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Rational Truncation of an RNA Aptamer
to Prostate-Specific Membrane Antigen Using
Computational Structural Modeling
William M. Rockey,1 Frank J. Hernandez,2,* Sheng-You Huang,3–6,* Song Cao,3,4,6,* Craig A. Howell,2
Gregory S. Thomas,7 Xiu Ying Liu,2 Natalia Lapteva,8 David M. Spencer,8 James O. McNamara II,2
Xiaoqin Zou,3–6 Shi-Jie Chen,3,4,6 and Paloma H. Giangrande1,2,7

RNA aptamers represent an emerging class of pharmaceuticals with great potential for targeted cancer diagnostics and therapy. Several RNA aptamers that bind cancer cell-surface antigens with high affinity and specificity have been described. However, their clinical potential has yet to be realized. A significant obstacle to the
clinical adoption of RNA aptamers is the high cost of manufacturing long RNA sequences through chemical
synthesis. Therapeutic aptamers are often truncated postselection by using a trial-and-error process, which is
time consuming and inefficient. Here, we used a ‘‘rational truncation’’ approach guided by RNA structural
prediction and protein/RNA docking algorithms that enabled us to substantially truncateA9, an RNA aptamer
to prostate-specific membrane antigen (PSMA),with great potential for targeted therapeutics. This truncated
PSMA aptamer (A9L; 41mer) retains binding activity, functionality, and is amenable to large-scale chemical
synthesis for future clinical applications. In addition, the modeled RNA tertiary structure and protein/RNA
docking predictions revealed key nucleotides within the aptamer critical for binding to PSMA and inhibiting
its enzymatic activity. Finally, this work highlights the utility of existing RNA structural prediction and protein docking techniques that may be generally applicable to developing RNA aptamers optimized for therapeutic use.
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R

NA aptamers are synthetic, single-stranded oligonucleotide ligands typically 30 to 70 bases in length that
adopt complex 3-dimensional (3D) conformations to bind
targets with high affinity and specificity (Dassie et al., 2009;
Keefe et al., 2010). The targets of RNA aptamers include small
molecules, peptides, proteins (secreted factors, intracellular
proteins, and membrane receptors), and even whole cells
(Dassie et al., 2009; Keefe et al., 2010). High-affinity RNA
aptamers for specific targets can be derived from combinatorial RNA sequence libraries (with complexities of *1014) by
an iterative selection process termed SELEX (Systematic
Evolution of Ligands by EXponential Enrichment) (Ellington
and Szostak, 1990; Jellinek et al., 1995). To enable the use of

RNA aptamers for in vivo applications, modified nucleotides
[eg, 2’-fluoropyrimidines (Ruckman et al., 1998; Biesecker
et al., 1999; Rusconi et al., 2002), 2’-amino pyrimidines (Lin
et al., 1994; Jellinek et al., 1995), or 2’-O-methyl ribose purines
and pyrimidines (Burmeister et al., 2005, 2006)] are usually
incorporated during the selection process or postselection
during chemical synthesis (Huang et al., 1997; Padilla and
Sousa, 1999).
The affinities and specificities of RNA aptamers for their
targets are comparable to those of antibodies for their antigens. Similar to antibodies, RNA aptamers can be used for
targeted diagnostics and therapeutics. At the bench, RNA
aptamers have been successfully used as inhibitors of their
targets (Thiel and Giangrande, 2009) as well as to deliver
chemotherapeutic agents (Bagalkot et al., 2006; Dhar et al.,
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2008; Gu et al., 2008; Cao et al., 2009), nanoparticles (Farokhzad et al., 2004), radionuclides (Hicke et al., 2006), and
siRNAs (Chu et al., 2006; McNamara et al., 2006; Zhou et al.,
2008, 2009; Dassie et al., 2009; Pastor et al., 2010) to specific cell
types in culture and in vivo. Several RNA aptamers are currently undergoing clinical trials (Biesecker et al., 1999; Dyke
et al., 2006; Gilbert et al., 2007; Cosmi, 2009; Buff et al., 2010;
Eikelboom et al., 2010; Mongelard and Bouvet, 2010) and one,
Pegaptanib, was approved for therapeutic use in age-related
macular degeneration by the U.S. Food and Drug Administration in 2004 (Gragoudas et al., 2004; Chakravarthy et al.,
2006; Ng and Adamis, 2006). As targeted therapeutic agents,
RNA aptamers have several advantages compared with antibodies, such as smaller size, better tissue penetration, ease of
chemical synthesis/modification, and the lack of immune
stimulation. Further, from the standpoint of pharmaceutical
manufacturing, RNA aptamers are not classified as biological
agents, thus easing regulatory approval.
Despite these advantages, a current obstacle to delivering
RNA aptamer technology to the clinic cost effectively is the
ability to chemically synthesize long RNAs ( > 60 nucleotides)
in large-scale quantities (Reese, 2005). Aptamer production is
based on solid-phase phosphoroamidite chemistry via an
automated process used for small-scale oligonucleotide synthesis. This process is highly reproducible, thus allowing short
synthetic RNA aptamers (15–50 nucleotides in length) to be
purified to a high degree of purity/stability and synthetic
yield. However, RNA aptamers of long length remain difficult
to synthesize under these conditions. Although the efficiency
of the manufacturing process for synthetic oligonucleotides
continues to improve, perhaps the simplest way to ensure
high synthetic yield is to decrease the length of the oligonucleotide sequence to be synthesized. One potential solution to
this problem is the identification of shorter RNA aptamer
sequences through the use of short RNA SELEX libraries ( < 50
nucleotides in length). However, the downside to this approach is a reduction in the sequence complexity of the overall
RNA aptamer library that could compromise the identification of optimal sequences (Sassanfar and Szostak, 1993).
Several approaches have been described for reducing the
length of long RNA aptamers to minimal functional sequences. These approaches often require significant experimental efforts (Burgstaller et al., 1995; Green et al., 1995;
Katilius et al., 2007). Perhaps the most common method for
truncating RNA aptamers postselection is a trial-and-error
approach that is often time consuming and arduous. A notable example of this has been the truncation of RNA aptamers that bind to prostate-specific membrane antigen (PSMA)
(Lupold et al., 2002). The trial-and-error approach was successfully used by Lupold and colleagues to truncate one of 2
nuclease-resistant RNA aptamers (A9 and A10) that had been
selected to inhibit PSMA enzymatic activity (Lupold et al.,
2002). By consecutively removing 5 bases from the 3¢-terminus,
the authors were able to truncate the A10 RNA aptamer from
71 to 56 nucleotides (A10-3) while retaining functionality
(ability to inhibit PSMA enzymatic activity) and ability to be
in vitro transcribed by using a T7 RNA polymerase. However,
when a similar truncation approach was applied to the A9
aptamer in this study, the aptamer was rendered inactive.
Given the therapeutic potential of the PSMA RNA aptamers for applications including inhibition of PSMA’s procarcinogenic properties (Silver et al., 1997; Lapidus et al., 2000;
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Colombatti et al., 2009; Yao et al., 2010) and delivery of small
molecule drugs/toxins (Bagalkot et al., 2006; Dhar et al., 2008,
2011), therapeutic siRNAs (McNamara et al., 2006; Dassie
et al., 2009; Pastor et al., 2010), and nanoparticles (Farokhzad
et al., 2004) to prostate cancer cells, further optimization to
facilitate large-scale chemical synthesis of these RNAs is
compelling. Toward this end, we have employed computational RNA structural modeling and RNA/protein docking
models to guide the truncation of the A9 PSMA RNA aptamer. This analysis resulted in a truncated derivative of the A9
aptamer (A9L, 41mer), which, due to its reduced length, is
now amenable to large-scale chemical synthesis. Importantly,
A9L retains PSMA binding activity/specificity and functionality. Specifically, we show that A9L inhibits PSMA’s enzymatic activity and, when directly applied to cells expressing
PSMA, is effectively internalized.
In summary, these studies demonstrate the utility of computational RNA secondary and tertiary structure models for
guiding/enabling truncations of RNA aptamers while retaining their function. Further, these studies have resulted in
versions of the PSMA A9 aptamer that due to their shorter
sequence length are now amenable to large-scale chemical
synthesis for therapeutic applications.
Materials and Methods
DNA templates and primers for generating the duplex
DNA used for transcription of the RNA aptamers
A9a aptamer: DNA Template: 5¢-GGGAGGACGATGCGGA
CCGAAAAAGACCTGACTTCTATACTAAGTCTACGTTCC
CAGACGACTCCC -3¢
5¢ primer: 5¢-TAATACGACTCACTATAGGGAGGACGAT
GCGGA-3¢
3¢ primer: 5¢-GGGAGTCGTCTGGGAA-3¢
A9baptamer: DNA Template: 5¢-GGGACGATGCGGACC
GAAAAAGACCTGACTTCTATACTAAGTCTACGTTCCC
AGACGCCC-3¢
5¢ primer: 5¢-TAATACGACTCACTATAGGGACGATGC
GGACCG-3¢
3¢ primer: 5¢-GGGCGTCTGGGAACGT-3¢
A9c aptamer: DNA Template: 5¢-GGGATGCGGACCGAA
AAAGACCTGACTTCTATACTAAGTCTACGTTCCCAGA
CCC-3¢
5¢ primer: 5¢-TAATACGACTCACTATAGGGATGCGGAC
CGAAA-3¢
3¢ primer: 5¢-GGGTCTGGGAACGTAG-3¢
A9daptamer: DNA Template: 5¢-GGGACGATGCGGACC
GAAAAAGACCTGACTTCTATACTAAGTCTACGTTCCC
AGACGACCC-3¢
5¢ primer: 5¢-TAATACGACTCACTATAGGGACGATGCG
GACCG-3¢
3¢ primer: 5¢-GGGTCGTCTGGGAACG-3¢
A9eaptamer: DNA Template: 5¢-GGGCGGACCGAAAAA
GACCTGACTTCTATACTAAGTCTACGTTCCCACC-3¢
5¢ primer: 5¢-TAATACGACTCACTATAGGGCGGACC
GAAAAAG-3¢
3¢ primer: 5¢-GGTGGGAACGTAGACT-3¢
A9faptamer: DNA Template: 5¢-GGGCGGACCGAAAAA
GACCTGACTTCTATACTAAGTCTACGTTCCCAG CCC-3¢

COMPUTER-GUIDED OPTIMIZATION OF AN RNA APTAMER
5¢ primer: 5¢-TAATACGACTCACTATAGGGCGGACCGA
AAAAG-3¢
3¢ primer: 5¢-GGGCTGGGAACGTAGA-3¢
A9g aptamer: DNA Template: 5¢-GGGACCGAAAAAGAC
CTGACTTCTATACTAAGTCTACGTTCCC-3¢
5¢ primer: 5¢-TAATACGACTCACTATAGGGACCGAAAA
AGACC -3¢
3¢ primer: 5¢-GGGAACGTAGACTTAG-3¢
Chemically synthesized double-stranded DNA
templates used for transcription of the RNA aptamers
A9g aptamer: Sense: 5¢-TAATACGACTCACTATAGGGACC
GAAAAAGACCTGACTTCTATACTAAGTCTAC GTTCCC-3¢
Antisense: 5¢-GGGAACGTAGACTTAGTATAGAAGTCA
GGTCTTTTTCGGTCCCTATAGTGA GTCGTATTA -3¢
A9h aptamer: Sense: 5¢-TAATACGACTCACTATAGGGG
AAAAAGACCTGACTTCTATACTAAGTCTACCCC-3¢
Antisense: 5¢-GGGGTAGACTTAGTATAGAAGTCAGGT
CTTTTTCCCCTATAGTGAGTCGTA TTA -3¢
A9i aptamer: Sense: 5¢-TAATACGACTCACTATAGGGCCT
GACTTCTATACTAAGCCC-3¢
Antisense:
5¢-GGGCTTAGTATAGAAGTCAGGCCCTA
TAGTGAGTCGTATTA-3¢
A9j aptamer: Sense: 5¢-TAATACGACTCACTATAGGGAC
CGAAAAAGACCTAGTCTACGTTCCC-3¢
Antisense: 5¢-GGGAACGTAGACTAGGTCTTTTTCGGTC
CCTATAGTGAGTCGTATTA-3¢
A9k aptamer: Sense: 5¢-TAATACGACTCACTATAGGGAC
CGAAAAATACGTTCCC-3¢
Antisense: 5¢-GGGAACGTATTTTTCGGTCCCTATAGTG
AGTCGTATTA-3¢
A9L aptamer: Sense: 5¢-TAATACGACTCACTATAGGGCC
GAAAAAGACCTGACTTCTATACTAAGTCTACG TCCC-3¢
Antisense: 5¢-GGGACGTAGACTTAGTATAGAAGTCAG
GTCTTTTTCGGCCCTATAGTGAGT CGTATTA-3¢
A9g.1 aptamer: Sense: 5¢-TAATACGACTCACTATAGGGA
CCGAAAAAGGCCTGACTTCTATACTAAGCCTACGTTC
CC-3¢
Antisense: 5¢-GGGAACGTAGGCTTAGTATAGAAGTCA
GGCCTTTTTCGGTCCCTATAGTGAGTCGTATTA-3¢
A9g.2 aptamer: Sense: 5¢-TAATACGACTCACTATAGGG AC C
GAAAAAGCCCTGACTTCTATACTAAGGCTAC GTT CCC-3¢
Antisense: 5¢-GGGAACGTAGCCTTAGTATAGAAGTCA
GGGCTTTTTCGGTCCCTATAGTGAGTCGTATTA-3¢
A9g.3 aptamer: Sense: 5¢-TAATACGACTCACTATAGGG
ACCGAAAAAGACCTGACTTCTATACTAAGTCTACGGT
CCC-3¢
Antisense: 5¢-GGGACCGTAGACTTAGTATAGAAGTCA
GGTCTTTTTCGGTCCCTATAGTGAGTCGTATTA-3¢
A9g.4 aptamer: Sense: 5¢-TAATACGACTCACTATAGGGA
CCGAAAAAGACCTGACTTCTATACTAAGTCTTC GTT
CCC-3¢
Antisense: 5¢-GGGAACGAAGACTTAGTATAGAAGTCA
GGTCTTTTTCGGTCCCTATAGTGAGTCGTATTA -3¢
A9g.5 aptamer: Sense: 5¢-TAATACGACTCACTATAGGG
ACCGAAAAAGACCTGACTTCTATACTAGGTCTAC GTT
CCC-3¢
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Antisense: 5¢-GGGAACGTAGACCTAGTATAGAAGTCA
GGTCTTTTTCGGTCCCTATAGTGAGTCGTATTA-3¢
A9g.6 aptamer: Sense: 5¢-TAATACGACTCACTATAGGG
ACCGAAAAAGACCTGGCTTCTATACTAAGTCTAC GTT
CCC-3¢
Antisense: 5¢-GGGAACGTAGACTTAGTATAGAAGCCA
GGTCTTTTTCGGTCCCTATAGTGAGTCGTATTA-3¢
A9g.7 aptamer: Sense: 5¢-TAATACGACTCACTATAGGG
ACCGAAAAAGACCTGACTTCTATACTAAGTCTAC GAT
CCC-3¢
Antisense: 5¢-GGGATCGTAGACTTAGTATAGAAGTCA
GGTCTTTTTCGGTCCCTATAGTGA GTCGTATTA-3¢
A9g.8 aptamer: Sense: 5¢-TAATACGACTCACTATAGGG
ACCGAAAAAGACCTGACTTCTATACTAAGTCTAC GCT
CCC-3¢
Antisense: 5¢-GGGAGCGTAGACTTAGTATAGAAGTCA
GGTCTTTTTCGGTCCCTATAGTGAGTCGTATTA-3¢
RNA truncations
To generate the A9 truncations, the sequence of full-length
A9 as previously reported (Lupold et al., 2002) (5¢-GGGAG
GACGAUGCGGACCGAAAAAGACCUGACUUCUAUAC
UAAGUCUACGUUCCCAGACGACUCGCCCGA-3¢) was
loaded into the program RNAStructure 4.6 (Mathews, 2006;
Mathews et al., 2007). Using a computer-guided ‘‘rational
truncation’’ approach, bases were removed from the 5¢ and 3¢
ends such that the predicted secondary structure of the remaining oligonucleotide was as similar as possible to that of
full-length A9. Where necessary, base changes were made at
the 5¢ and 3¢ ends to maintain a 5¢-GGG transcription start
codon and a complementary 3¢-CCC. To create the illustrations, the secondary structures were rendered with the program VARNA 3.7 (Darty et al., 2009).
RNA transcriptions
The RNA was transcribed as previously described (McNamara et al., 2006). Briefly, template DNAs and primers were
ordered from Integrated DNA Technologies (IDT). Using the
primer and template sequences just described, the doublestranded DNA templates for transcription were generated as
previously described (McNamara et al., 2006). DNA templates
were purified with Qiagen DNA purification columns (27106)
and used in in vitro transcription reactions as described in
McNamara et al. (2006) to make individual RNA aptamers. A
Y639F mutant T7 RNA polymerase (Huang et al., 1997) was
used to incorporate 2’fluoro modified pyrimidines to render
the RNAs resistant to nuclease degradation. The RNA from the
transcription was run on a denaturing 10% acrylamide/7M
urea gel, visualized using UV shadowing. The RNA was excised from the gel, eluted in 4 mL of TE buffer, washed twice
with 4 mL of TE buffer, and concentrated with an Amicon
10,000 MW-cutoff spin filter (UFC801024).
As an alternative to amplifying the double-stranded DNA
templates by polymerase chain reaction (PCR), the complete
sense and antisense strands of the RNA transcription template
were ordered from IDT. To anneal the 2, each oligonucleotide
strand was added to 500 mL of PCR-grade H2O to a final
concentration of 3 mM per strand, heated to 72C for 5 minutes, and then allowed to cool to room temperature over 10
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minutes. The resulting double-stranded DNA was used in an
RNA transcription reaction as just described. The aptamers
A9g, A9h, A9i, A9j, A9k, A9L, and all aptamer mutations
were transcribed from chemically synthesized doublestranded DNA templates in this fashion.
PSMA NAALADase activity assay
The PSMA NAALADase activity assay was modified from
a previously published protocol (Xiao et al., 2000) and performed in a final reaction volume of 200 mL. Double-distilled
H2O (ddH2O) was used in the reaction solutions. The RNA
aptamers were refolded in binding buffer (20 mM HEPES,
150 mM NaCl, and 2 mM CaCl2) at a concentration 1.667 times
the final concentration desired in the activity assay (eg,
333 nM for a final concentration of 200 nM). Refolding was
accomplished by heating at 65C for 10 minutes, followed by
cooling to 37C for 10 minutes. A volume of 120 mL of refolded
RNA in binding buffer was added to an Eppendorf tube, was
combined with 40 mL of 200 mM Tris buffer, pH 7.5, and 20 mL
10 mM CoCl2 (final concentrations in the reaction 40 and
1 mM, respectively). Cobalt (II) chloride was reported to be a
‘‘stimulator of enzymatic activity’’ in the original NAALADase assay protocol (Xiao et al., 2000). When this compound
was omitted from the reaction, we observed increased nonspecific RNA interactions. Two micrograms in 2 mL of recombinant human PSMA (4234-ZN-010) from R&D Systems
was diluted in 500 mL of 50 mM pH 7.5 Tris buffer. Ten microliters of the PSMA solution (40 ng PSMA) was added to the
reaction mix, and the reaction was incubated for 5 minutes at
37C to promote RNA-PSMA interaction. For the experiment
shown in Fig. 1A, recombinant, purified human PSMA was
obtained courtesy of Dr. David Spencer (Baylor College of
Medicine). In this experiment, 2.4 mg of human recombinant
PSMA protein in 10 mL of 50 mM pH 7.5 Tris buffer was added
to each reaction. Ten microliters of a working solution containing 0.55 mM NAAG in H2O having a specific activity of
10 nCi/mL of [glutamate-3,4-3H]-NAAG from Perkin Elmer
(NET1082250UC) was added to the reaction mixture. The reaction was allowed to proceed for 15 minutes, mixing once by
pipetting at 7.5 minutes. To halt the reaction, an equal volume
(200 mL) of cold 0.1 M phosphate buffer (dibasic sodium phosphate, Na2HPO4) was added to the reaction mixture.
AG 1-X8 formate resin (200–400 mesh) columns from BioRad Laboratories (731-6221) were used to quantitate the [3H]glutamate reaction product. Before use, the columns were
equilibrated with 5 mL of ddH2O. Half of the final reaction
volume (200 mL) was added to a column. The columns were
eluted twice with 2 mL of 1 M formic acid. The first elution was
discarded, and the second 2 mL elution was added to 10 mL of
Bio-Safe II scintillation fluid (Research Products International
Corp.). Activity was counted by using a Beckman-Coulter
liquid scintillation counter, and was normalized to the amount
of activity obtained in the reaction with no RNA added.
Filter binding assays
Filter binding assays were performed as previously described (Wong and Lohman, 1993). Briefly, aptamers were
5¢-end labeled with 32P by using PNK. Labeled RNAs were
diluted to 2000 cpms/mL in binding buffer, heated at 95C for
5 minutes to unfold the RNA, and allowed to refold at 37C
for 10 minutes. Five microliters of refolded labeled RNA was
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added to each reaction. RNA was incubated for 5 minutes
with various concentrations (ranging from 1 to 1000 nM) of
purified, recombinant human PSMA (4234-ZN-010) obtained
from R&D Systems at 37C. The reaction mixture was spotted
onto a sandwich of nitrocellulose (Protran BA 83, 0.2 mm pore
size, 10 402 488; Whatman), nylon (Zeta-Probe Blotting
Membranes, 162-0153; Bio-Rad Laboratories), and Whatman
3MM chromatography paper (3130-6189) assembled in a dotblot apparatus. Bound RNA was captured on the nitrocellulose filter, whereas unbound RNA was captured on the nylon
filter. The ratio of bound:unbound RNA was calculated by
exposing the filters to a storage phosphor screen and imaging
with a phosphorimager.
Surface plasmon resonance (BIACore)
binding measurements
Surface plasmon resonance (SPR) measurements were
carried out by using a BIACore 3000 device. 5¢-biotinylated
RNA was generated by transcription and gel purification as
just described, except that the transcription reactions were
carried out in the presence of 3 mM biotin-G (Custom order
from TriLink Biotechnologies: 5¢-(Biotin) (Spacer 9) G-3¢). The
biotinylated RNA was immobilized on a streptavidin-coated
Biacore chip (SensorChip SA, BR-1003-98; General Electric
Company) by an injection in binding buffer at a concentration
of 25 mg/mL (20 mM HEPES, pH 7.4, 150 mM NaCl, and 2 mM
CaCl2) at 10 mL/min. The RNA was refolded by heating to
65C followed by cooling to 37C before immobilization. To
measure binding kinetics, 5 concentration of purified protein
(prepared by serial dilutions from 250 to 15.6 nM) were injected at a flow rate of 15 mL per minute. After binding, the
surface was regenerated by injecting 50 mM NaOH at a flow
rate of 15 mL per minute for 20 seconds. The KD values were
calculated by global fitting of the 6 concentrations of PSMA
over a constant density of A9g aptamer (1001,1 RU). The
binding data were fit to a 1:1 binding with a mass transfer
model to calculate kinetic parameters as previously described
(Hernandez et al., 2009; Soontornworajit et al., 2011).
RNA structural modeling and PSMA docking
RNA 2-dimensional structures predictions. At the
2-dimensional (2D) structural level, an RNA structure is described by the base pairs contained in the structure. The 2D
structure of an RNA is predicted from the partition function,
Q, defined as the sum over all the possible conformations:
Q ¼ + e  DGS =kB T , where DGs is the free energy of a given
s

structure, s. The conformational sum + includes all the possible
s

secondary and pseudoknotted structures. The free energy for
each given structure, DGstacks, is determined from DGs =
DGstacks - TDSloop, where DGstacks is the total free energy of the
base stacks as determined from the Turner rules (Serra and
Turner, 1995), and - TDSloop is the loop free energy for the
secondary and pseudoknotted structures as determined from
the Vfold model (Cao and Chen, 2005, 2006, 2009; Chen, 2008;
Cao et al., 2010). To predict the 2D structures, the probability Pij
of finding nucleotides i and j to form a base pair is computed. Pij
is calculated from the conditional partition function Qij :Pij =
Qij /Q. Here, Qij is the sum over all the possible conformations
containing the (i, j) base pair. From the base pairing probabilities
Pij for all the possible (i, j) pairs, we predict the 2D structures.
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FIG. 1. Functional characterization of various truncations of the A9 PSMA RNA aptamers generated by using RNA
secondary structural prediction algorithms. (A) RNA aptamers A9, A10, A10-3, and A10-3.2 were incubated with recombinant PSMA protein. Production of [3H]-glutamate from [3H]-NAAG was measured by using an NAALADase assay. RNA
aptamers A10 scrambled and A10-3.2-scrambled were used as negative controls in this assay. NAALADase activity in the
presence of each RNA was normalized to the no-RNA sample ( -RNA). (B) Secondary structural predictions of truncated A9
aptamers generated using the RNAStructure 4.6 algorithm. Base changes are denoted by an asterisk (*). Base changes were
introduced to retain a leading GGG transcription start codon at the 5¢ end of the truncated RNA sequences or to maintain
base complementarity at the 3¢ end. (C) Effect of A9 aptamer and truncated derivatives of the A9 aptamer on PSMA
enzymatic activity. NAALADase activity was normalized as in part (A) above. (D) A9 and A9g RNA aptamers inhibit PSMA
NAALADase enzymatic activity with approximate IC50 values of 10 nM. PSMA, prostate-specific membrane antigen.
(Figure continued/)
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docking program MDockPP (Huang and Zou, 2010).
MDockPP uses a hierarchical approach to construct the complexes between biological macromolecules. First, the protein
was represented by a reduced model, in which each side chain
on the protein surface was simplified and replaced by its center
of mass. Compared with the all-atom model, the reduced
model allows larger side-chain flexibility during binding mode
sampling. Shape complementarity was used as a filtering criterion to generate several thousands of putative binding
modes. These modes were further refined by our iteratively
derived knowledge-based scoring function ITScorePP
(Huang and Zou, 2008) using the all-atom model to account
for the atomic details. The top-ranked binding mode that
does not interfere with the putative membrane position and
the PSMA dimericinterface was selected as the predicted
PSMA-RNA complex.
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(Continued).

RNA 3D structures predictions. The 3D structures of the
RNAs were generated from the predicted 2D structures (Cao
and Chen, 2011). The helices and loop/junctions in the
structure are identified from the 2D structures. For example,
the A9g structure contains 2 helices P1 and P2 and an internal
loop L1, a bulge loop C16, and a hairpin loop L2. P1 is the helix
from base pair G1-C43 to base pair G7-C37, and P2 is the helix
from base pair A12-U35 to base pair C15-G32. The internal
loop L1 includes nucleotides from A8 to A11 and nucleotide
A36. The hairpin loop includes nucleotides from G18 to A30.
The 3D coordinates of the helices P1 and P2 were configured
by using A-form RNA helix coordinates. For the internal loop,
bulge loop, and hairpin loop, the fragment-based method to
search for the optimal template structures from the known
structures in the PDB database was employed (Cao and Chen,
2011). An optimal template is defined as the template with
the minimum substitution between the original loop and the
template sequence. For instance, the optimal template for the
internal loop L1 (5¢G7AAAA3¢, 5¢A36C3¢) was found to be
the loop (5¢AAAAA3¢, 5¢UA3¢) in the PDB structure 1J5A. To
achieve the optimal fit of the template structure, the terminal
mismatch A11-A36 was placed within the helix P2. A 3D
scaffold structure was generated based on the helices and the
loop template structures. In the last step, the 3D scaffold
structure was further refined by using AMBER energy minimization (Case et al., 2005).
Predicting the RNA binding modes on PSMA. The
binding modes of the RNA on the PSMA were constructed by
using our protein-RNA docking program. Specifically, the
crystal structure of PSMA was downloaded from the Protein
Data Bank (PDB code: 1Z8L) (Davis et al., 2005). Water, ions,
and ligands were removed from the protein. The modeled
RNA 3D structure was used for the RNA. Then, the putative
binding modes of the RNA on PSMA were globally searched
by using our Fast Fourier Transform-based macromolecular

The PSMA-positive prostate cancer cell line 22Rv1(1.7) was
maintained as described in Dassie et al. (2009) in RPMI 1640
media with 10% FBS and 1% nonessential amino acids. The
PSMA-negative prostate cancer cell line (PC3) was maintained according to the supplier’s recommendations (ATCC
#CRL-1435) in DMEM/F12 media with 10% FBS. Cells were
maintained at 37C with an atmosphere containing 5% CO2.
Cell binding assay
One day before the binding assay, cells were plated in a 24well plate at a density of *100,000 cells per well. All subsequent procedures were performed on ice to prevent aptamer
internalization. Before binding, each well was washed twice
with 1 mL of ice-cold Dulbecco’s phosphate-buffered saline
in the absence of divalent cations (DPBS -/-) to remove
growth media. Aptamers were 5¢ end-labeled with 32P using
PNK from New England Biolabs as previously described
(McNamara et al., 2008). The concentration of 32P-radiolabeled
aptamer was measured with UV-visible absorption spectroscopy, and serial dilutions ranging from 1000 to 0 nM were
performed. To measure nonspecific binding, serial dilutions
were also made containing a high fixed concentration of
nonradiolabeled A9g aptamer, at 10 mM (10,000 nM). Both sets
of dilutions were incubated with the cells in the 24-well plate
on ice in a volume of 100 mL. After 1 hour, the binding reaction
mixture was aspirated off the cells, and the cells were washed
twice with 0.5 mL of ice-cold DPBS. Bound RNA was collected
by washing with 0.5 mL of 0.5 N NaOH that was added to
3 mL of scintillation fluid, and activity was measured. For
each dilution, specific binding was calculated by subtracting
the activity of the sample with a high concentration of nonradiolabeled (‘‘cold’’) aptamer added (ie, nonspecific binding)
from the sample without cold aptamer added (ie, total binding). The data were plotted and fit to a one-site saturation
binding model by using the nonlinear regression algorithm
of the software package Sigma Plot. Experiments were performed in duplicate.
Cell internalization assays
22Rv1(1.7) PSMA-positive prostate cancer cells (target) and
PC-3 PSMA-negative prostate cancer cells (nontarget) were
grown to confluency in a 6-well plate. Cells were washed
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twice with 1 mL of DPBS prewarmed at 37C. Cells were then
blocked with 1 mL of 100 mg/mL yeast tRNA prewarmed at
37C. After 15 minutes, the block was removed, and 100 pmol
RNA aptamer in DPBS was added to cells for 30 minutes at
37C with 5% CO2. Cells were washed once with ice-cold
DPBS followed by 2 washes of ice-cold 0.5M NaCl in DPBS.
The internalized RNA was recovered by using TRIzol reagent.
Quantitative reverse transcription (RT)-PCR was performed
by using the iScript One-Step RT-PCR Kit with SYBR Green
(Cat# 170-8893) from Bio-Rad Laboratories. Samples were
normalized to an internal RNA reference control. Specifically,
0.5 pmol/sample m12-23 aptamer (McNamara et al., 2008)
was added to each sample along with TRIzol as a reference
control. Primer sets included the internal reference primer set
for m12-23 (Sel1), the A9g primer set (amplifies A9, A9g, and
A9g.6), the A10 primer set (amplifies A10 and A10-3.2), and
the A10-3.2 scrambled primer set. Samples were first normalized to the internal reference RNA (m12-23) and then according to the relative amount of RNA internalized vs. the
nontarget control cells (PC3).
Primer sequences for the quantitative RT-PCR are as follows: Sel1 5¢ primer: 5¢-GGGGGAATTCTAATACGACT
CACTATAGG GAGAGAGGAAGAGGGATGGG-3¢; Sel1 3¢
primer 5¢-GGGGGGATCCAGTACTATCGACCTCT GGGTT
ATG-3¢; A9g 5¢ primer: 5¢-TAATACGACTCACTATAGGGA
CCGAAAAAGACC-3¢; A9g 3¢ primer:5¢-GGGAACGTAGA
CTTAG-3¢; A10 5¢ primer: 5¢-TAATACGACTCACTATAGG
GAGGA CGATGCGG-3¢; A10-3.2 3¢ primer: 5¢-AGGAGTG
ACGTAAACATG -3¢; A10-3.2 scrambled 5¢ primer: 5¢-TAAT
ACGACTCACTATAGGGGCATGCCTAGCT-3¢;
A10-3.2
scrambled 3¢ primer: 5¢-CCGCGCATAAGCCATGGG-3¢.
Results
Rational truncation of A9 PSMA RNA aptamer
The PSMA RNA aptamers A9 and A10 have been selected
for their ability to inhibit PSMA’s enzymatic activity (Lupold
et al., 2002). Since PSMA’s enzymatic activity has been implicated in carcinogenesis (metastatic potential) (Lapidus
et al., 2000), optimized, truncated versions of these inhibitors promise to be valuable agents not only for targeted imaging and therapy of prostate cancer but also to directly
inhibit PSMA’s pro-metastatic functions. We used the NAALADase assay to assess the inhibitory activity of previously
described, truncated versions of the A10 RNA aptamer:
A10-3 (56 mer) (Lupold et al., 2002) and A10-3.2 (39 mer)
(Fig. 1A). The NAALADase activity of PSMA hydrolyzes
N-acetylaspartylglutamate (NAAG) to N-acetylaspartate and
glutamate (Fig. 1A; insert). As previously described (Lupold
et al., 2002), A10-3 retains NAALADase inhibitory activity,
albeit less efficiently compared with the full-length A10
and A9 RNA aptamers. In contrast, A10-3.2 (39 mer) had
no NAALADase inhibitory activity. This was confirmed at
higher RNA concentrations up to 3.8 mM (data not shown).
Scrambled versions of the A10 and A10-3.2 aptamers were
used as negative controls in this assay. These scrambled
aptamers have the same number of nucleotides and base
composition as their wild-type counterparts but possess a
‘‘scrambled’’ sequence.
As previously described, A9 is a better inhibitor of PSMA
enzymatic activity compared with A10 (Lupold et al., 2002).
Thus, we set out to determine the NAALADase inhibitory
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activity of various truncations of the A9 aptamer. Previous
attempts at truncating the A9 aptamer have proved unsuccessful (Lupold et al., 2002). Thus, rather than performing a
series of base deletions from the 3¢ end, we reasoned that
maintaining the overall structure of the PSMA-interacting
region of the aptamer would be essential for retaining activity.
To this end, a series of 5¢ and 3¢-end base deletions were made,
and the RNA secondary-structure prediction program
RNAStructure 4.6 was used to select those truncations that
retained the predicted secondary structural motifs of the fulllength A9 aptamer (Fig. 1B). In addition, selective base
changes were made at the 5¢ and 3¢ ends to maintain aT7
transcription start-site (5¢GGG) and maintain base-paring
complementarity at the 3¢ end.
Seven initial truncated versions of the A9 aptamer were
designed (A9a through A9g) with lengths ranging from 66
bases (A9a) to 43 bases (A9g). The NAALADase assay was
used to assess inhibition of PSMA enzymatic activity by the
various truncations. A scrambled RNA aptamer sequence
(71 mer) did not inhibit enzymatic activity. Remarkably, all
7 truncations inhibited PSMA NAALADase activity as well
as full-length A9 under these assay conditions (800 nM
RNA) (Fig. 1C). We next determined the inhibitory potency
of the shortest truncation, A9g (43 mer) compared with the
full-length A9aptamer. Inhibition was tested over a range of
RNA concentrations (20 pM to 800 nM). Both A9g (43 mer)
and A9 (70 mer) inhibited NAALADase activity with an
IC50 of 10 nM under the assay conditions (Fig. 1D), thus
suggesting that A9g, similar to A9, retains key structural/
sequence elements important for inhibition of PSMA enzymatic activity.
A second series of truncations were made in an attempt to
further decrease the length of the A9g aptamer and to assess
structural and sequence elements important for PSMA inhibition (Fig. 2A). The truncations A9h (37 mer) and A9i (24
mer) retain sequence and structural loop elements of A9g,
whereas A9j (30 mer) and A9k (21 mer) retain sequence and
structural stem elements of A9g (Fig. 2A). Interestingly, unlike
A9 and A9g, none of these additional truncations (A9h-A9k)
exhibited inhibitory activity under the assay conditions
(200 nM RNA concentration) (Fig. 2B). Together, these results
suggest that key sequence and/or structural elements for
PSMA inhibition are present within bases 1–43 of the A9g
aptamer.
A9g binds to PSMA with high affinity and specificity
The NAALADase activity assay provides an indirect
measurement of the interaction of the PSMA aptamers with
PSMA. To determine the binding profile of the A9g aptamer
for PSMA, we performed filter-binding assays (Fig. 3A) and
(SPR/BIACore) with recombinant, purified human PSMA
protein (Fig. 3B). As determined by the filter binding assay,
the A9g aptamer retains the same binding profile as the fulllength A9 (Fig. 3A). A more extensive measure of binding by
analyzing kinetic interaction data using SPR/BIACore was
also performed. In these experiments, biotinylated A9g RNA
was immobilized on streptavidin-coated gold chips. A solution containing the analyte of interest (recombinant purified
PSMA protein) was injected over the chip during an association phase, thus allowing for measurement of the binding onrate (kon). After the injection was halted, the rate of
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FIG. 2. Further truncation of the A9 aptamer causes loss of inhibitory activity. (A) Secondary structural predictions of
truncated A9 aptamers generated using the RNAStructure 4.6 algorithm. Base changes are denoted by an asterisk (*). Base
changes were introduced to retain a leading GGG transcription start codon at the 5¢ end of the truncated RNA sequences or to
maintain base complementarity at the 3¢ end. (B) Effect of A9 aptamer and truncated derivatives of the A9 aptamer on PSMA
enzymatic activity. NAALADase activity was normalized as in Fig. 1.

dissociation (koff) was measured. By repeating these measurements at various analyte (PSMA) concentrations, an accurate estimation of binding was determined (KD = koff/kon).
The KD of A9g for PSMA ranged from 5 nM to 30 nM in
triplicate experiments (lowest value shown) (Fig. 3B). The
differences in the absolute KD values obtained by filter binding and SPR are likely due to the intrinsic differences with
regard to these assays (Arraiano et al., 2008).
Structure-function analysis of A9g binding to PSMA
A series of base changes were introduced within A9g in an
attempt to identify the sequence/structural elements necessary for binding to PSMA. Inherent in these experiments is the
assumption that the base changes only create local changes in
the RNA structure and not a global change in folding. For
these experiments, the A9g aptamer was divided into 2 stem
regions (S1 and S2) and 3 loop regions (L1, L2 and L3) (Fig. 4A).
Base changes were made to either preserve or disrupt these
various structural elements. The RNA-secondary structure
prediction algorithm, RNAStructure 4.6, was used to predict
folding of the modified A9g RNAs (A9g.1-A9g.6).
To address the importance of the S2 stem sequence, the A-U
base pair in the stem region S2 was replaced with either a G-C
or a C-G base pair (A9g.1 and A9g.2 respectively) (Fig. 4A).
A9g.1 and A9g.2 were predicted to retain the overall sec-

ondary structure as A9g (Fig. 4A). As predicted, A9g.1 and
A9g.2 resulted in RNA aptamers with comparable inhibitory
activity as A9g (Fig. 4B). In contrast, a base change within S2
that was predicted to lengthen the stem (A9g.5) resulted in a
loss of PSMA inhibitory activity, thus suggesting that the
overall structural and not sequence elements of S2 are important for the RNA’s inhibitory function. We next addressed
the importance of each loop (L1, L2, and L3) by introducing
base changes that would disrupt the predicted folding of the
loops (A9g.3, A9g.4, and A9g.6 respectively). With the exception of A9g.4, all base changes completely abrogated the
ability of the RNA aptamers to inhibit PSMA enzymatic activity (Fig. 4B), thus suggesting that the loops are required for
function. In the case of A9g.4, inhibitory activity was decreased by *50% compared with A9g. Interestingly, 2 distinct
secondary structures (A9g.4a and A9g.4b) with similar minimum free energies (DGs) were predicted for A9g.4 (Fig. 4A).
The predicted free energies of these 2 structures were - 9.9
and - 9.4 kcal$mol - 1, respectively. To assess whether loss of
inhibitory function correlates with loss of binding to PSMA,
we performed filter binding assays to determine binding of
A9g.3-A9g.6 to recombinant PSMA (Fig. 4C). With the exception of A9g.4, the binding capacity (Bmax) of PSMA for
these mutants was severely diminished. The binding of A9g.4
mirrored its inhibitory activity (Fig. 4B), with a binding capacity for PSMA of *50% compared with A9g.
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RNA tertiary structure predictions and RNA-protein
docking studies

FIG. 3. Binding of A9 and A9g to human PSMA. (A) A
saturation filter binding assay was used to measure binding
of A9 and A9g to recombinant human PSMA protein. The
calculated KD for A9 was 110 nM, and the KD for A9g was
130 nM. The fraction bound was normalized to the Bmax
(maximal binding capacity) of A9. (B) Measurement of the
binding affinity of A9g for recombinant human PSMA protein by surface plasmon resonance (SPR, BIACore). The data
were fit to a 1:1 binding with a mass transfer model. The KD
of A9g calculated from the model was 5 nM with an w2 value
of 1.51. The on-rate (ka) was 1.15 · 104 M - 1$s - 1, and the offrate (kd) was 5.7 · 10 - 5 seconds - 1.

Assessment of binding specificity of A9g to PSMA
Binding specificity of the A9g aptamer for PSMA was determined by using SPR/BIACore (Fig. 4D; left panel). Binding
specificity was assessed by comparing the kon and koff rates of
A9g for recombinant PSMA protein (target) to the Kon and koff
rates of A9g for nontarget proteins (BSA and HER2). For these
experiments, biotinylated A9g RNA was immobilized on
streptavidin-coated gold chips. No appreciable interaction
between A9g and the nontarget proteins (BSA and HER2) was
measured (Fig. 4D; left panel). Lack of binding of A9g.6 to
PSMA was also confirmed with SPR/BIACore (Fig. 4D; right
panel). In addition, there was no measurable binding of A9g.6
to the nontarget proteins (BSA and HER2). These data provide
confirmation of binding specificity of A9g for PSMA (Fig. 4D).

With the exceptions of A9g.1 and A9g.2 that were designed
to have the same secondary structure as wild-type A9g, all the
other A9g-derivatives experienced a significant decrease in their
ability to inhibit and bind PSMA. It may be that each of the
predicted secondary structural elements examined play a role
in the aptamer’s binding to PSMA. Alternatively, any of the
changes made to the predicted structural elements may disrupt
the ‘‘global’’ folding of the RNA, thus rendering it inactive.
To provide additional insight into the interaction of the A9g
RNA aptamer with PSMA, a tertiary structure model of A9g
was created. The predicted tertiary structure of A9g was
computationally docked to a crystal structure of PSMA (Davis
et al., 2005) (Fig. 5A; left panel). Interestingly, the RNA-protein docking analysis revealed 2 bases, adenosine at position 9
(A9) and uridine at position 39 (U39), that were predicted to
interact directly with PSMA. The amine group of A9 forms a
hydrogen bond with a backbone carbonyl of PSMA, and U39
forms multiple close van der Waals interactions with PSMA
side chains. On the basis of these predictions, base changes
were made to retain the hydrogen bond at position A9 (Fig.
5A; compare middle and right panels) and to test the necessity
of U at position 39. Specifically, the uridine at position 39 was
replaced with either an adenosine (A9g.7; U39A) or a cytosine
(A9g.8; U39C), and the adenosine at position 9 was replaced
with a cytosine (A9g.9; A9C) (Fig. 5A; right panel). Predicted
secondary structures for these A9g variants are shown in Fig.
5B. Not surprisingly, the A9g (A9C) variant retained PSMA
inhibitory activity, albeit less effectively compared with A9g
(Fig. 5B). In contrast, the A9g (U39A), A9g (U39C), and A9g
(U39G) variants completely lost inhibitory activity (Fig. 5B).
Notably, unlike the A9g (U39G) variant (identical to A9g.3,
Fig. 4A), theA9g (U39A) and A9g (U39C) variants were not
predicted to alter the secondary structure of A9g (Fig. 5B).
These data suggest that sequence conservation (uridine) at
position 39 may be more important than the overall structure
of the L1 loop for conferring the RNA aptamer’s inhibitory
function.
Based on the data just provided, we hypothesized that a
further truncation of A9g which retains suridine at position 39
should result in an RNA aptamer with comparable PSMA
inhibitory activity to A9g. To test this hypothesis, we removed
the most distal G-C base-pair of A9g (A9L; 41 mer). We also
introduced a base change at the first position to maintain the
5¢-GGG T7 RNA polymerase transcription start (Fig. 5C; left
panel). As predicted, A9L was equally as effective as A9g at
inhibiting PSMA enzymatic activity (Fig. 5C; right panel).
Elimination of additional bases from the 5¢ or 3¢ termini (eg,
A9h; 37 mer) abrogated inhibition of PSMA enzymatic activity (Fig. 5C; right panel). These findings were consistent
with altered folding of these shorter RNAs as predicted by
using the RNA secondary structure prediction algorithm
(RNAStructure 4.6) and loss of sequence elements (eg, U at
position 39) required for function.
A9g and A9L bind to and internalize into PSMA-positive
prostate cancer cells
Binding of A9g to PSMA expressed on the surface of
prostate cancer cells was confirmed by incubating varying
amounts of 32P-labeled A9g with either PSMA-positive
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FIG. 4. Characterization of A9g binding to PSMA. (A) Secondary structural predictions of truncated A9 aptamers generated
using the RNAStructure 4.6 algorithm. Base changes are denoted by an asterisk (*). Base changes were introduced in an attempt
to either retain the predicted secondary structure (A9g.1 and A9g.2) or disrupt various secondary structural elements (A9g.3A9g.6) of A9g. Two secondary structure predictions were given for the A9g.4 sequence, denoted by A9g.4a and A9g.4b. (B)
Effect of A9g aptamer derivatives (A9g.1 through A9g.6) on PSMA NAALADase inhibitor activity. NAALADase activity was
measured and normalized as in Fig. 1. (C) Saturation filter binding assay of A9g aptamer and A9g aptamer derivatives (A9g.3A9g.6). (D) Binding of A9g to recombinant human PSMA, recombinant rat HER2 (rHER2), and BSA using BIACore (left panel).
(E) Binding of A9g.6 to recombinant human PSMA, recombinant rat HER2 (rHER2), and BSA using BIACore (right panel).
(22Rv1 clone 1.7) (Dassie et al., 2009) or PSMA-negative
(PC-3) prostate cancer cells on ice (to prevent internalization into the cells) (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertonline.com/nat).
The PSMA-expressing cells were found to have a higher

binding capacity for A9g compared with the PSMAnegative cells (Supplementary Fig. S1). The background
binding to PC-3 cells is thought to be a result of free 32P
after exo-nuclease digestion on the cell surface (data
not shown).

COMPUTER-GUIDED OPTIMIZATION OF AN RNA APTAMER

309

FIG. 5. Truncated A9 PSMA aptamers derived based on RNA tertiary structure and protein/RNA docking predictions. (A)
Modeled tertiary structure of A9g docked to a crystal structure of PSMA. The bases A9 and U39 are predicted to form direct
interactions with the crystal structure of PSMA. The amine group of A9 is predicted to form a hydrogen bond with a
backbone carbonyl of PSMA (close up; middle panel). Right panel; close up of A9g (A9C) variant where the A at position 9
was changed to a C to retain the hydrogen bond. (B) Secondary structural predictions of A9g aptamer and A9g aptamer
derivatives generated using the RNAStructure 4.6 algorithm (left panel). Base changes are denoted by an asterisk (*). Secondary
structural predictions of A9g were generated to test the importance of the uracil at position 39 and the adenosine at position 9.
Effect of A9g and A9g aptamer derivatives (U39A, U39C, U39G, and A9C) on PSMA NAALADase activity (right panel). (C)
Secondary structural predictions of A9g aptamer and truncated derivatives A9L (41 mer) and A9h (37 mer) using the
RNAStructure 4.6 algorithm (left panel). Base changes are denoted by an asterisk (*). Effect of A9L (41 mer) and A9h (37 mer)
aptamers on PSMA NAALADase activity. NAALADase activity was measured and normalized as in Fig. 1 (right panel).

Aptamers that bind to cell-surface proteins (eg, cancer
epitopes) can be developed for imaging applications (Hicke
et al., 2006). In addition, aptamers with cell-internalizing
properties can be harnessed for delivery of therapeutic agents
into target cells (Bagalkot et al., 2006; Dhar et al., 2008; Gu

et al., 2008; Cao et al., 2009). Both the A9 and A10 RNA aptamers were demonstrated to be effective at delivering cargos
that require internalization, such as cytotoxic drugs (Farokhzad et al., 2004) and siRNAs (Chu et al., 2006; McNamara
et al., 2006). For therapeutic development, the A10 aptamer
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was further truncated to 39 bases (A10-3.2) while retaining the
ability to bind to PSMA on the surface of cells and deliver its
therapeutic siRNA cargo into PSMA-expressing prostate
cancer cells (Dassie et al., 2009). Unfortunately, the shorter
A10-3.2 aptamer no longer exhibits PSMA inhibitory activity
(Fig. 1A). Since inhibitory activity, binding, and internalization ability do not necessarily coincide, we performed an internalization assay to assess whether the shorter A9 aptamer
variants (A9g and A9L), which retain PSMA inhibitory activity (Fig. 5C), internalize into PSMA-expressing prostate
cancer cells (Fig. 6A). Full-length A9, A9g (43 mer), and A9L
(41mer) aptamers were incubated with either PSMA-positive
(22Rv1 clone 1.7) or PSMA-negative (PC-3) prostate cancer
cells at 37C to enable cell internalization. Cells were washed
with a high-salt wash buffer containing 0.5 M NaCl to remove
nonbinders or aptamers bound to the surface of the cells. Internalized aptamers were recovered by Trizol extraction. The
efficiency of internalization for each RNA aptamer was assessed by using quantitative RT-PCR (Fig. 6). No loss in internalization ability was observed for the truncated A9
variants (A9g and A9L) compared with the full-length A9
RNA aptamer (Fig. 6A). As expected, A9g and A9L retained
specificity for cells expressing PSMA (Fig. 6A). Importantly,
A9g and A9L internalized more efficiently into PSMA expressing prostate cancer cells compared with A10 and the A10
truncated variants (A10-3 and A10-3.2) (Fig. 6B). No internalization was observed with a scrambled A10-3.2 aptamer
sequence or with a functionally inactive mutant of A9g
(A9g.6) (Fig. 6). All A10 and A9 RNA aptamer derivatives
retained specificity for PSMA expressing cells (22Rv1 clone
1.7) compared with PSMA-negative cells (PC-3) (Fig. 6B). The
fold increase of RNA recovered from PSMA-expressing cells
versus RNA recovered from PC-3 cells is shown for each RNA
aptamer. No statistically significant difference in internaliza-

A

tion is observed for A10 and A10-3.2 (P = 0.1). In contrast, the
truncated A9 variants (A9g and A9L) internalized more efficiently into PSMA-expressing cells compared with either the
full-length A9 aptamer (P < 0.1) or A10 aptamers. This could
be a result of steric hindrance or interaction of a part of the
aptamer with other cellular factors that may hinder or retard
uptake (data not shown). Together, these data confirm that
the truncated A9 aptamer variants (A9g and A9L) retain target-specific cell internalizing properties and can, thus, be developed into effective targeted delivery agents for prostate
cancer.
Discussion
Here, we describe a ‘‘rational truncation’’ approach that
takes advantage of computer-generated RNA structure
models to facilitate the truncation of RNA aptamer sequences
postselection. This approach enabled us to engineer truncated
versions of the PSMA A9 aptamer (Lupold et al., 2002) that
retain binding affinity, specificity, and functionality. Computer-generated RNA secondary structure models were used
to remove bases from both the 5¢- and 3¢- termini of the RNA
and introduce base changes to conserve those secondary
structural elements that are predicted to be necessary for
binding to PSMA. This analysis resulted in a 27-base truncation of the PSMA A9 RNA aptamer, yielding an RNA oligonucleotide of 43 nucleotides in length (A9g), which binds to
recombinant PSMA with nanomolar affinity (KD = 5 nM) (Fig.
3B) and retains PSMA inhibitory activity (Fig. 1D). Importantly, we show that similar to A9, A9g retains the ability
to internalize into PSMA-expressing prostate cancer cells (Fig.
6) and, thus, could be used for targeted delivery of therapeutic
agents (toxins, siRNAs, and radionuclides). In addition to
computer-generated RNA secondary structure models, we
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FIG. 6. Truncated A9 aptamers bind to and internalize into PSMA expressing cells. (A) Internalization of PSMA RNA
aptamers A9, A9g (43 mer), A9L (41 mer), and A9g.6 into prostate cancer cells expressing PSMA. Internalization was
measured by using quantitative reverse transcription-polymerase chain reaction. RNA recovery was normalized to recovery
of an internal RNA control. (B) Internalization of PSMA RNA aptamers A10, A9, and derivatives into PSMA expressing
prostate cancer cells. A10-3.2 scrambled and A9g.6 aptamers were used as negative controls for internalization in this assay.
The fold enrichment in recovery with regard to non-PSMA expressing cells is reported.
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combined predictive RNA tertiary structure models with
protein docking studies to obtain further insights into the
A9g-PSMA interaction (Fig. 5). This analysis revealed key
nucleotides within A9g critical for binding to PSMA (Fig. 5A).
Further, this analysis enabled us to perform an additional 2nucleotide truncation of A9g, thus resulting in a 41-nucleotide-long RNA oligonucleotide (A9L) with comparable binding affinity and activity to A9 and A9g (Fig. 5C).
The successful truncation of the A9 PSMA aptamer is of
importance in the light of recent data directly implicating
PSMA’s enzymatic activity in promoting carcinogenesis
(Lapidus et al., 2000; Yao et al., 2010). PSMA has multiple
catalytic activities, including NAALADase, folatecarboxypeptidase, and dipeptidyl peptidase IV activity (Bacich et al.,
2001). Recent studies have suggested a role for PSMA enzymatic activity in cell migration and activation of oncogenic
pathways (Lapidus et al., 2000; Yao et al., 2010). Importantly,
inhibition of PSMA enzymatic activity by small molecule inhibitors abrogates PSMA-mediated carcinogenesis ((Kularatne
et al., 2009; Yao et al., 2010) and our unpublished data). Here,
we show that the A9g (43 mer) and A9L (41 mer) aptamers,
similar to A9, retain the ability to inhibit PSMA’s NAALADase activity (Fig. 5C) and, thus, could be employed as therapeutic inhibitors of PSMA. In contrast, a previously described
truncated version of the A10 PSMA aptamer (A10-3.2; 39 mer),
which retains binding to PSMA (Dassie et al., 2009), is unable to
inhibit PSMA NAALADase activity (Fig. 1A).
The A10-3.2 aptamer has been successfully used by us to
deliver siRNAs targeting cancer prosurvival genes to PSMAexpressing prostate cancer cells (Dassie et al., 2009). In this
context, the truncated aptamer serves solely as a delivery tool
for the therapeutic siRNA cargo. In principle, conjugation of
therapeutic siRNAs to the A9g and A9L aptamers, which we
demonstrate internalize efficiently and specifically into
PSMA-expressing cells (Fig. 6), could result in dual functiontargeted reagents that are capable of inhibiting multiple
carcinogenic pathways (PSMA and prosurvivalgenes). An
aptamer-siRNA conjugate with dual function has been previously described for the treatment of HIV infected cells
(Zhou et al., 2008). In this article, an inhibitory aptamer
against gp120 was tethered to an siRNA against tat/rev, 2 viral
genes that drive replication of the virus. The aptamer-siRNA
combination reduced HIV infectivity and replication in cultured T cells (Zhou et al., 2008) and suppressed HIV-1 viral
loads reversing CD4 + T cell decline in a humanized mouse
model of HIV (Neff et al., 2011).
In principle, the information provided by the theoretical
secondary and tertiary RNA structure models can be used not
only to guide in the truncation of long RNA oligonucleotide
sequences (as described herein) but also to enable the modification of key nucleotides to improve overall aptamer quality
and function (Zhou et al., 2011). Although large-scale, highquality cGMP-grade (Current Good Manufacturing Process)
synthesis of long RNA oligonucleotide aptamers (60–100 nucleotides long) remains a rate limiting step to their therapeutic
potential (Reese, 2005), other in vivo properties of these RNAs,
such as their pharmacokinetics (PK) and pharmacodynamics
(PD), can also hinder their therapeutic utility [reviewed in
(Keefe et al., 2010)]. Several ways to optimize the PK/PD of
aptamers have been described. These include (1) the use of
modified nucleotides that impart nuclease resistance, thus resulting in RNA aptamers with longer half lives in the blood
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(Lin et al., 1994; Ruckman et al., 1998) and (2) chemical conjugation of high-molecular-weight molecules (eg, 20–40 kDa
PEG) to prevent exclusion by renal filtration (Kawaguchi et al.,
1995; Watson et al., 2000; Healy et al., 2004). Although 2’-fluoro
modified pyrimidines are usually incorporated into RNA aptamers during the selection process, additional modifications
are introduced postselection, using an atrial-and-error approach that is laborious and is not guaranteed to work for all
aptamers (Ruckman et al., 1998; Floege et al., 1999; Adler et al.,
2008). In principle, theoretical RNA structure algorithms similar to the ones described herein can be utilized to identify bases
that when modified (with synthetic bases) may increase the
overall thermodynamic stability and nuclease resistance of
these RNA aptamers without loss of function. Likewise, these
algorithms can be used to identify critical residues that cannot
tolerate modifications (Fig. 5A).
In conclusion, our studies highlight the utility of theoretical
RNA secondary and tertiary structure models and protein
docking studies for guiding the truncation of RNA aptamers
to enable and expedite large-scale chemical synthesis of these
RNAs for clinical applications. Importantly, these efforts have
resulted in a truncated PSMA A9 aptamer that due to its
shorter sequence length is now amenable to large-scale chemical synthesis for targeted therapeutic applications in the
setting of prostate cancer. Finally, the ability to directly test
the computer-generated structural predictions by using robust functional assays (binding and enzymatic activity) can
enable the refinement of current RNA prediction algorithms.
Once refined, these theoretical models can be applied to optimize other aptamers with therapeutic potential.
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