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Abstract

Ion-pair, reverse-phase high performance liquid chromatography (HPLC) is a standard analytical 

platform for separating, purifying and analyzing RNAs. However, a single-nucleotide resolution 

by using HPLC is currently limited to RNAs shorter than 25 nucleotides (nt). Here we describe a 

method of separating three RNA aptamers with 57, 58 and 59 nt on an XBridge ion-pair, reverse-

phase HPLC column by a single-nucleotide resolution. Under a similar condition, we also show 

the capability of our method to resolve two structurally different, yet sequence or mass identical 

59-nt aptamers. We establish that the optimal condition to achieve a single-nucleotide resolution 

correlates to 50 °C and zero magnesium concentration in mobile phases. The ion-pairing agent, the 

buffer and the solvent we use are also compatible for post-HPLC analysis such as mass 

spectrometry. Therefore, our method provides a new way of detecting, analyzing and separating 

RNAs by conformation or structure, and extends the ability of separating RNAs that are longer 

than 25-nt in length by single-nucleotide resolution.
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Separation and purification of RNA is generally required not only for using RNA as 

potential probes and therapeutics [1], but also for studying the structure and function of 

RNA, such as RNA catalysis [2; 3; 4] and RNA structure determination by NMR [5] or 

crystallography [6]. This is because an RNA sample is usually heterogeneous. RNA 

heterogeneity refers to difference in length or size (i.e., the number of nucleotides or nt), 

sequence, and alternative but coexisting conformations. The RNA heterogeneity originates 

directly from sample preparation. An RNA sample can be synthesized chemically (e.g., by 

solid-phase synthesis) or enzymatically (e.g., by in vitro transcription). For instance, during 

a transcription reaction, perhaps the most commonly practiced means of preparing RNA 
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samples, T7 RNA polymerase often catalyzes nonspecific addition of extra nucleotides to 

the ends of a desired RNA without the DNA template, thereby producing heterogeneous 

RNA molecules [7; 8]. Both chemical and enzymatic reactions for synthesizing RNA can 

also produce early aborted, shorter RNAs [8; 9]. An RNA sample can be isolated from 

natural sources. For gene expression analysis, for instance, an RNA sample can be extracted 

from tissues or cells. The RNAs from such a sample may exist as different sequence variants 

with the same length, possibly introduced by alternative splicing or posttranscriptional 

editing [10]. More often, the RNAs from such a sample have a range of sizes, such as a 

sample that contains regulatory RNAs isolated from bacteria (see a review [11]). However, 

RNAs even with a subtle difference in sequence could have different functions. For instance, 

in Arabidopsis, both 21-nt and 22-nt microRNAs (miRNA) bind to Argonaute-1 (AGO1) 

and guide accurate cleavage of target transcripts. Yet, only the 22-nt miRNA-AGO1 

complexes are competent to trigger RNA-dependent RNA polymerase 6 mediated siRNA 

production from a target RNA [12]. Recently, it is shown that the asymmetry in the duplex 

structure of the 22-nt miRNAs is responsible for triggering the production of secondary 

siRNAs [13]. Furthermore, RNA with a single, chemically identical sequence could fold into 

more than one conformation with distinct function [14], and these conformations may not be 

interconvertible [14; 15; 16]. Therefore, for characterizing the structure and function of 

RNA, separating and purifying RNA from a mixture to sequence and structure homogeneity 

is necessary.

Through an ideal separation process, every RNA molecule in an RNA sample should be 

chemically identical in that the number of the nucleotides in an RNA, the sequence and the 

chemical identity of the 5ʹ-end and the 3ʹ-end are all the same. To achieve this goal, one of 

the most technically challenging tasks is to separate and purify RNAs which may differ by a 

single nucleotide or by an average molecular weight of 321 Dalton (Da) in a single-stranded 

RNA [17]. A separation based on a single nucleotide difference becomes more difficult 

when the length of an RNA molecule becomes longer, because the average molecular weight 

contribution of a single nucleotide relative to its overall molecular weight becomes smaller. 

Furthermore, a longer RNA tends to have more complex secondary structures [18], and 

those structures can still remain even at higher temperature [19; 20].

The two most widely used separation and purification techniques for RNAs (and DNAs as 

well as proteins) are polyacrylamide gel electrophoresis (PAGE) and high-performance 

liquid chromatography (HPLC). Although PAGE or precisely denaturing PAGE is the 

principal technique for purifying RNA [21; 22], HPLC, especially ion-pair, reverse-phase 

HPLC, is preferred. The latter technique is less time consuming, and is more suitable for 

high throughput analysis [20]. To date, ion-pair, reverse-phase HPLC is a standard platform 

for separation and quantification of a wide range of labeled/unlabeled, regular/modified 

RNAs [23], such as siRNAs [24; 25; 26], mRNA [27], and large ribosomal RNA (rRNA) 

[28]. However, HPLC can be used to separate short RNAs (~20 nt) by single-nucleotide 

resolution [29; 30; 31]. Separation and purification of single-stranded RNAs up to 1000 nt 

has been demonstrated but the best resolution is limited to 100 nt fragments [20]. Separation 

of longer RNAs such as 18S and 28S rRNA (1869 and 5035 nt respectively) is possible but 

the separation is no longer size dependent [20]. Conformational flexibility of RNAs and 

sequence compositions have been major sources of difficulty to separate RNA molecules 
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longer than 25 nt with single-nucleotide resolution [32; 33]. An untested hypothesis is 

whether RNAs longer than 25 nt in length, presumably possessing secondary structures, can 

be resolved by single nucleotide, using HPLC.

Here we describe a method by which 57–59 nt RNAs can be individually resolved using an 

ion-pair, reverse-phase HPLC. These samples are all chemically synthesized. To test our 

ability of resolving RNAs based on conformational flexibility, we also use the enzymatic 

transcript of the 59 nt RNA. This 59 nt RNA is a potent aptamer or an inhibitor of the -

amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor, a subtype of the 

ionotropic glutamate receptor family [14]. The 59 nt aptamer, generated by enzymatic 

transcription, exists in two, non-convertible conformations or structures with identical 

sequences, which we term AN59-M1 and AN59-M2. The two RNA species must be used 

together for inhibiting the receptor [14]. The chemically synthesized 59 nt RNA aptamer is a 

potent inhibitor as well but folds into a structure different from either of the two enzymatic 

transcripts [14]. Using AN59-M1 and AN59-M2), we show that our method further allows 

us to resolve the two, structurally different, sequence identical RNAs, using HPLC. In this 

study, we also use a tubular, continuous-elution PAGE apparatus to purify the AN59-M1 and 

AN59-M2 under native condition. In fact, the use of HPLC serves also as an analytical tool 

to verify the quality of the separation of the 59 nt RNA by this tubular PAGE.

Materials and methods

RNA sample preparation

SynAN57-59 RNAs (see Fig. 1) were purchased from Trilink Biotechnology. They were 

purified by HPLC to remove any contaminants or shorter products before our experiment. 

AN59-M1 and AN59-M2 were made by in vitro enzymatic transcription using an AN59-

glmS DNA template [14], which was constructed to produce a homogenous 3′-end by 

utilizing the self-catalysis function of the downstream glmS ribozyme [34]. Ambion 

MEGAshortscript T7 kit [14] was used for enzymatic transcription. The transcription 

product was incubated with 1 mM glucosamine-6-phosphate, a metabolite that accelerates 

the cleavage reaction, for 2 hours in a buffer containing 50 mM Tris-HCl (pH 7.4), 10 mM 

MgCl2 and 200 mM KCl. An LC-ESI (electrospray ionization)-MS experiment was 

performed on an ESI-Q-TOF II mass spectrometer (Micromass/Waters) to verify that the 

AN59-M1 and AN59-M2 had identical mass or length [14].

Cylindrical polyacrylamide gel preparation

To purify AN59-M1 and AN59-M2, we used a Bio-Rad Prep Cell (Model 491), a 

continuous-elution PAGE apparatus. The gel casting unit was a 12 cm long, concentric 

cylinder with outer and inner shell diameter of 37 mm and 28 mm, respectively. Once cast, a 

tubular PAGE gel had an 8.2 cm2 flat surface. Under the elution chamber was a dialysis 

membrane with a molecular weight cut off of 5,000 Da. To prepare a 12% tubular PAGE gel, 

100 ml of 12% acrylamide/bis-acrylamide (37.5:1) solution in 1× Tris-Borate-EDTA (TBE) 

buffer were prepared from 30% ProtoGel premix stock (National Diagnostics) at room 

temperature. The mixture was filtered and degased. Then, 125 μl of 10% ammonium 

persulfate and 50 μl of tetramethylethylenediamine (TEMED) were added to the gel mixture 
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before it was poured into the Prep Cell tube. Finally, n-butanol was carefully loaded to form 

a layer in order to barricade the gel from air. The gel was allowed to polymerize over night 

at room temperature before being assembled into the electrophoresis apparatus. Note that the 

surface of a tubular gel should be flat in order to achieve high quality separation.

Use of Prep Cell for RNA purification

For separating AN59-M1 from AN59-M2, we loaded ~640 μg of AN59 transcripts dissolved 

in 1 ml of loading buffer containing 5% glycerol. The electrophoresis was run at 150 V for 

20 hours. A peristaltic pump was used to regulate the mobile phase or 1× TBE buffer at 1 

ml/minute flow rate. The RNA elution was monitored with a UV detector, and the fractions 

were collected with a fraction collector (BioFrac, Bio-Rad) at 4 ml/fraction. The fractions 

were then pooled based on the chromatography trace and concentrated in an Amicon 

filtration centrifuge tube (3 kDa cut-off, Millipore). The TBE buffer in the eluted samples 

was exchanged with 10 mM Tris-HCl buffer by spinning in an Amicon filtration tube; the 

same procedure was repeated two more times. The concentration of the collected sample 

was determined with a Nanodrop 1000 spectrophotometer (Thermal Fisher Scientific).

HPLC hardware

An XBridge C18 column (Waters, 4.6 × 150 mm dimension, 3.5 μm pore size) mounted on a 

Waters Breeze HPLC system was used for RNA separation and purification. The column 

was embedded in the chamber of a Waters Temperature Control Module. The injection loop 

was 25 μl. A 2487 UV/Vis dual wavelength detector (Waters), set at 254 nm, was used for 

monitoring elution. Waters Breeze software was used to run all HPLC elution protocols.

RNA separation by ion-pair reverse-phase HPLC

An ion-pair agent was added to the mobile phase to form nonpolar ion pairs between the 

ion-pairing agent and the negatively charged phosphate backbone of RNA, which led to 

subsequent adsorption to the neutral, nonpolar surface of the column. Specifically, we used 

triethylamine (TEA) (HPLC grade, Fluka) (16.3 mM, final concentration) as the ion-pair 

agent. TEA is shown to have a fast equilibration time with the column [35]. Furthermor 400 

mM 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) (99+%, Sigma) and methanol (see 

concentration below), the two organic modifiers, were included [33]. The pH of all of the 

mobile phases was 7.9.

Mobile phase A was the TEA/HFIP buffer and the concentration of TEA and HFIP were 

described above. Mobile phase B contained 50% methanol in TEA/HFIP buffer. The HPLC 

column was maintained at 50 °C for all of the purification protocols, unless otherwise noted. 

Different concentrations of methanol were made in-line by controlling, through the Breeze 

software, the amount of phase A and phase B flowing through the column. The column was 

initialized by using 20 ml of 100% acetonitrile (HPLC grade, Pharmco), followed by 20 ml 

of water (purified from Barnstead, Nanopure Diamond Water Purification System) and then 

50 ml of phase A before sample loading. The flow rate was 1 ml/min unless noted otherwise. 

In general, 1–10 μg of sample was prepared in 25 μl (final volume) of phase A solution for 

each run and heated to 50 °C before loading. After loading, the sample on the column was 

washed with 5 ml of 100% phase A and then 15 ml of 70% phase A/30% phase B mixture. 
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A linear gradient elution usually started from 30% phase B and ended at 60%, unless noted 

otherwise. The flow rate for sample separation was maintained at 0.5 ml/min.

Results

RNA samples

To test our ability of separating RNAs that are longer than 25 nt with single-nucleotide 

resolution, we used SynAN57, SynAN58 and SynAN59 (Fig. 1A). Due to the chemistry of 

solid-state RNA synthesis [36], all SynAN57-59 RNAs contained hydroxyl groups at both 5ʹ 
and 3ʹ ends. We also used AN59-M1 and AN59-M2, which were structurally different but 

sequence identical [14]. Because AN59-M1 and AN59-M2 were generated from 

transcription but enzymatically cleaved by the glmS ribozyme whose DNA sequence was 

linked to the 3ʹ end of the AN59 aptamer sequence [14], AN59-M1 and AN59-M2 had the 

identical length, as shown by the identical mass/charge ratio observed in mass spectroscopy 

[14]. However, the ribozyme cleavage reaction generated a 2ʹ,3ʹ-cyclic phosphate group at 

the 3ʹ end and a triphosphate group at the 5ʹ end of the two RNAs [34] (Fig. 1A). 

Consequently, AN59-M1 and AN59-M2 had different 5ʹ and 3ʹ ends from SynAN59, 

although the number of nucleotides and the sequence were all identical.

By electrophoresis on a native 10% polyacrylamide slab gel, the three chemically 

synthesized 57, 58, and 59 nt long RNAs differing by a single nucleotide could be hardly 

resolved (Fig. 1B). On the other hand, the electrophoretic mobilities of the 59-nt long AN59-

M1 and AN59-M2 RNAs were clearly different, and neither one was running with the same 

electrophoretic mobility as SynAN59 (Fig. 1B). As we reported earlier, the difference in the 

electrophoretic mobility between AN59-M1 and AN59-M2 (Fig. 1B) was attributed to the 

difference in their structures [14]. Because SynAN57-59 differ by either one or two 

nucleotides and AN59-M1/M2 differ by their structures, the use of these five RNA samples 

would enable us to test (i) whether RNAs of up to 59 nt in length could be separated with 

single-nucleotide resolution and (ii) whether two different RNA folds with the same length 

(i.e., 59 nt) and the same molecular weight could be resolved.

Separation of SynAN57, SynAN58, and SynAN59 by ion-pair reverse-phase HPLC

To explore whether the 57–59 nt RNAs (Fig. 1A) could be resolved individually, we selected 

a recently developed XBridge C18 reverse-phase column. This column has not been shown 

to resolve a single nucleotide difference for RNAs of this size range. By trial and error, we 

established the optimal condition to separate the RNA samples as described above. The 

elution from an XBridge C18 reverse phase column revealed a distinct retention time for 

each of the three RNA species (Fig. 2A). When the three RNAs were mixed and run 

together, they were individually resolved (Fig. 2B). The three peaks that ran individually, as 

in Fig. 2A, were eluted between 41.2% and 44.4% of phase B, which correspond to 20.6% 

and 22.2% of methanol, respectively (see the gradient profile in Fig. 2A). The gradient was 

applied at 20 min of run time with a rate of 0.24% of phase B/minute (Fig. 2B), but the rate 

decreased to 0.08% of phase B/minute when phase B reached 40%. It should be noted that 

this optimal separation protocol was achieved at a temperature of 50 ± 0.1 °C 

(experimentally, all the samples were pre-heated through a Waters Temperature Module 
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before entering the XBridge column, and the column itself was also embedded in the 

chamber of the same temperature module).

Preparative separation of AN59-M1 from AN59-M2 RNAs by electrophoresis on a 
cylindrical polyacrylamide gel

We further explored whether two structurally different but sequence identical RNAs could be 

separated using ion-pair, reverse-phase HPLC. To do this, we needed to prepare pure AN59-

M1 and AN59-M2 samples. AN59-M1/M2 could be separated by electrophoresis on a native 

polyacrylamide slab gel (Fig. 1B). However, to develop a large-scale purification of the same 

RNA species, we used a continuous-elution PAGE apparatus or Prep Cell (see detail in 

Methods). In a single run on a 12% native PAGE, 640 μg of AN59 transcripts in 1 mL (final 

volume) was loaded for separation of AN59-M1 from AN59-M2 (Fig. 3A). As expected, 

two peaks were revealed in the elution profile of AN59 enzymatic transcripts (Fig. 3A). Peak 

1 (fractions 27 to 40), corresponded to AN59-M2, whereas peak 2 (fractions 42–49) 

corresponded to AN59-M1. We confirmed these peak identities by analytical PAGE of the 

pooled fractions (Fig. 3B).

We also determined the overall recovery yield of the PAGE purification using the Prep Cell. 

For this experiment, we used three RNA samples, i.e., AN59-M1/AN59-M2 (as shown in the 

Fig. 3B), SynAN57 and a 96-nt RNA, which is a sequence-unrelated, structurally different 

RNA molecule (see its sequence in Supplementary Figure S1). Each sample was first 

purified and then used for yield determination. For a single run, we loaded 600 μg – 1 mg of 

RNA to the PAGE gel. The amount recovered from the PAGE elution for each RNA sample 

was first pooled and concentrated with an Amicon filtration centrifuge tube, and then 

quantified by the UV-Vis measurement. Based on a duplicate run of each of the three 

samples, we found that the averaged recovery rate of using this preparative PAGE 

purification method was 78 ± 10%. It should be noted that the yield represents the 

percentage of the overall recovery, which included gel running, fraction collection and 

sample concentration.

Effect of magnesium ion on the separation of AN59-M1 and AN59-M2

To date, no method has been reported that uses HPLC to resolve any RNAs of the same 

length, but longer than 25 nt, solely based on structure [24]. In attempts to separate AN59-

M1 from AN59-M2 on HPLC, we first tested the effect of magnesium concentration during 

loading of the sample. Mg2+ is one of the key factors that affect the folding of an RNA 

molecule [37]. A potential difference in folding in the presence of Mg2+ ion between the two 

RNA molecules was expected to give rise to difference in hydrophobic interaction of the two 

RNA molecules with the stationary phase, thereby generating different retention times. 

Using AN59-M2 as an example, we observed (Fig. 4) that presence of Mg2+ during loading 

significantly affected the elution profile and retention time of AN59-M2 (Mg2+ was added 

only during loading, and neither of the mobile phases A and B contained any Mg2+; 

furthermore, the AN59-M2 stock was in the Phase A buffer). Specifically, as Mg2+ 

concentration increased, the peak intensity at 88 min retention time was reduced (Fig. 4) 

while the UV absorption increased in a more hydrophobic region (>190 min). This result 

was consistent with the hypothesis that a high Mg2+ concentration promoted RNA folding 
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[37; 38]. Therefore the reduction of the UV absorbance at the earlier elution peak (~88 min) 

and the concurrent rise of a broad peak at a later time (>190 min) could be attributed to the 

hypochromic effect [39] in that the RNA species at a higher Mg2+ concentration became 

more folded and more hydrophobic. Hydrophobic properties of RNAs are generally 

associated with their secondary structures driven by base stacking [40]. Consequently, these 

RNAs absorbed to the hydrophobic stationary phase of XBridge C18 column more strongly, 

therefore exhibiting longer retention times. Based on this experiment, we concluded that not 

using any Mg2+ ions during sample preparation, loading and running was the best condition 

for separating AN59-M1 from AN59-M2. Under this condition, virtually all AN59-M2 

molecules were de-absorbed from the column at approximately the same time, which 

allowed us to follow a major and sharper elution peak (Fig. 4).

Effect of temperature on the separation of AN59-M1 and AN59-M2

For separating AN59-M1 from AN59-M2 on an XBridge C18 column, we further 

investigated the effect of temperature on elution. As shown (Fig. 5), there were two 

distinctive features in the chromatograms obtained from 35 °C to 65 °C. First, AN59-M1 

and AN59-M2 exhibited a major peak at 103.92 min and 103.96 min, respectively, at 35 °C 

(Fig. 5, the top two panels or the pair of blue and red traces). However, as temperature 

increased, these two main peaks began to shift leftwards and the two species emerged from 

the column with shorter retention times (see the panels from top to bottom in Fig. 5). 

Second, AN59-M2 showed two characteristic peaks (a major, initial peak and a minor, 

trailing peak). In contrast, AN59-M1 displayed a complex elution profile (e.g., a main peak 

followed by a series of small peaks at higher retention time); yet the profile became much 

simpler at higher temperature. These phenomena could be explained on the basis that higher 

temperature favored a less ordered or less packed RNA structures. Similar to the effect of 

Mg2+ concentration on the hydrophobicity of an RNA, temperature is also known to affect 

the hydrophobicity of an RNA in that increasing temperature is expected to render an RNA 

less ordered or partially denatured. Thus, from 50 °C and higher we were able to elute 

AN59-M1 or AN59-M2 essentially in a single peak. The fact that AN59-M1 and AN59-M2 

each yielded a single band on a polyacrylamide slab gel suggested these multiple peaks, 

observed in the HPLC chromatograms (as in the red traces of Fig. 5), were most likely due 

to multiple conformations associated with AN59-M1 rather than some unspecified 

impurities (Fig. 5). More importantly, those multiple, broad peaks were all associated with 

low temperature conditions, where more ordered or highly packed structures were favored. 

These results suggested that AN59-M1 was more hydrophobic overall than AN59-M2 (Fig. 

5). Such a conclusion is also consistent with the notion that even at an elevated temperature, 

RNA secondary structures can still exist [20]. In fact, the presence of secondary structures 

makes the size-dependent separation of RNA, particularly a large RNA, challenging.

Using both in-line probing and the selective 2ʹ-hydroxyl acylation analyzed by primer 

extension (SHAPE) experiments, we have previously shown that both the 58 nt and 59 nt 

M1 species or AN59-M1/AN58-M1 are indeed more packed than AN59-M2/AN58-M2 

[14]. Furthermore, the shift from a more complex elution profile of AN59-M1 at lower tem 

perature to a simpler profile at higher temperature indicated that there was equilibrium 

among multiple conformations in the same structural repertoire [14]. In addition, the 
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intensity of absorbance for the main peak associated with AN59-M1 (i.e., the main red peak 

in Fig. 5) increased with the increase of temperature. The AN59-M2 peak (i.e., the blue 

peak) also increased, albeit to a lesser extent.

Separation of SynAN59 and AN59-M2 by HPLC

SynAN59 and AN59-M2 have the same sequence and the same number of nucleotides, but 

differ in the chemical nature of the 5ʹ and 3ʹ ends. Specifically, AN59-M2 has a 

triphosphate group at the 5ʹ end a cyclic phosphate group at its 3ʹ end. In contrast, 

SynAN59 has a hydroxyl group at both ends (Fig. 1A). Consequently, AN59-M2 is 302 Da 

heavier than SynAN59. The difference in molecular weight is almost equal to one C (305 

Da) or U (306 Da). Therefore, as a control experiment for single-nucleotide resolution, we 

further tested if AN59-M2 and SynAN59 could be individually resolved. Using two clean 

samples as visualized on a PAGE gel (Fig. 6A), we ran the two samples separately (the two 

upper panels of Fig. 6B) or together (the lower panel of Fig. 6B). It can be seen that 

SynAN59 and AN59-M2 RNAs were separated clearly from one another. This result (Fig. 6) 

further demonstrated that the condition we established enabled us to separate RNAs up to 59 

nt with single-nucleotide resolution using an XBridge reverse-phase column. The separation 

of SynAN59 from AN59-M2 was most likely based on the difference in the molecular 

weight due to the different nature of both the 5ʹ and 3ʹ ends. This is because the difference 

in retention time between SynAN59 and slightly heavier AN59-M2 is about 1 min (or 78.25 

and 79.24 min, respectively, in Fig. 6B). This difference is similar to the relative retention 

time between SynAN57/SynAN58 and SynAN58/SynAN59 (Fig. 2A). It is also possible 

that the extra phosphates in AN59-M2 bind to TEA in the buffer, which makes the RNA 

more hydrophobic and de-absorbs later.

Discussion

The major aim of our study is to develop a chromatographic method, with the use of ion-

pair, reverse-phase HPLC, by which single-nucleotide resolution can be achieved for RNAs 

with the length up to 59 nt. By the same method, we also aim to resolve conformational 

difference between the two 59 nt RNA molecules with identical sequence and molecular 

weight where size-based separation is no longer possible. Using a combination of five RNA 

samples, we show that these aims have been achieved. The method we have established 

provides a new way of detecting, analyzing and separating RNAs by conformation or 

structure, and extends the ability of separating RNAs, by single-nucleotide resolution, that 

are longer than the 25 nt mark currently achievable by the use of ion-pair, reverse phase 

HPLC [25; 33; 41].

The samples we have chosen for our method development are RNA aptamers with known 

function. SynAN58 and SynAN59 and their enzymatic counterparts, AN58-M1/M2 and 

AN59-M1/M2, together with SynAN57, are all biologically active - they are all potent 

antagonists of AMPA ion channel receptors [14]. Their inhibitory properties allowed us to 

check whether a purification procedure destroyed their function. As expected, our RNA 

samples remained biologically active after purification (data not shown). Furthermore, the 

size of our samples, i.e., 57–59 nt, is in the range of other RNAs of therapeutic values. In 
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fact, most RNA aptamers, reported thus far, fall into the 5–15 kDa molecular mass range, 

which corresponds to 15–50 nt in length [42]. Therefore, our method may be useful for 

identification, purification and characterization of other RNA aptamers.

A separation of RNAs up to 59 nt in length with single-nucleotide resolution has not been 

previously possible, and the method we have established to accomplish this separation relies 

on the use of an XBridge C18 reverse-phase column. During this work, we also tested a 

conventional Waters XTerra C18 column. Although a single-nucleotide separation has also 

been achieved (data not shown) with the XTerra column, the XBridge column is preferred 

because it has a longer lifetime. It should be also noted that the buffer we use contains TEA/

HFIP (TEA is also an ion-pair agent). TEA/HFIP is a widely used buffer in the analysis of 

oligonucleotides using HPLC [24; 43; 44]. The use of HFIP is particularly desirable because 

it is compatible with post-HPLC analysis of RNA species using ESI-MS [24; 43; 44]. 

Furthermore, HFIP is known to reduce the impact of oligonucleotide hydrophobicity upon 

retention [33]. Therefore, our buffer and mobile phase components are fully compatible with 

post-HPLC analysis techniques previously developed with shorter RNAs.

Using ion-pair, reversed-phase HPLC, previous studies show that RNAs can be separated 

under non-denaturing, partially denaturing, or fully denaturing conditions [23; 28]. We 

believe that the separation method we present here is a partially denaturing protocol despite 

the fact that we used no Mg2+ ions and our separation was at elevated temperature, both of 

which correlated to more of a denatured condition. This is because AN59-M1 and AN59-M2 

differ by structure, rather than by length, as previously shown by the LC-ESI-MS 

experiment [14].

There are limitations in using the method we present here. To achieve the single-nucleotide 

resolution, we have to use a shallower gradient (Fig. 2), which correlates to a longer run time 

as compared with existing protocols for smaller RNAs [20]. A steeper or faster gradient 

program would be possible but only at the expense of a lower resolution. However, a faster 

elution program can be used satisfactorily if the mixture to be separated is not complex, the 

peak-to-peak distance between individual RNA pieces is far apart [20] or a single-nucleotide 

resolution is not required. Similarly, a single-nucleotide resolution also limits the loading 

capacity on an XBridge C18 reverse-phase column for the purpose of purifying individual 

RNAs. In fact, when we gradually increase the loading capacity to more than 10 μg per RNA 

species for SynAN57–59, the separation of one peak from the other becomes less complete 

(Fig. 3; see additional data in Supplemental Figure 2). Yet even with a higher loading 

capacity, SynAN57–59 can still be resolved individually (see Supplementary Figure S2). 

Therefore, our method can be best used for RNA detection with single-nucleotide resolution, 

rather than for large scale RNA purification. However, a larger loading capacity can be used 

when an RNA sample is less complex or a single-nucleotide resolution is not required. 

Alternatively, an RNA sample with the same length can be prepared in large scale so that a 

stringent separation to achieve single-nucleotide resolution may not be necessary. As we 

have shown, an RNA sample can be prepared in a pure form by making a plasmid construct 

that contains the glmS ribozyme sequence [14] for in vitro transcription. This way, a clean 

RNA can be produced through a post-transcriptional cleavage by the ribozyme.
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The second method we used is electrophoresis on a cylindrical polyacrylamide gel to purify 

two size-identical, yet structurally different RNAs (i.e., AN59-M1 and AN59-M2). 

Currently, there are two electrophoretic approaches for RNA separation and purification: 

slab gel and cylindrical (column) gel electrophoresis. The theory of the two electrophoretic 

operations is identical in that a gel suppresses thermal convection caused by application of 

an electric field, and also acts as a sieving medium, retarding nucleic acids and thus 

separating them due to their charges (and shapes/charges in native gel conditions). 

Practically, however, electrophoresis on a cylindrical polyacrylamide gel may be more 

advantageous as a preparative method for large scale production of a pure RNA. Using 

cylindrical PAGE, RNA can be separated by collecting the fraction directly from a detector/

eluent. In contrast, the use of polyacrylamide slab gel purification requires an additional 

recovery step, often known as “crush and soak method” [22]. It should be noted, however, 

that column electrophoresis does not replace a slab gel. Slab gels are easier to cast and run. 

Multiple samples can be run simultaneously in separate lanes under the same condition to 

avoid sample variation. A slab gel further enables one to continue with blot analyses and/or 

autoradiographic analysis. However, a cylindrical polyacrylamide gel has a larger loading 

capacity or higher throughput (weight/time). Once a gel is properly cast, it can also be used 

3–4 times. In this study, we show that even two closely running, structurally different but 

sequence identical RNA species can be cleanly resolved using a cylindrical polyacrylamide 

gel. An overall recovery yield of ~80% in our experiment is similar to the value reported by 

others by using either cylindrical PAGE [45] or conventional slab PAGE [46].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) There were five RNAs used in this study, and the longest was a 59-nt RNA termed 

AN59 whose sequence is shown. Among the five, three were prepared by solid state 

synthesis, i.e., SynAN57, SynAN58 and SynAN59. Both the 5ʹ and 3ʹ ends of these RNAs 

have a hydroxyl group. As shown, SynAN58 was constructed without the last nucleotide or 

the “A” at the 3ʹ end, as compared with SynAN59. SynAN57 was missing another ‘A’ 

located in the middle of the sequence, as underlined in red. All of the three were inhibitors 

of AMPA receptors. AN59-M1 and AN59-M2 were two enzymatic transcripts generated 

from the same transcription reaction. As shown, AN59-M1 and AN59-M2 had identical 

sequence, length and the 5ʹ as well as the 3ʹ end groups; yet they had different structures. 

AN59-M1 and AN59-M2 must be used as a pair to inhibit the AMPA receptor channels (see 

Methods). It should be also noted that AN58-M1 and AN58-M2, lacking the last “A” as 

shown in the sequence, can be also made, and AN58-M1 and AN58-M2 as a pair are also 

biologically active. (B) All five RNAs showed different electrophoretic mobility on a 10% 

native polyacrylamide gel.
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Fig. 2. 
Single-nucleotide separation of RNAs up to 59 nt by HPLC. (A) Individual chromatogram 

for SynAN57, SynAN58 and SynAN59. Each sample was run through an XBridge C18 

reverse-phase column at 50 °C (see detail in Methods). The middle section framed by the red 

box shows a detailed peak profile and retention times. The running buffer contained 16.3 

mM of TEA and 400 mM of HFIP at pH 7.9 with 5% methanol (Phase A) or 30% methanol 

(Phase B) (see Methods). The gradient started at 30% of Phase B and ended at 58% of Phase 

B in 115 minutes. Unless otherwise noted, the flow rate of all experiments was kept at 0.5 

ml/minute and the temperature of column was maintained at 50 °C. (B) An equal molar 

SynAN57, SynAN58, and SynAN59 were mixed and run through the same XBridge 

column. The retention times of three RNAs, from 57-nt to 59-nt, are marked. For elution, 

two sections of linear gradient were used to improve the separation. The first linear gradient 

started at 30% of Phase B and ended at 40% in 40 minutes, and the second linear gradient 

began at 40% of Phase B and ended at 46% of Phase B in 75 minutes. The flow rate was 

kept at 0.5 ml/minute.
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Fig. 3. 
(A) A transcription reaction mixture containing AN59-M1 and AN59-M2 was purified on a 

preparative PAGE column. The electrophoresis was run at 150V for 20 hours. The elution 

was driven by a peristaltic pump at a speed of 1 ml/minute, and was pooled at 4 ml/fraction, 

as monitored by UV absorption (see Methods). (B) T ractions containing AN59-M1 and 

AN59-M2 were examined on a 10% native PAGE. The “marker” on the gel was an AN59-

M2 sample previously purified using a slab PAGE gel.
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Fig. 4. 
Effect of Mg2+ concentration, i.e., 0 mM, 1 mM and 5 mM as labeled, on the elution of 

AN59-M2. A sample was prepared in Phase A buffer and was heated at 50 °C for 10 

minutes before injection. The linear gradient contained two sections. The first section was 

from 30% to 60% Phase B in 115 minutes. The second section was from 60% to 100% 

Phase B in 65 minutes. The flow rate was kept at 0.5 ml/minute.
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Fig. 5. 
Effect of temperature on the elution of AN59-M1 and AN59-M2 on an XBridge column. 

The gradient started at 30% of Phase B and ended at 58% of Phase B in 115 minutes. The 

Mg2+ concentration was zero in all of the experiments.
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Fig. 6. 
(A) Purified SynAN59 and AN59-M2 were visualized on a 10% native polyacrylamide gel. 

(B) SynAN59 and AN59-M2 were run through the XBridge column individually (the top 

two panels in blue color) and in mixture (the bottom trace in red). One linear gradient was 

used for elution, and it started at 30% of Phase B and ended at 58% of Phase B in 115 

minutes.
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