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Systematic evolution of ligands by exponential enrichment (SELEX) is a powerful in vitro selection process used
for over 2 decades to identify oligonucleotide sequences (aptamers) with desired properties (usually high affinity
for a protein target) from randomized nucleic acid libraries. In the case of RNA aptamers, several highly complex
RNA libraries have been described with RNA sequences ranging from 71 to 81 nucleotides (nt) in length. In this
study, we used high-throughput sequencing combined with bioinformatics analysis to thoroughly examine the
nucleotide composition of the sequence pools derived from several selections that employed an RNA library
(Sel2N20) with an abbreviated variable region. The Sel2N20 yields RNAs 51 nt in length, which unlike longer
RNAs, are more amenable to large-scale chemical synthesis for therapeutic development. Our analysis revealed
a consistent and early bias against inclusion of adenine, resulting in aptamers with lower predicted minimum
free energies (AG) (higher structural stability). This bias was also observed in control, “nontargeted” selections in
which the partition step (against the target) was omitted, suggesting that the bias occurred in 1 or more of the

amplification and propagation steps of the SELEX process.

Introduction

NA APTAMERS ARE single-stranded RNA oligonucleotides

that bind with high affinity and specificity to target mol-
ecules. An in vitro process termed systematic evolution of li-
gands by exponential enrichment (SELEX) is used to select for
RNA aptamers with desired properties (Ellington and Szostak,
1990; Tuerk and Gold, 1990). The SELEX process involves it-
erative rounds of positive (against a target) and negative
(preclearing against a nontarget) selection starting with a
highly complex RNA sequence library. To facilitate the use of
RNA aptamers for in vivo applications, a mutant T7 RNA
polymerase that can incorporate 2’-fluoro (2-F) modified ri-
bonucleotides (rNTPs) as well as 2’-hydroxyl (2'-OH) rNTPs is
often used during the in vitro transcription step (Huang et al.,
1997). RNA aptamers containing these modified rNTPs are
resistant to nuclease digestion (Padilla and Sousa, 1999) and are
thus more suitable for use in in vivo applications. Over the past
2 decades, SELEX technology has been used to generate high-
affinity RNAs to a large number of proteins (Nimjee et al., 2004;
Thiel and Giangrande, 2009). We have successfully employed
aptamer technology to target several proteins such as tran-

scription factors (Giangrande et al., 2007; Mi et al., 2009) and
cell surface receptors (McNamara et al., 2008).

A typical RNA aptamer library starts with a DNA template
oligo (Fig. 1) that contains 2 constant sequence regions (5’
constant region and 3’ constant region) flanking a variable
region. The DNA oligo is used to generate a duplex DNA
sequence library that is subsequently transcribed into RNA
(Ellington and Szostak, 1990; Tuerk and Gold, 1990). The
length of the variable region determines the maximum com-
plexity of the RNA aptamer library. For example, a variable
region of 20nt will yield 4?0 sequences (102 sequence com-
plexity), whereas a variable region of 40nt will yield 4*° se-
quences (10** sequence complexity). A complexity of at least
10" is suggested to provide the necessary structural diversity
to identify specific aptamers (Sassanfar and Szostak, 1993).
The RNA SELEX libraries used to date include variable re-
gions of 30nt (Ruckman et al., 1998), 40nt (Ruckman et al.,
1998; Lupold et al.,, 2002; Rusconi et al.,, 2002; Giangrande
et al., 2007; Oney et al., 2007; Dollins et al., 2008; McNamara
et al., 2008; Mi et al., 2009) and 50 nt (Zhou et al., 2009). Ap-
tamers derived from these RNA aptamer libraries are any-
where between 61 and 81nt long.
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FIG. 1. Schematic of the targeted and
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(step 1), and PCR amplified with primers Reverse transcribe

specific to the Sel2N20 constant regions STEP1

(step 2), and the duplex PCR product was

in vitro transcribed with the T7(Y693F) RNA polymerase in the presence of 2'-fluoro pyrimidines (step 3). Steps 1-3 were
repeated 5 more times. Nontarget-SELEX: 6 rounds of selection in the absence of a target were performed with an RNA pool
derived from the Sel2N20 library. The RNAs were reverse transcribe, PCR amplified, and in vitro transcribed into the next

round of selection as described above.

While longer variable regions are desirable during the SE-
LEX process since they translate into RNA libraries with higher
sequence complexity, RNA aptamers derived from these li-
braries are often truncated to shorter (<40nt) functional se-
quences after selection (Biesecker et al., 1999; Rusconi et al.,
2002; Dassie et al., 2009), a process that can be both time con-
suming and arduous. Truncation of these RNA aptamers is
required to enable efficient, large-scale chemical synthesis of
the RNAs for subsequent evaluation in animal models of dis-
ease or clinical trials (Ruckman et al., 1998; Gragoudas et al.,
2004). RNA oligonucleotides >60nt in length have a high rate
of chemical synthesis failure, which is further compounded by
the introduction of modified nucleotides (eg, 2'-F pyrimidines
or 2’0O-methyl rNTPs) during the synthesis step. This creates a
significant hurdle for developing many of these long RNA
aptamers into viable human therapies (Reese, 2005). Therefore,
ways to expedite the identification of shorter (<60nt), func-
tional RNA aptamers sequences are highly desirable.

To eliminate the truncation step and facilitate large-scale
chemical synthesis of RNA aptamers soon after selection, we
have designed and evaluated a short RNA aptamer library,
Sel2N20. The constant regions of the Sel2N20 library were
derived from the Sel2 SELEX RNA library (Ruckman et al.,
1998; Lupold et al., 2002), but the variable region was reduced
from 40 to 20nt in length. This shortened, modified library
produces RNAs of 51 nt in length (variable region =20nt; 5’
constant region = 15 nt; 3’ constant region = 16 nt). Despite the
shorter variable region, the Sel2N20 library still contains a
complexity (10'%) greater than needed (theoretically 10" to
achieve the necessary structural diversity of a starting library
(Sassanfar and Szostak, 1993). We have used this library to
identify aptamers that bind with high affinity and specificity
to their targets in both cell-based and recombinant protein
selections (unpublished data) (Fig. 1). The SELEX process may
contain an inherent bias that favors the amplification of cer-
tain sequences over others (Meyers et al., 2004), and we
sought to determine the nucleotide composition of RNA se-
quences that were enriched during various selections per-
formed with the Sel2N20 library. High-throughput (454)
sequencing (Zimmermann et al., 2010) was performed to

enable the analysis of thousands of sequences at each round of
selection for each selection performed. Bioinformatics analy-
sis of the sequences revealed a bias toward pyrimidine-rich
sequences for all selections performed with this library. We
thus set out to elucidate the nature of the bias.

Materials and Methods
Cell culture

All cell lines were cultured at 37°C under 5% CO,. The
N202.1A and N202.1E cell lines were cultured in DMEM
(Gibco, 11965) supplemented with 10% FBS (Hyclone,
SH30071.030). The MDA-MB-231 cells were cultured in Lei-
bovitz’s L-15 media (Gibco, 11415) with 10% FBS (Atlanta
Biologicals, 511550). The MCF10A cells were cultured in
MEGM BulletKit media (Lonza, CC-3150) without GA-1000
(gentamycin-amphotericin B mix) and supplemented with
100ng/mL cholera toxin (Sigma, C8052). All cell lines were
split either 1:3 or 1:4 upon reaching confluence by washing
with DPBS (Gibco, 14190-144) and detaching cell using either
0.05% Trypsin-EDTA (Gibco, 25300) or 0.25% Trypsin-EDTA
(Gibco, 25200) as recommended for each cell line by ATCC.

Targeted and nontargeted SELEX

The Sel2N20 DNA template oligo, 5-TCGGGCGAGTC
GTCTG-N20-CCGCATCGTC CTCCC-3' (IDT) was extended
using the Sel2 5 primer, 5-TAATACGACTCAC TATAGGG
AGGACGATGCGG-3/, to generate the round 0 (Rnd 0) RNA
library used for both targeted and nontargeted selections.
Choice Taq polymerase (Denville Scientific, Inc., CB40502)
was used in the extension reaction to generate the initial du-
plex DNA library (anneal protocol: 95°C 3 minutes, 25°C 10
minutes; extend protocol: 72°C 30 minutes, 25°C 10 minutes).
The duplex DNA library was in vitro transcribed (37°C 16
hours) with Y639F mutant T7 RNAP (Sousa and Padilla, 1995;
Huang et al., 1997) to enable incorporation of 2'-OH purines
(Roche; GTP, 14611221; ATP, 14919320) and 2'-fluoro 2'-F
pyrimidines (TriLink BioTechnologies; 2'-fluoro-2’-dCTP, N-
1010020509; 2'-fluora-2'-dUTP, N-1008-013008) in the Rnd 0
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RNA library. During the transcription reaction, the final
concentration of rNTPs for targeted selections was 4 mM with
a 3:1 ratio of 2’-F pyrimidines to 2’-OH purines (3mM 2'-F
pyrimidines and 1mM 2'-OH purines). For nontargeted se-
lections, both 3:1 and 1:1 ratios of 2'-F pyrimidines to 2'-OH
purines were used, with a final INTP concentration of 4 mM.
An optimized rNTP ratio based on the sequences of the con-
stant regions flanking the N20 random region of the Sel2N20
library was also developed with 22mM 2'-F C’s, 1.1 mM 2'-F
U’s, 1.88mM 2'-OH A’s, and 2.82mM 2’-OH G’s.

Targeted selections were performed against either recom-
binant purified mouse EphA2 (R&D Systems, 639-A2) or
mammary cancer cells (Celll: HER2-positive N202.1A; Guido
Forni) (Cell2: MDA-MB-231, ATCC HTB-26). For the targeted
recombinant protein selections, the Rnd0 RNA library and
RNA pools from subsequent selection rounds were precleared
against affinity beads (Invitrogen, Dynabeads TALON,
101.02D). For the HER2-positive N202.1A mouse mammary
carcinoma cells the Rnd0 RNA library and RNA pools from
subsequent rounds of selection were precleared against
mouse mammary carcinoma cells (N202.1E, Guido Forni)
lacking HER2 expression. For the MDA-MB-231 cell-based
selection the preclear was done against normal human
mammary epithelial cells (MCF10A, ATCC CRL-10317). The
targeted selections were carried out for a total of 8 rounds. The
target-bound RNA aptamers were recovered by either chlo-
roform extraction (recombinant protein selection) or TRIzol
(Invitrogen, 15596-026) extraction. The recovered RNA apta-
mers were reverse transcribed (Invitrogen; Superscript III,
56575) using the Sel2 3’ primer, 5'- TCGGGCGAGTCGTCTG
-3’ [reverse transcriptase (RT) protocol: 55°C 60 minutes, 72°C
15 minutes] and PCR amplified (Choice Taq DNA polymerase;
Denville Scientific, Inc., CB4050-2) using the Sel2 5’ primer, Sel2
3 primer and 2.5 mM dNTPs (10 mM dNTP mix; Invitrogen,
100004893) [PCR Protocol: 95°C 2 minutes (95°C 30 seconds,
55°C 30 seconds, 72°C 15-30 seconds]x25 cycles, 72°C 5 min-
utes). For the nontargeted selections, RNA aptamers bypassed
the preclear/target steps of SELEX by reverse transcribing and
PCR amplifying 1 pmol of RNA at each round.

454 deep sequencing

PCR product, or Rnd0-extended template, from selected
rounds was PCR amplified using 454 primers with unique
barcodes to identify rounds. Each PCR product was run on 3%
agarose gel, along with a PCR water control, to confirm size.
The precise concentration of the 454 PCR-amplified DNA
template was assessed using Quant-iT dsDNA HA Assay
(Invitrogen, Q32851). Samples were combined (1pmol/
sample) and submitted for 454 deep sequencing (University of
Iowa DNA facility). Sequences obtained from 454 deep se-
quencing were sorted using bioinformatics analysis based
upon barcodes and the variable region identified as the se-
quence between the 3’ and 5 constant regions. Incomplete
sequences and sequences containing N’s were removed from
the analyzed data set. Four hundred fifty-four deep se-
quencing yielded 190,612 unique sequences (262,539 total). A
total of 44,920 unique sequences (50,085 total sequences) were
obtained for round 0. About 55,754 unique sequences were
identified (117,507 total sequences) from 13 independent
rounds of targeted selections (average 9039 sequence/round).
About 89,638 unique sequences (94,947 total sequences) were
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identified from 9 rounds of nontargeted selections (average
10,549 sequences/round).

High-performance liquid chromatography-based
quantitation of NTP concentrations

The triphosphate groups from the nucleotides (ribonucle-
otides and deoxynucleotides) were removed using shrimp
alkaline phosphatase (Promega, M9910). The nucleosides
were then separated by high-performance liquid chromato-
graphy (HPLC) (Agilent 1100 with Diode Array Detector),
using the Clarity column (Phenomenex) and 100 mM TEAA
pH7.0 with 5% (v/v) acetonitrile. Peak identification was
achieved by comparing the absorption profile of each peak to
that of known nucleosides. The absorption spectrum of 2'-F
uridines and 2'-F cytosines is similar to that of 2’-OH uridines
and 2’-OH cytosines, respectively. The molar ratio of the 2'-F
and 2'-OH mixes was calculated from nucleoside extinction
coefficients and areas below HPLC peaks (see Table 1). The
extinction coefficient values for uridine and cytidine were
used in place of 2'-F uridine and 2'-F cytidine. The ratios were
normalized by setting either deoxyadenosine or adenosine to
the expected value.

Bioinformatics

The variable region sequences found for each round, se-
quence between the 5 and 3’ constant regions, were analyzed
for nucleoside content by counting (NoteTab Light, Count
Occurrences function) the total number of each nucleoside (A’s,
G’s, U’s, and C’s). These data were entered into Microsoft Excel
for further data analysis. For every round of selection data, the
percent of total bases was then determined for each nucleoside.
Pyrimidines (U’s and C’s) and purines (A’s and G’s) were to-
taled and the pyrimidine value was divided by the purine
value to yield the pyrimidine to purine ratio (Pyr:Pur).

The distribution of the dinucleoside pairs was determined
by counting the number of times a dinucleoside pair was

TaBLE 1. HIGH-PERFORMANCE L1QUuID CHROMATOGRAPHY-
Basep QUANTITATION OF NTP CONCENTRATIONS
IN NTP Mixgs

Molar ratio

A260
Sample NTP Area €260 std Calculated Expected
dNTP mix C 58.4 7400 1.1 1.0
G 86.9 11500 1.1 1.0
T 64.2 8700 1.0 1.0
A 109.1 15400 1.0° 1.0
rNTP mix (1:1) fC 55.5 7400 1.3 1.0
rG 749 11500 1.1 1.0
fU 65.1 9900 1.2 1.0
rA 88 15400 1.0° 1.0
rNTP mix (3:1) fC 1619 7400 3.1 3.0
rG 87.8 11500 1.1 1.0
fU 2034 9900 29 3.0
rA 1079 15400 1.0° 1.0
rNTP mix Opti  fC  129.6 7400 12.9 11.0
rG 2475 11500 15.8 14.1
fu 759 9900 5.6 55
rA 1971 15400 9.4° 9.4

“Ratios are normalized by setting base A at expected value.
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found within each variable region using the NSTACK macro
function (IDT) within Microsoft Excel. For each dinucleoside
pair, the percent of total pairs found was determined and then
the percent change from round 0 calculated.

The minimum free energy was determined by first adding
the 5" and 3’ constant region sequence to each unique variable
region sequence. The full aptamer sequence was then ana-
lyzed by RNAfold (Vienna RNA Package 1.8.2) (Hofacker
etal., 1994) to determine the minimum free energy (AG, kcal/
mol) under default conditions (37°C, 1M Na™ solution).

Transcription efficiency measurements

Y639F T7 RNAP efficiency. ssDNA template oligos (IDT)
were designed to have either a high adenosine content (75%)
or a low adenosine content (25%). Two oligos for each con-
dition were designed. The oligos were extended to generate
dsDNA templates using the Sel2 5 primer. After the extension
reaction the duplex DNA templates were desalted and sepa-
rated from the excess Sel2 5’ primer using a miniprep column
(QIAprep Spin Miniprep Kit No. 27106, Qiagen Sciences). The
size and purity of each dsDNA template was confirmed on a
3% agarose gel. The dsDNA templates were transcribed using
the mutant T7 RNA polymerase enzyme as described above.
After in vitro transcription step, the 2 templates with low
adenosine content yielded RNA oligos low in adenosines and
with a predicted AG of -15kcal/mol: Template 1 (low A): 5'-
TCGGGCGAGTCGTCTGGACAGAAACAGGTCTGGAGG
CCGCATCGTCCTCCC-3/, Template 2 (low A): 5'-TCGGGC
GAGTCGTCTGCATGAATCAAGG GGATAAAGCCGCAT
CGTCCTCCC-3' The 2 templates with high adenosine content
yielded RNA oligos high in adenosines with a predicted AG of
-15kcal/mol: Template 3 (high A): 5-TCGGGCGAGTCGTC
TGTTCCCTTATGTTCGTCATTGCCGCATCGTCCTCCC-3
Template 4 (high A): 5-TCGGGCGAGTCGTCTGCCTITTG
CATCCTTAGTACTCCCGCATCGTCCTCCC-3'). In witro
transcription assays were done under the same conditions
described for the SELEX process using the 3:1 ratio of 2'-
F-pyrimidines to 2'-OH -purines at different times; 0, 15, and
960 minutes (16 hours). Each in vitro transcription assay was
initiated by the addition of the Y639F T7 RNAP and termi-
nated by heat inactivation (75°C for 10 minutes) except time 0
minute where Y639F T7 RNAP was heat inactivated and then
added to the reaction. After heat inactivation, DNase I (No.
04-716-728-001; Roche) was added to the transcription reac-
tions and incubated at 37°C for 30 minutes to digest away any
dsDNA template. To determine Y639F T7 RNAP efficiency,
total in vitro transcribed RNA was measured using RiboGreen
(Invitrogen, Molecular Probes, R-11490) and a plate reader
(Analyst AD&HT 96-384; LJL BioSystems, Inc.). Fluorescence
data were normalized using fluorescence measured at time 0.

Superscript Ill RT efficiency. The same 4 DNA templates
used for the Y639F T7 RNAP efficiency experiment where
in vitro transcribed and gel purified for use in testing the ef-
ficiency of Superscript III RT (56575, Invitrogen). The Sel2 3’
primer was labeled with 3P y-ATP using T4 PNK (MO0201,
NEB) at 37°C for 30 minutes followed by heat inactivation at
65°C for 20 minutes. Free **P y-ATP was separated from the
labeled Sel2 3' primer by centrifugation through G25 sepha-
dex beads (17-0572-02; GE Healthcare Life Sciences). RT re-
actions were carried out as described above for the SELEX
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process using 100 nM template RNA and 2 pM labeled Sel2 3/
primer. The template RNA and primer were allowed to an-
neal at 65°C followed by 20 minutes at RT. After annealing,
the RT reaction was initiated by the addition of Superscript III
(100 U/25 pL reaction) with dNTPs (200 uM final concentra-
tion) and terminated after 60 minutes by the addition of EDTA
(~7.5uM final concentration) and 2 xformamide gel loading
dye. Time 0 had EDTA added and 2 xformamide gel loading
dye added before the addition of Superscript III and dNTPs.
Each sample was run on a 10% acrylamide gel with urea at
200V for ~20 minutes using prewarmed 0.5xTBE (~65°C—
70°C). The gel was dried and exposed using a phosphoimager
(FujiFilm LifeScience, FLA 7000). Exposed bands of non-
extended primer and extended product were quantified using
the phosphoimager software (FujiFilm LifeScience, FLA-7000
v1.1).

Data analysis and statistics

Round 0 was divided into 5 sets of ~ 10,000 sequences and
randomized, and the mean with standard error of the mean
(SEM) calculated. Each round of a targeted selection or non-
targeted selection was compiled using means and error was
calculated using SEM. Multiple rounds for each targeted and
nontargeted selection were averaged with SEM. Overall sig-
nificance (P < 0.05) for 2 groups of data over 2 variables were
determined using a 2-way analysis of the variance (ANOVA).
Significance (P < 0.05) between 2 groups was tested using a
Student’s t-test. Programs used to handle data and statistics
included Microsoft Excel and SigmaStat.

Results

Enrichment for pyrimidine-rich RNA sequences observed
with the Sel2N20 library

Targeted selections using the Sel2N20 library were per-
formed against 2 different mammary carcinoma cell lines
(Celll and Cell2): one of mouse origin (N202.1A) and one of
human origin (MDA-MB231) (Fig. 1). In addition to cell-based
selections, we also carried out 2 selections against a recom-
binant cell surface receptor (mouse EphA2) by varying the
SELEX conditions (eg, salt concentration in the binding bulffer,
the protein:RNA ratio, and preclear conditions) (Protl and
Prot2). A total of 8 rounds were performed for each selection.
Several rounds (rounds 2, 4, 6, and 8) from each of the targeted
selections were submitted for 454 sequencing. Bioinformatics
analysis of the thousands of selected RNA sequences from
rounds 2, 4, 6, and 8 of the selections revealed an inherent bias
toward pyrimidine-rich sequences (Fig. 2A, B). The extent of
the bias was consistent from selection to selection favoring the
incorporation of 2'-F pyrimidines over 2’-OH purines in the
selected RNA sequences (compare rounds 2 through 8 vs.
round 0; P < 0.001) (Fig. 2C). On average for all of the targeted
selections, the percent nucleotide composition of the selected
RNA sequences was as follows: 62.3% 2'-F pyrimidines vs.
only 37.7% 2'-OH purines (Fig. 2C). In contrast, the starting
library (round 0) contained an even distribution of rNTPs that
was not found to be significantly different (P =0.78) with a
percent nucleotide composition of 49.4% 2'-F pyrimidines and
50.6% 2'-OH purines for all the sequences analyzed (Fig. 2C,
D). The shift toward 2'-F pyrimidines-rich sequences was
observed as early as round 2 for all of the selections (Fig. 2C-
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FIG. 2. Nucleotide bias ob-
served in the targeted selections.
A bias for pyrimidines (Pyr)
Prot2 over purines (Pur) is observed in
—— Pyr both the cell-based (A) as well as
Pur  the recombinant protein (B) tar-
geted selections. (C) The number

of pyrimidines (filled circles) and
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O Pur 60 1
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purines (filled squares) were av-
eraged at each round of selection
for all selections analyzed. A 2-
way ANOVA (P<0.001) and
Student’s t-test (*P < 0.001) were
performed at each round of se-
lection. The number of pyrimi-
dines (empty circles) and purines
(empty squares) for the round 0
RNA library is also reported. (D)
Average of all rounds from the
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E), suggesting that the bias might be due to some component
of the SELEX process (eg, INTP/dNTP mixes, DNA and RNA
polymerases, or the RT), and not due to the nature of the
target.

The pyrimidine bias is not target dependent

To rule out the possibility that our targets (N202.1A and
MDA-MB-231 cells and mEphA2 recombinant protein) were
somehow contributing to the bias, we performed a non-
targeted selection. The nontargeted selection involves itera-
tive rounds of reverse transcription, followed by PCR
amplification and RNA transcription without exposing the
RNA library to any particular target (Fig. 1). A total of 6
rounds of nontargeted selection were performed. Rounds 2, 4,
and 6 of the nontargeted selection were sequenced with the
454 platform.

Bioinformatics analysis of the nucleotide composition of
the selected sequences from rounds 2, 6, and 8 of the non-
targeted selection also revealed an inherent bias for pyrimi-
dines over purines, which was similar to what was observed
for the targeted selections (Fig. 3A) (P=0.11). These data
suggest that the SELEX target is not responsible for the en-
richment of pyrimidine-rich sequences observed with the
Sel2N20 library.

Altering the pyrimidine:purine rNTP ratio during in vitro
transcription only minimally affects the nucleotide bias

As discussed above, aptamers intended for in vivo appli-
cations are usually selected from RNA libraries that incor-

Tl

Pyr © Pur Pyr
Round 0

various selections indicates a
significant difference in the
number of pyrimidines vs. pu-
rines incorporated (*P < 0.001).
No significant difference was
observed in round 0 between
pyrimidines and purines. (E)
The pyrimidine to purine ratio
(Pyr:Pur) was significantly in-
creased (*P <0.05) for each se-
lection as compared to round 0
(Rnd 0). Between selections no
significant difference was ob-
served in the Pyr:Pur ratio.

Cell+Prot
Rnds2-8

porate modified rNTPs (eg, 2’-F pyrimidines) within the RNA
sequences to provide resistance against nucleases (Padilla and
Sousa, 1999). Due to the inefficiency of incorporation of 2'-F
modified rNTPs into RNA by the T7 RNA polymerase en-
zyme, a mutant T7 RNA polymerase (Y639F mutant T7
RNAP) is used to increase the efficiency of incorporation of 2'-
F rNTPs during in vitro transcription (Padilla and Sousa,
1999). A ratio of 3:1 (modified pyrimidines:nonmodified pu-
rines) was selected for the incorporation of 2’-F pyrimidines
into RNA aptamers due to the inefficiency of 2'-F incorpora-
tion (Huang et al., 1997). Many RNA aptamer selections, with
an in vivo end goal, have been performed using ratios of 2-F
pyrimidines to 2'-OH purines of 3:1 (Ruckman et al., 1998;
Lupold et al., 2002; Rusconi et al., 2002; Giangrande et al.,
2007; Oney et al., 2007; Dollins et al., 2008; McNamara et al.,
2008; Mi et al., 2009; Zhou et al., 2009).

To determine whether the 3:1 ratio of pyrimidines to pu-
rines was contributing to the observed pyrimidine bias, we
altered the ratio of 2'-F pyrimidines to 2-OH purines in the
transcription reaction to either reflect an even distribution of
2'-F pyrimidines to 2’-OH purines (1:1 rNTP mix) or to reflect
the pyrimidine:purine ratio composition of the 5" and 3’ con-
stant regions of the Sel2N20 RNA library (Opti mix; 07:1 rNTP
mix). We verified the composition of each rNTP in these mixes
using HPLC analysis (Table 1). In addition to the rNTP mixes,
we also verified that the dNTP mix used for the reverse
transcription and the PCR amplification step was not biased
against any one NTP (Table 1).

Nontargeted SELEX using the 1:1 and Opti rNTP mixes
was performed as described above for the 3:1 rNTP mix.
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FIG. 3. The pyrimidine bias is partially influenced by the NTP ratio during RNA transcription. (A) A similar bias for
pyrimidines over purines (*P <0.001) was observed for the nontargeted selections. Data are presented as the average of
selected rounds (rounds >2) for the targeted and nontargeted selections. The ratio of pyrimidines:purines in the rNTP mix
used for the in vitro transcription step for both the cell and protein targeted and nontargeted selections was 3:1. (B) The
pyrimidine bias observed was only moderately decreased by adjusting the ratios of pyrimidines:purines in the rNTP mix.
Compare the 3:1 ratio (black) to the 1:1 (gray) and optimized (Opti) INTP (0.7:1) (white). Pyrimidines (open squares), purines
(open circles). (C) Average of pyrimidine:purine (Pyr:Pur) ratio for rounds 2-6 of the nontargeted selection compared to that of
Rnd 0. The average was calculated for each selection performed using different INTP ratios (3:1, 1:1, and Opti) (*P < 0.05).

Rounds 2, 4, and 6 of the 1:1 and Opti mix selections were
submitted for 454 sequencing. Bioinformatics analysis of
the sequences from these selections revealed a reduction in
pyrimidine-rich sequences compared to the 3:1 nontargeted
selection (Fig. 3B, C) (3:1 vs. 1:1 P=0.019; 3:1 vs. Opti
P =0.026). However, both the 1:1 and Opti mix nontargeted
selections still exhibited a significant pyrimidine bias com-
pared to round 0 (Fig. 3C) (1:1 vs. round 0 P = 0.040; Opti vs.
round 0 P =0.024). Interestingly, the Opti rNTP mix with a
pyrimidine to purine ratio of 0.7:1 displays a similar bias to
the 1:1 rNTP mix (p = 0.49), despite the lower concentration of
pyrimidines to purines in this mix. Together, these data sug-
gest that the ratio of 2'-F pyrimidines to 2’-OH purines in the
transcription reaction may affect the degree of the pyrimidine
bias but not eliminate it.

Reduction in the incorporation of adenine
in the selected RNA sequences

To better understand the nature of the 2'-F pyrimidine bias
observed with the Sel2N20 RNA library, we examined the
abundance of each ribonucleotide in the selected RNA se-
quences over the course of the targeted and nontargeted se-
lections (Fig. 4). We observed a loss of adenine (purine) in
both the targeted and nontargeted selections (Fig. 4A). The
extent of decrease in the incorporation of adenine was com-
parable between the targeted or nontargeted selections
(P>0.1) (Fig. 4A, top/middle vs. bottom panel). In contrast,
we observed an increase in guanines (purine) as well as cy-
tosines and uracil (pyrimidines) in the targeted selections (Fig.
4A, top and middle panels). The increase in these ribonucle-
otides was observed in all of the targeted selections but to
varying degrees (Fig. 4A, top and middle panels).

An increase in guanines and cytosines was also observed in
the selected RNA sequences from the nontargeted selections
performed under the different rNTP ratios (Fig. 4A, bottom
panel). Interestingly, in contrast to the targeted selections, the
selected RNA sequences from the nontargeted selections dis-
played a slight loss of uracil (pyrimidine) (Fig. 4A, bottom
panel). Further, the reduced pyrimidine bias observed with the
1:1 and Opti nontargeted selections (Fig. 3B, C) appears to be

due to a gain in guanines and a loss of uracil as compared to the
3:1 rNTP mix nontargeted selection (Fig. 4A, bottom panel). In
conclusion, while a loss of adenines was observed for all se-
lections (targeted vs. nontargeted), the abundance of other ri-
bonucleotides in the selected RNA sequences was not
consistent between the targeted and nontargeted selections.
These data suggest that the loss of adenines is independent of
the targeting steps and is not sensitive to the ratio of rNTPs
used during RNA transcription. In contrast, the abundance of
other ribonucleotides (guanines, cytosines, and uracil) in the
selected RNA sequences may be affected by the targeting steps
(compare levels of uracil in the targeted vs. nontargeted se-
lections) (Fig. 4A, top /middle panels vs. bottom panel) and the
ratio of rNTPs used during the RNA transcription step (com-
pare levels of guanines and uracil in nontargeted selections
performed under varying rNTP mixes) (Fig. 4A, bottom panel).

We expanded the ribonucleotide analysis to include an
analysis of the frequency of diribonucleotide pairings within
the selected RNA sequences (Fig. 4B). The adjacent base to
each ribonucleotide is thought to influence the stability of the
RNA structure (Borer et al., 1974; Freier et al., 1986; Mathews
et al., 1999). Di-ribonucleotide pairs that include adenine
consist of higher (more positive) free energy than the re-
maining di-ribonucleotide pairs (Borer et al., 1974; Freier etal.,
1986; Mathews et al., 1999). Not surprisingly, a reduction in
adenine-containing diribonucleotide pairs is observed for the
selected RNA sequences over the course of the selection
process. The reduction of adenine is observed in all adenine-
containing diribonucleotide pairs (AA, AU, AC, AG, UA, CA,
GA) for both targeted selections (Fig. 4B, top and middle
panels) and nontargeted selections (Fig. 4B, bottom panel).
Together, these data suggest that the overall minimum free
energy of the RNA aptamer library decreases over the course
of the selection process resulting in RNA sequences with
higher predicted structural stability.

Enrichment for RNA sequences with lower free-energy
with the Sel2N20 RNA aptamer library

The ribonucleotide analysis illustrated in Fig. 4 revealed a
significant loss of adenines and an increase in guanines and
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FIG. 4. The pyrimidine bias results from a loss of A’s. (A) The change in % of total bases for each rNTP for each cell-based
(N202.1A and MDA-MB-231) (top panel) and recombinant protein (mEphA2) (middle panel) targeted selections and non-
targeted selections with different rNTP ratios, 3:1, 1:1 and optimized (Opti) (bottom panel) used during the in vitro tran-
scription step. (B) The change in % of total bases for each diribonucleotide pair for each targeted selection, cell-based (top
panel) and recombinant (middle panel), and nontargeted selection (bottom panel).

cytosines in the selected RNA sequences for all selections
(targeted and nontargeted) performed with the Sel2N20 library.
Further, this loss of adenines included all di-ribonucleotide
pairs with adenine. These data suggest that we are enriching
for RNA sequences with an overall higher structural stability
(Borer et al., 1974; Freier et al., 1986, Mathews et al., 1999). To
assess the degree of structural stability of the selected RNAs
sequences, we used an RNA structure algorithm (Vienna
Package, RNAfold). This algorithm was used to predict the
minimum free energy (AG) of the full length RNA aptamer
sequences (5' constant region + variable region + 3’ constant
region). The average minimum free energy for each round of
the targeted selections (Fig. 5A) and nontargeted selections
(Fig. 5B) was determined. These data were compared to the
average minimum free energy obtained for the round 0 RNA
sequences (Fig. 5A, B). For both the targeted (Fig. 5A, C) and
nontargeted (Fig. 5B, D) selections, the predicted minimum
free energy (AG) of the selected RNAs (rounds 2-8 for the
targeted selections; rounds 2-6 for the nontargeted selec-
tions) was found to be significantly less than round 0 (vs.
round 0: N202.1A selection P =0.017; MDA-MB-231 selection
P=0.045, mEphA2 (Protl) selection P=0.036, mEphA2
(Prot2) selection P =0.038, nontargeted selections at various
2'-F-pyrimidine to 2’-OH-purine ratios: 3:1 pyr:pur ratio
P =0.046, 1:1 pyr:pur P =0.046, Opti pyr:pur P =0.026). The
decrease in minimum free energy was consistent for all
selections performed; no significant difference was found
between any 2 selections (P> 0.3) (Fig. 5C, D). These data

suggest that the ribonucleotide bias observed in both targeted
and nontargeted selections (see Figs. 4 and 5) results in in-
creased structural stability as indicated by decreased mini-
mum free energy of the RNA aptamers.

Transcription efficiencies of the SELEX enzymes
do not account for the observed nucleotide bias

Overall, our data suggest that factors intrinsic to the se-
lection process (eg, enzymes and selection conditions) may be
responsible for the observed nucleotide bias. To determine
whether the mutant T7 RNA polymerase or the RT enzymes
were influencing the sequence composition of the selected
RNAs, we used synthetic oligonucleotide templates to di-
rectly measure the transcription efficiencies during mutant T7
RNA transcription (Fig. 6A) and reverse transcription (Fig.
6B). The variable regions of the synthetic templates were de-
signed to have either a low A content (25% A) or a high A
content (75% A). Interestingly, we observed that the mutant
T7 RNA polymerase favors the transcription of templates
with high adenosine (rA) content at early time points (15
minutes into the transcription reaction) (P < 0.001) (Fig. 6A).
This is probably due to the higher rate of incorporation of 2'-
OH adenosines compared to 2'-F pyrimidines (Huang et al.,
1997). However, at 16 hours (960 minutes) the transcription
yields from templates with high A content and low A content
are equivalent (P = 0.403) (Fig. 6A). Because all the mutant T7
RNA transcriptions described in the article were performed



260

FIG. 5. SELEX of the
Sel2N20 library enriches for
stable RNA structures. (A)
Targeted selections: the pre-
dicted minimum free energy
of round 0 (white circles) and
rounds 2 through 8 of the
targeted selections [N202.1A
(Celll), rounds 2-8; MDA-
MB-231 (Cell2), rounds 4-8;
Protl, rounds 2-6; Prot2
rounds 4-8]. Line represents
average predicted minimum
free energy for all targeted
selections. (B) Nontargeted
selections: the minimum free
energy of round 0 (white cir-
cles) and rounds 2 through 6
of the nontargeted selections.
Line represents average mini-
mum free energy for all non-
targeted selections (performed
at the indicated rNTP ratios).
(O The predicted minimum
free energy was significantly
(*P <0.001) lower for each
targeted selection and (D) non-
targeted selections as com-
pared to round 0. Data are
presented as average of rounds
>2 for each selection.

for a total of 16 hours, we do not believe that the reason be-
hind the observed nucleotide bias is differences in the tran-
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content vs. templates with a low A content. No statistically
significant difference in the transcription efficiency of similar
RNA templates was observed during reverse transcription
with Superscript III RT (P =0.336) (Fig. 6B). Together, these
data suggest that the transcription efficiencies of templates

FIG. 6. Transcription effi-
ciencies do not account for the
nucleotide bias. (A) Mutant T7
RNA polymerase (Y639F T7
RNAP) efficiency. Yield of
RNA transcribed from dsDNA
templates with either high
adenosine (black; High A) or
low adenosine (white; Low A)
content at 15 and 960 minutes
(16 hours) after the addition of
the mutant T7 RNA polymer-
ase enzyme. RNA yield was
measured using RiboGreen
(Invitrogen) after DNAsel
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treatment. The total yield of RNA transcribed from dsDNA templates with high adenosine content (black; High A) was
significantly greater (*P < 0.001) at 15 minutes than RNA transcribed from dsDNA templates with low adenosine content
(white; Low A). In contrast, at 16 hours (960 minutes) the total RNA yield from templates with high adenosine and low
adenosine content was not significantly different (NS, P=0.40). (B) Superscript III reverse transcriptase (RT) efficiency. Total
yield of cDNA reverse transcribed from RNA templates with either low adenosine (white; Low A) or high adenosine (black;
High A) content using Superscript III RT. The total cDNA yield from templates with high adenosine and low adenosine
content was not significantly different (NS, P=0.34).
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thesis of oligonucleotides (Reese, 2005). However, therapeutic
uses require large-scale, high-quality, cGMP-grade synthesis.
RNA aptamers of long length are still significantly difficult to
synthesize under these conditions (Reese, 2005). One solution
to this problem has been extensive truncation of RNA apta-
mer sequences down to minimal functional sequences
(<60nt) after selection (Biesecker et al., 1999; Rusconi et al.,
2002; Dassie et al., 2009). As discussed above, this process is
often time-consuming, arduous, and does not work for all
aptamers. Another potential solution to this problem is the
identification of shorter RNA aptamer sequences through the
use of short RNA SELEX libraries.

In this study, we characterized the nucleotide composi-
tion of RNA aptamers derived from several independent
selections carried out with a 51-nt-long RNA SELEX library
(Sel2N20). The RNA aptamers isolated from this library are,
on average, 20-30 nucleotides shorter than RNA aptamers
generated from conventional SELEX libraries. High-
throughput 454 sequencing combined with bioinformatics
analysis was used to determine the nucleotide composition
of the sequence pools from the various aptamer selections.
This analysis revealed a bias toward pyrimidine-rich se-
quences (Figs. 2 and 3) as a result of loss of adenines in the
RNA pools when compared with the starting library (Fig.
4). This loss was already observed after 2 selection rounds
(Fig. 2) and was independent of a partitioning step (against
target) since the loss also occurred when the partition step
was omitted (nontargeted selection) (Fig. 3). The bias was
only partially due to the 3:1 ratio of 2'-F pyrimidines to 2'-
OH purines used in the transcription step as a selection
with a 1:1 or 0.7:1 ratio of these nucleotides also exhibited
a bias (Fig. 2B, C). The selected pools also exhibited a
greater predicted structural stability (lower minimum free
energy) (Fig. 5), likely a direct consequence of adenine
depletion.

In accordance with our observations, several groups have
postulated that functional RN As (both artificially selected and
naturally occurring RNAs) have a more stable secondary
structure than random RNA sequences (Le et al., 1989; Chen
et al., 1990; Clote et al., 2005). The reason for this is thought to
be that functional RNAs depend on a defined secondary
structure for function. Indeed, current in silico prediction al-
gorithms use structural stability as evidence of a functional
RNA (Bejerano et al., 2004a, 2004b; Bonnet et al., 2004; Wa-
shietl et al., 2005). Like naturally occurring functional RNAs
(eg, tRNAs, rRNAs, hammerhead ribozymes and miRNAs),
RNA sequences from a SELEX experiment can be considered
functional RNAs and thus are predicted to exhibit higher
structural stability. Hermann and colleagues have further
suggested that, in general, artificially selected RNA aptamers
have significantly higher predicted structural stability com-
pared with natural occurring nucleic acids (functional RNAs)
(Hermann and Patel, 2000). The reason for this difference was
thought to be that selection of natural RNAs depends on
multiple factors such as biological function as well as ligand
binding, whereas, artificial RNA aptamers depend solely on
ligand binding. RNAs with greater structural stability are
postulated to be better at interlocking with their cognate tar-
get ligands. Therefore, because SELEX experiments are usu-
ally designed to isolate RNA aptamers with high affinity for
their target, the selection pressure is thought to favor the
isolation of RNAs with greater structural stability.
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While binding to a target ligand may play a role in selecting
for RNAs with overall higher structural stability it is unlikely
to be the only contributing factor. Indeed, we observed that
selected sequences from the nontarget selections also display
more structural stability compared to the random Sel2N20
RNA sequence library (Fig. 5B, D). Thus it is likely that factors
intrinsic to the selection process (eg, mutant T7 RNA poly-
merase, RT-PCR, nature of the SELEX library) may also in-
fluence the structural composition of the selected RNAs. We
have investigated the transcription efficiencies of synthetic
oligonucleotide templates with either a low adenosine (A)
content or a high adenosine (A) content (Fig. 6). Interestingly,
our data suggest that the template’s adenosine content does
not influence the transcription efficiency of either the mutant
T7 RNA polymerase or the RT enzyme and, therefore, does
not dictate the observed nucleotide bias. Alternative expla-
nations for the nucleotide bias that we have not ruled out
include biases in nucleotide misincorporations by these en-
zymes. For example, the rate of base mispair insertion of
various RT (eg, HIV RT, AMV RT, and M-MLV RT) may favor
the insertion of one base over another resulting in a nucleotide
bias. Indeed, the fidelity-rates of RT have been implicated as
the possible reason behind the genetic variability and con-
vergence observed with retroviral genomes (Roberts et al.,
1988; Yu and Goodman, 1992).

Another possible explanation for the observed nucleotide
bias is the nature of the RNA library (eg, influence of the fixed
regions or an unforeseen consequence of a short variable re-
gion). To this end, Zimmermann et al. (2010) observed a shift
toward less stable predicted secondary structures when per-
forming both targeted and nontargeted SELEX with an RNA
library derived from the E. coli genome (genome-SELEX).
Unlike the Sel2N20 library, the complexity of the genome-
SELEX library is constrained by the E. coli genome and the
length of the library is highly variable (>60 nt). The authors of
the study also reasoned that factors intrinsic to the selection
process (amplification steps or nature of SELEX library) may
favor the propagation of certain RNA sequences over others.

While the SELEX process with the SeIl2N20 RNA library
yields RNAs with overall predicted increased structural sta-
bility and ease of chemical-synthesis, a potential concern is
that a nonspecific bias is influencing the selections, potentially
reducing the likelihood that the optimal sequences are ulti-
mately identified. In general, the nonspecific propagation of
sequences in rounds reduces the SELEX efficiency. However,
we have identified several useful aptamers with the Sel2N20
library using similar protocols (our unpublished data), sug-
gesting that the bias is not so severe as to result in the neces-
sary failure of aptamer selections. Indeed, similar bias is likely
to be present in successful selections described by others, but
unnoticed because of the limited number of sequences that
were determined. It is expected that the identification of such
nonspecific influences will provide the understanding with
which the SELEX process can be optimized into a more robust
methodology.
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