furthermore, 
high-resolution structure determination of 
ssRNA and ssRNA–protein complexes 
by NMR spectroscopy requires isoto-
pically-labeled ssRNA oligonucleotides, 
which are not commercially available. 
Therefore, there is a demand for a fast 
and robust protocol for ssRNA oligonu-
cleotide preparation in house that can 

provide ssRNA oligonucleotides quickly 
and inexpensively, as well as allow for 
different labeling patterns. RNA in vitro 
transcription with T7 RNA polymerase 
allows the production of milligram 
quantities of RNA oligonucleotides (7,8), 
and some methods for in vitro RNA oligo-
nucleotide preparation and purification 
are currently available (9–15). However, 
the existing approaches either require 
the design of an RNA for trans-cleavage 
(14) or include multiple purification steps 
that lead to product losses (11). Other 
drawbacks of existing protocols include 
the requirements for starting sequence, 
low yield (13), use of RNase H in the 
transcription reaction (15), and lack of 
robust ssRNA oligonucleotide purifi-
cation procedures (10). Therefore, none 
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Sequence-specific RNA recognition by RNA-binding proteins plays a crucial role in the post-translational regula-
tion of gene expression. Biophysical and biochemical studies help to unravel the principles of sequence-specific 
RNA recognition, but the methods used require large amounts of single-stranded RNA (ssRNA). Here we pres-
ent a fast and robust method for large-scale preparation and purification of short ssRNA oligonucleotides for 
biochemical, biophysical, and structural studies. We designed an efficiently folding, self-cleaving hammerhead 
(HH) ribozyme to prepare ssRNA oligonucleotides. Hammerhead ribozyme RNAs self-cleave with over 95% ef-
ficiency during in vitro transcription as a function of magnesium concentration to produce high yields of the de-
sired ssRNA products. The resulting ssRNAs can be purified from crude transcription reactions by denaturing 
anion-exchange chromatography and then desalted by weak anion-exchange chromatography using volatile 
ammonium bicarbonate buffer solutions. The ssRNA oligonucleotides produced this way are homogenous, 
as judged by mass spectrometry (MS), and are suitable for biochemical and biophysical studies. Moreover, for 
high-resolution NMR structure determination of RNA–protein complexes, our protocol enables efficient prepa-
ration of ssRNA oligonucleotides with various isotope-labeling schemes which are not commercially available.

Reports

METHOD SUMMARY
To produce short single-stranded RNA (ssRNA), we used a 5´ cis-acting hammerhead (HH) ribozyme that self-cleaves during 
T7 in vitro transcription. The ssRNA oligonucleotides were then purified from the transcription reaction under denaturing 
conditions using high-performance liquid chromatography. Further ssRNA oligonucleotide desalting was performed using 
fast protein liquid chromatography with volatile buffers.
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of the existing methods can provide fast 
and robust production of pure and short 
(<20 nucleotides) ssRNA oligonucleotides 
suitable for biochemical, biophysical, and 
structural studies.

Here we present a quick and easy 
protocol routinely used in our laboratory 
that enables efficient preparation of 
large amounts of short ssRNA oligonu-
cleotides. The method was tested for 
ssRNA oligonucleotides ranging from 7 
to 21 nucleotides in length, but it can also 
be applied for shorter and longer ssRNAs 
if their transcript sequence allows proper 
hammerhead (HH) ribozyme folding. 
The whole procedure from plasmid DNA 
template design to obtaining pure ssRNA 
takes about 8 days (Figure 1A). Using a 
5´ cis-acting HH ribozyme and effective 
purification under denaturing conditions, 

followed by desalting using weak anion-
exchange chromatography with volatile 
buffer solutions, allows production of 
homogeneous ssRNA oligonucleotides. 
Our protocol is simple and can be 
accomplished with standard laboratory 
equipment and minimal reagent costs. 
Moreover, this approach is compatible 
with various isotope-labeling schemes to 
create labelled ssRNA oligonucleotides 
needed for NMR structural studies of 
ssRNA–protein interactions or RNA 
structure and dynamics (16,17).

Materials and methods
Preparation of transcription template
Double-stranded DNA templates for the 
ssRNA oligonucleotides were prepared 
by PCR using the primers listed in 

Supplementary Figure S1 and inserted 
into a pUC18 vector as described 
previously (18). Plasmids confirmed 
by sequencing to contain the desired 
sequence were transformed into DH5a 
cells. Before the first preparation of 
large quantities of plasmid DNA, optimal 
yields should be monitored. The plasmid 
was purified from harvested cells using 
the QIAGEN Plasmid Mega Kit (Qiagen, 
Venlo, Limburg, The Netherlands) 
following the manufacturer’s protocol 
with some modifications. During cell 
lysis, buf fer volumes were 125 mL 
instead of 50 mL as described for the 
QIAGEN Plasmid Mega Kit. After protein 
precipitation and centrifugation, the cell 
lysate was filtered either with a sterile 
bottle-top filter (Corning, Corning, NY) 
or with Miracloth (Millipore, Billerica, 
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Figure 1. Overview of the single-stranded RNA (ssRNA) oligonucleotide preparation technique. (A) Estimated timeline of the procedure. (B–E) Design 
of the DNA template. Secondary structures of hammerhead (HH)-containing full-length RNA transcript with core ribozyme containing two tetraloops 
and a variable helix (B). (C,D) Secondary structure of the folded full-length transcript for producing either RNA710 (C) or RNA736 (D) (Table 1). De-
sired RNA products are enclosed in a black frame, and arrows indicate the HH cleavage site. The melting temperature for variable helices is shown. 
Arrow indicates HH self-cleavage site. (E) Sequence of the 5´ cis-acting HH DNA template for in vitro transcription inserted into pUC18. The starting 
sequence of the HH (indicated with bent arrow) is variable and should be complimentary to the desired RNA sequence to form helixes up to 12 bp.
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MA) before loading it onto a QIAGEN-
tip 2500 column. After loading the cell 
lysate, the QIAGEN-tip 2500 column 
was washed with 6–8 column volumes 
(CV) of washing buffer QC. All other 
steps were performed as described in 
the manufacturer’s protocol. Average 
plasmid yield was 3–5 mg using 
the modified protocol as described 
above. Plasmid DNA was dissolved in 
Chromasolv water for HPLC (Sigma-
Aldrich, St. Louis, MO) at a concen-
tration of 700 µg/mL and linearized 
with BstV2I (Sibenzyme, Novosibirsk, 
Russia) overnight at 37°C using 80 
units of enzyme per 1 mL plasmid 
DNA solution. Linearized plasmid DNA 
solution was tested for RNase contam-
ination by overnight incubation of 500 
ng pure 41 nucleotide ssRNA with 1 µL 
plasmid solution at 37°C and subse-
quent analysis by denaturing PAGE 
(12% acrylamide, 8 M urea) visualized 
with 0.1% toluidine blue. QIAGEN-tips 
2500 from QIAGEN Plasmid Mega Kit 
were regenerated after DNA elution by 
a protocol suggested by Siddappa et 
al. (19). This protocol was adapted for 
use with QIAGEN-tip 2500 columns. 
Briefly, columns were stored in 1M HCl 
for 3–5 days and then rinsed with 5 CV 
of sterile water and 1 CV of 70% ethanol, 
then air-dried and kept dry until the next 
usage.

RNA in vitro transcription and cleavage
All further procedures used Chromasolv 
water for HPLC and chemica ls 
purchased from Sigma-Aldrich. T7 
RNA polymerase and iPP were prepared 
in-house (11,20).

In vitro transcription was optimized 
for each DNA template in 25 µL trial 
reactions with varying MgCl2 concen-
trations, from 8 to 48 mM as previ-
ously described (18,21) (Figure 2). 
Large-scale transcription reactions 
(5–20 mL) typically contained 70 µg/
mL linearized plasmid DNA template, 
4 mM each rNTP, 1200 U/mL T7 RNA 
polymerase, 40 mM Tris-HCl (pH 8.1 at 
37°C), 1 mM spermidine, 5 mM dithio-
threitol, 0.1% Triton-X 100, 3.5 µg/mL 
inorganic pyrophosphatase, and MgCl2 
at the concentration determined by the 
25 µL trial reactions to produce optimal 
yields of the transcripts. To enhance HH 
self-cleavage, MgCl2 was added 2 h after 
the start of the transcription so that the 
final concentration reached 40–48 mM 
MgCl2; the reaction was continued for 
an additional 2 h. If necessary, cleavage 
efficiency was improved by heating the 
transcription reaction to 95°C for 5 min 
followed by cooling on ice for 15 min and 
incubating the reaction at room temper-
ature overnight. Cleavage efficiency 
was tested by denaturing PAGE (20% 
acrylamide, 8 M urea) and RNA was 
visualized with 0.1% toluidine blue. The 
reaction was stopped by adding 0.5 M 
EDTA, pH 8.0 to a final concentration 
of 50 mM.

Purification and desalting
RNAs were purified using the UltiMate 
3000 HPLC system (Thermo Fisher 
Sc ient i f ic,  Wal tham, MA) under 
denaturing conditions with an anion-
exchange preparative DNAPac PA100 
Nucleic Acid Column (Thermo Fisher 
Scientific). Purification was performed 

at 85°C at a flow rate of 20 mL/min. 
The column was pre-equilibrated with 
buffer A (urea 6M, Tris/HCl 12.5 mM, pH 
7.4) and pre-heated to 85°C (22). After 
loading the sample onto the column 
through a 20 mL sample loop, a 520 mL 
gradient of buffer B (urea 6M, Tris/HCl 
12.5 mM, 500 mM NaClO4, pH 7.4) up to 
50% (250 mM NaClO4) was performed 
while collecting 10 mL fractions. Then 
the system was adjusted to a steep 
gradient up to 100% buffer B to wash 
off remaining uncleaved RNA and
plasmid DNA template (Figure 3). Absor-
bance was monitored continuously 
at 260 nm. The RNA fractions were 
analyzed by denaturing PAGE (20% 
acrylamide, 8 M urea), and RNA was 
visualized by 0.1% toluidine blue staining. 
Fractions with the desired ssRNA oligo-
nucleotides were pooled for subsequent 
desalting.

The pooled ssRNA oligonucleotides 
were desalted with the GE ÄKTA prime 
FPLC system (GE Healthcare, Little 
Chalfont, Buckinghamshire, UK) using 
three 5-mL DEAE weak anion-exchange 
columns in series or a single 20 mL 
DEAE column (both GE Healthcare) 
with buf fer A1 (20 mM ammonium 
bicarbonate, pH 7.5) and buffer B1 
(2.53 M ammonium bicarbonate, pH 
8), both degassed for 30 min. Before 
the desalting procedure, the DEAE 
column was equilibrated with buffer 
A1. The sample was diluted 2-fold with 
buffer A1 and injected into the sample 
loop. Chromatography was performed 
at a flow rate of 5 mL/min. After loading 
the sample onto the column, a 200 
mL gradient up to 100% Buffer B1 

Figure 2. RNA transcription and hammerhead (HH) cleavage. (A,C) PAGE analysis of trial transcriptions of RNA710 (A) and RNA736 (C) with different 
Mg2+ concentrations. Full length, uncleaved transcript, cleaved HH, and the desired single-stranded RNA (ssRNA) product are indicated. (B,D) PAGE 
analysis of large-scale transcription of RNA710 (B) or RNA736 (D). The time after transcription start is indicated. After 6 h (B) or 4 h (D), almost all full-
length transcripts are cleaved; * dimeric RNA species. RNA was visualized with 0.1% toluidine blue. Lane M is an RNA ladder from 26 to 120 nucleotides.
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was performed while collecting 10 mL 
fractions. Absorbance was monitored 
continuously at 260 nm (Figure 4). 
Fractions with the desired RNA product 
were collected, yields were estimated, 
and samples were lyophilized. The yield 
was calculated using Beer-Lambert’s 
law with the equation A = c*l*E [A: 
absorbance at 260 nm measured for 
hydrolyzed ssRNA by a NanoDrop 
spectrophotometer (Thermo Fisher 
Scientif ic, Waltham, MA); c: molar 
concentration (M); l: path length (in 
NanoDrop software l for nucleic acids 
is normalized to 1 cm); E: extinction 
coef f icient (M-1cm-1) calculated for 
each hydrolyzed ssRNA with the Oligo 
Extinction Coefficient Calculator from 
the Williamson group (www.scripps.
edu/california/research/dna-protein-
research/ forms/b iopo lymerca lc2.
html). After lyophilization, RNAs were 
dissolved in HPLC-grade Chromasolv 
water, analyzed by MALDI-TOF mass 
spectrometry (MS), and stored at -20°C 
for further experiments.

MALDI-TOF MS analysis
The samples in a volume of 0.6 µL 
were mixed with 2.4 µL the matrix 
solution (75 mg/mL 3-hydroxypicolinic 
acid in a 1:1 acetonitrile/water mixture, 
v/v), deposited onto a stainless steel 
MALDI target, and allowed to dry at 
room temperature. MALDI-TOF mass 
spectra were obtained using an Ultra-
flextreme instrument (Bruker Daltonik, 
Bremen, Germany) operated in either 
linear/reflectron or positive/negative 
ion detection modes (depending on the 
signal quality).

Isothermal titration calorimetry (ITC)
ITC experiments were per formed 
on a VP-ITC instrument (Microcal, 
Northampton, MA). The calorimeter was 
calibrated according to the manufac-
turer’s instructions. Protein samples 
were prepared as previously described 
(23). Concentrations of proteins and 
RNAs were determined using optical 
absorbance at 280 nm and 260 nm, 
respectively. TDP-43 RBD proteins (5 

μM) were titrated with 50 μM RNA602 or 
AUG12 (Dharmacon GE Healthcare) by 
50 injections of 5 μL every 3 min at 25°C. 
Raw data were integrated, normalized 
for molar concentration, and analyzed 
according to a 1:1 RNA:protein ratio 
binding model. The fits were accom-
plished using the nonlinear Levenberg-
Marquardt method with Origin 7.0 
software. The values with fitting error are 
indicated in Supplementary Figure S4.

NMR measurement
NMR measurements for the TDP-43 
RBD–ssRNA complex were performed 
in NMR buffer (50 mM potassium 
phosphate, 2.5 mM, 2-mercaptoethanol, 
pH 6.8) at 298K using Bruker AVIII-700 
MHz and Avance-950 MHz spectrometers 
(Bruker Biospin, Rheinstetten, Germany) 
equipped with cryoprobes. The 2D 1H-13C 
HSQC, 1H-15N HSQC, and 3D NOESY 
1H-13C HSQC were acquired on a 756 µM 
1:1 complex of 13C,15N-labeled UG-rich 
RNA602 with 15N-labeled TDP-43 RBD 
(23). Data were processed using Topspin 

Figure 3. RNA purification using denaturing anion-exchange HPLC. (A,C) Elution profile of RNA710 (A) or RNA736 (C) oligonucleotides purified from the 
5 mL in vitro transcription reaction using a preparative, anion-exchange DNAPac PA100 Nucleic Acid Column. Free rNTPs, small abortive transcripts, 
as well as cleaved hammerhead (HH), full-length uncleaved transcripts, and DNA template are separated from the desired single-stranded RNA (ss-
RNA) oligonucleotide. The solid line represents absorbance at 260 nm; the dashed line is the buffer B gradient trace. (B,D) Denaturing PAGE (20% 
acrylamide, 8 M urea) analysis of the eluted fractions of RNA710 (B) and RNA736 (D) transcription reaction visualized by staining with 0.1% toluidine 
blue. Line L contains a crude transcription reaction, lane M contains an RNA ladder from 26 to 120 nucleotides, and lane m contains a 10 and 12 nu-
cleotides RNA marker. All other lanes are numbered according to fraction numbers corresponding to major peaks from elution profiles from (A) or (C).
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3.0 (Bruker BioSpin) and analyzed with 
CARA (http://cara.nmr.ch) or Sparky 
(www.cgl.ucsf.edu/home/sparky/ ).

Results and discussion
Two major problems of in vi tro 
transcription of small ssRNA oligo-
nucleotides (<20 nucleotides) are low 

transcription yield and heterogeneity at 
both ends. In order to overcome these 
problems and obtain homogenous 
short ssRNA oligonucleotides (<20 
nucleotides) from in vitro transcription 
in a cost-effective way, we decided on 
the following approach. A 5´ cis-acting 
ribozyme with a 5´-GGGAGA-3´ starter 
sequence is used to minimize abortive 

transcripts and to obtain a clean 5´ end 
of the ssRNA oligonucleotide with the 
sequence of choice (10,24). We chose 
a 5´ cis-acting HH ribozyme since it is 
small and yields a very good ssRNA 
oligonucleotide to ribozyme ratio, it is 
easy to design and clone, and it has a 
high cleavage efficiency of up to 95% 
during the transcription reaction. The 

Figure 4. Obtaining desalted single-stranded (ssRNA) oligonucleotides with subsequent MALDI-TOF MS analysis. Elution profiles of RNA710 (A) and RNA736 
(C) pooled from purification using denaturing anion-exchange HPLC. Small abortive RNA oligonucleotides can be separated from desired ssRNA product during 
the desalting step by weak anion-exchange FPLC. (A) The solid line represents absorbance at 260 nm; the dashed line represents the buffer B gradient trace. 
20% PAGE analysis of the fractions eluted during weak anion-exchange chromatography with ammonium bicarbonate buffer for RNA710 (B) or RNA736 (D). 
Lane L contains pooled fractions after HPLC separation; lane M contains an RNA ladder from 26 to 120 nucleotides; lane m contains a 12 nucleotide RNA. Lanes 
are numbered according to numbers of fractions indicated in the elution profiles for RNA710 or RNA736. MALDI-TOF mass spectra of the purified RNA710 (E) 
and RNA736 (F) oligonucleotides; MWpr.: predicted molecular weight. MWpr. for RNA710 corresponds to monoisotopic mass, for RNA736 to average mass.
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5´ cis-acting HH RNA oligonucleotide 
includes the core ribozyme with two 
stable tetraloops to promote proper 
folding during transcription as well 
as the variable helix corresponding 
to the desired ssRNA oligonucleotide 
(Figure 1B). Since the stability of the 
variable helix depends on the length 
and GC content of the desired ssRNA 
sequence, melting temperatures usually 
vary from about 25° to 40°C for 7–12 
base pair helices. Longer helices with 
higher stability in the variable helix do 
not increase cleavage efficiency in our 
hands and thus, depending on the GC 
content, 8–12 bp helices are optimal for 
stable HH formation (Tm  = 30°–40°C) 
with cleavage efficiencies of almost 
95%. Proper folding of the 5´ cis-acting 
HH RNA oligonucleotide should be 
tested using the RNA folding prediction 
program mfold (25) (Figure 1, C and 
D). If alternative folds are possible, 
the variable helix can be modified by 
replacing AU for GU base pairs or by 
varying the length. The 3´ end heteroge-
neity, on the other hand, is reduced by 
using a plasmid DNA template linearized 
with BstV2I, which leaves four, single-
stranded nucleotides at the 3´ end of 
the template, thereby increasing the 
tendency of T7 polymerase to fall off the 
template without adding non-templated 
nucleotides (10,26).

In summary, the most ef fective 
transcription of small ssRNA oligonu-
cleotides with minimum small abortive 
transcripts can be achieved using 
the following plasmid DNA template 
sequence: T7 promoter sequence 
followed by 5´-GGGAGA-3´, the variable 

base paired helix, the HH core followed 
by the desired ssRNA sequence, and 
the BstV2I restr iction site f lanked 
by a 5´ HindIII and a 3´ EcoRI site for 
subcloning into a high copy DNA vector 
(Figure 1E). The two extra nucleo-
tides that were added right after the 
desired RNA sequence are necessary 
for proper digestion of the plasmid by 
BstV2I or its isoschizomers. These 
restriction enzymes cut two nucleotides 
downstream from the recognition site on 
the 5´ end of the antisense strand and six 
nucleotides from the 3´ end of the sense 
strand of the DNA template, forming 
the sticky ends necessary for run-off 
transcription. All steps from the design 
of the RNA transcription template to the 
final product are outlined in Figure 1A 
and described in the following sections.
Usage of linearized plasmid DNA as a 
template for in vitro RNA transcription 
not only decreases 3´ end heteroge-
neity, but also facilitates size- and 
charge-dependent separation of the 
DNA template from the ssRNA product 
(18,27). Since large-scale in vitro 
transcription reactions require milligram 
amounts of the DNA template, a high 
copy number vector such as pUC18 
should be used (18). The template 
insert is prepared by standard PCR 
techniques, and after insertion and 
sequencing, the final plasmid is then 
transformed into DH5a cells to prepare 
the plasmid DNA.

The plasmid can be quickly purified 
using the QIAGEN Mega kit with some 
modifications (detailed in the “Materials 
and methods” section). Using the 
QIAGEN-tip Mega 2500 instead of Giga 

Table 1. Overview of single-stranded (ssRNA) oligonucleotides prepared by the presented method.

ssRNA name RNA sequence  
(5´ – 3´)

Yield
(nmol/mL)

Predicted MW  
(g/mol)

Measured MW  
(g/mol)

RNA602CN GUGUGAAUGAAU 41.7 4024.3 4021.9

RNA602N GUGUGAAUGAAU 48.3 3908.3 3908.9

RNA602 GUGUGAAUGAAU 38.5 3859.6 3859.7

RNA602  
15%C

GUGUGAAUGAAU 32.1 3877.7 3877.4

RNA695 GUGUGUGUGUGU 76.5 3845.5 3845.5

RNA710 GUGUGUGUGU 87.7 3194.4 3194.6

RNA587N AAGAGAGA 34.2 2659.7 2656.8

RNA675 AAGAGAGAu 18.8 2923.5 2945.6

RNA676 AAGAGAGAcc 29.1 3227.5 3227.5

RNA736 GUGUGAAUGUGUGUGUGAAUG 26.0 6811.0 6813.0

CN: 13C,15N-labeled RNA. N: 15N-labeled RNA; 15%C: 15% 13C-labeled RNA. Yield indicated per 1 
mL of transcription reaction. Predicted molecular weight (MW) corresponds to average masses,
except for RNA675 (monoisotopic mass). Predicted MW of isotope-labeled RNA oligonucleotides is 
based on >99% isotope enrichment. For the RNA675 MALDI-TOF, measurement indicates stable 
sodium adduct [M-2H+Na]- = 2945.5 (monoisotopic mass).

W
or

ks
, s

tr
ai

gh
t o

ut
 th

e 
bo

x.

U
nw

in
d 

D
N

A’
s 

p
os

si
b

ili
ti

es

Fi
nd

 o
ut

 h
ow

 y
ou

 c
ou

ld
 u

se
 y

ou
r P

CR
 p

rim
er

s 
w

ith
 R

PA
 s

tr
ai

gh
t o

ut
 o

f t
he

 b
ox

 to
 a

m
pl

ify
 D

N
A

. N
o 

th
er

m
oc

yc
le

r r
eq

ui
re

d.

tw
is

td
x.

co
.u

k 
> 

RP
A

 >
 U

si
ng

 P
CR

 p
rim

er
s

1-3 pg vert V2.0.indd   1 15/01/2016   14:41
BTN_Feb_TwistDX.indd   1 1/20/16   10:24 AM



REPORTS

www.BioTechniques.com82Vol. 60 | No. 2 | 2016

10000 halves the cost of the final product 
since it is sufficient for purification of up 
to 6 mg of plasmid DNA, which is more 
than double the specified plasmid load 
recommended by the manufacturer. It 
is important to obtain strictly RNase-
free plasmid DNA in order to prevent 
rapid decay of ssRNA oligonucleotides 
during transcription, since even a trace 
of RNase very efficiently cleaves small 
ssRNAs. This can be achieved by 
using more washes of the QIAGEN-
tip Mega 2500 than recommended by 
the manufacturer. Subsequent regen-
eration of the tips (as described in the 
“Materials and methods” section) allows 
researchers to use the columns multiple 
times (Supplementary Figure S2A), 
which considerably reduces the cost. 
After linearization with BstV2I and confir-
mation that the plasmid is RNA-free 
(Supplementary Figure S2), it can be 
used without any additional purification 
steps in an in vitro transcription reaction.

The yield of an in vitro transcription 
reaction depends on the MgCl2 concen-
tration. For every new plasmid DNA 
template solution, the Mg2+ concen-
tration should be optimized based on 
small-scale, 25 µL trial transcriptions 
with MgCl2 concentrations varying 
between 8–48 mM (18,27). As a rule, the 
best yield is approached at 20–25 mM 
MgCl2 concentration, but the optimum 
concentration for RNA transcription is 
usually not the same as for 5´ cis-acting 
HH ribozyme self-cleavage. For RNA710 
or RNA736 (Table 1), the optimum Mg2+ 
concentration for maximum RNA yield 
is 24 mM, while HH cleavage is most 
efficient at 48 mM (Figure 2, A and C). 
Thus, for the best yield of the desired 
ssRNA product, it is essential to start 
the transcription reaction with an initially 
lower Mg2+ concentration for optimum 
transcription yield and to increase the 
Mg2+ concentration after 2 hours to reach 
the optimum for the HH self-cleavage. 
If the HH ribozyme folds properly, self-
cleavage efficiency reaches over 95% 
(Figure 2, B and D). Once the optimum 
Mg2+ concentration is determined, 
transcription reactions can be scaled up. 
Since sufficient amounts of all enzymes 
participating in the transcription reaction 
are essential for the preparation of large 
quantities of RNA, which could become 
expensive if commercial enzymes 
are used, both T7 RNA polymerase 

and inorganic pyrophosphatase, 
which prevents Mg2+ depletion during 
transcription, are prepared in house 
(11,20). This also helps reduce the cost 
large-scale production of small ssRNA 
oligonucleotides.

As the next step, RNA purification 
from the transcription reaction, which 
contains proteins and nucleic acids, 
should be per formed. The most 
commonly used method for purifying 
large quantities of small RNA oligonucle-
otides with high resolution is preparative 
PAGE. Under denaturing conditions, this 
method allows separation of RNA oligo-
nucleotides up to 70 nucleotides long 
with single-nucleotide resolution (9,28), 
but such a technique is quite tedious 
and takes 6–10 h followed by lengthy 
elution of the RNA from the polyacryl-
amide gel (28). On the other hand, 
sufficient resolution for small ssRNA 
oligonucleotides can be achieved 
with anion-exchange chromatography 
under denaturing conditions (14). Using 
a gradient of sodium perchlorate with 
6 M urea at high temperature (85°C) 
(22), it is possible to separate desired 
RNA oligonucleotides in the range of 7 
to 21 nucleotides from other reaction 
components within 1 h. We use a 
gradient of 0%–50% buffer B over 25 
min. The desired ssRNA product elutes 
depending on its size, from 31% buffer B 
(155 mM NaClO4) for 7 nucleotides RNA 
to 50% buffer B (250 mM NaClO4) for 
longer ssRNA oligonucleotides (Figure 
3, A and C). For even longer oligonu-
cleotides, the gradient can be tuned 
to get better separation. Fractions with 
the desired ssRNA oligonucleotide are 
confirmed by PAGE analysis (Figure 3, 
B and D) and then subjected to further 
purification by desalting.

Buffer exchange through multiple 
dialysis steps of the desired ssRNA 
oligonucleotides to remove urea and 
salts for further studies usually takes 
at least 12 h (18), and some remnants 
of salt, especially sodium, which can 
complicate MS analysis, can still be 
found in the solution after multiple buffer 
exchanges through dialysis. As a quick 
alternative method of buffer exchange 
and desalting, we used weak anion-
exchange chromatography with an FPLC 
system using volatile buffers. With this 
method, we obtained salt-free ssRNA 
oligonucleotides that are per fectly 

compatible with further MS analysis 
and other biochemical and biophysical 
studies. For the desalting procedure, the 
pooled fractions from HPLC containing 
the desired RNA oligonucleotides are 
loaded onto a DEAE (diethylamino-
ethanol) column equilibrated with 20 mM 
ammonium bicarbonate solution and 
then a gradient of 2.53 M ammonium 
bicarbonate concentration is applied at 
high flow rates (5 mL/min). The desired 
ssRNA oligonucleotides usually elute at 
1–1.5 M ammonium bicarbonate (Figure 
4). This buffer exchange procedure 
takes only 1 hour. An additional benefit 
of this desalting method is that it also 
separates RNA oligonucleotides based 
on charge but this time under native 
conditions. Thus, it is possible to further 
purify the desired ssRNA product from 
shorter RNA oligonucleotides in case the 
HPLC separation did not yield entirely 
pure fractions of the desired ssRNA 
oligonucleotide (Figure 4, A and B). 
Fractions with the desired RNA product, 
confirmed by PAGE analysis, are then 
lyophilized overnight. Thus, after two 
sequential purification steps without any 
intermediate procedures, one obtains 
pure ssRNA oligonucleotides ready for 
further studies. The mass and purity of 
RNA oligonucleotides was confirmed by 
MALDI-TOF MS (Figure 4, E and F, Table 
1, Supplementary Figures S3 and S6).

To further assess the quality of the 
ssRNAs, we compared ITC measure-
ments of TDP-43 RBD with RNA602 and 
a commercial ssRNA oligonucleotide 
(AUG12) with the same sequence (23). 
Virtually identical data were obtained 
for both ssRNA ol igonucleotides 
with Kd values in the low nanomolar 
range (Supplementary Figure S4). In 
addition, we used RNA602 oligonucle-
otide with different labeling schemes 
(Table 1) for the structure determi-
nation of its complex with TDP-43 
RBD (23). To date, only four ssRNA–
protein complexes employing isotope-
labeling of the RNA have been published 
(23,29–31). Three complex structures 
used ssRNA oligonucleotides synthe-
sized with phosphoramidites containing 
13C-labeled ribose moieties that are 
not commercially available (32). The 
TDP-43 RBD complex with UG-rich 
RNA602 used isotope-labeled ssRNA 
ol igonucleotides prepared by our 
method. The 15N-isotope labeling of the 



REPORTS

www.BioTechniques.com83Vol. 60 | No. 2 | 2016

RNA602 oligonucleotide allowed us to 
unambiguously distinguish hydrogen-
bonded guanosine from uracil imino 
protons, and the 13C-isotope labeling 
was essential for the assignment of 
intra- and intermolecular ssRNA ribose 
contacts (Supplementary Figure S5). 
We believe that future biochemical and 
biophysical studies of ssRNA–protein 
complexes, including structure deter-
mination by NMR spectroscopy, will 
similarly benefit from our robust protocol 
for preparation and purification of short 
ssRNA oligonucleotides.
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