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ABSTRACT

Using a Systematic Evolution of Ligands by Expo-
nential Enrichment (SELEX) protocol capable of se-
lecting xeno-nucleic acid (XNA) aptamers, a 2′-deoxy-
2′-fluoroarabinonucleotide (FANA) aptamer (referred
to as FA1) to HIV-1 reverse transcriptase (HIV-1 RT)
was selected. FA1 bound HIV-1 RT with KD,app values
in the low pM range under different ionic conditions.
Comparisons to published HIV-1 RT RNA and DNA
aptamers indicated that FA1 bound at least as well
as these aptamers. FA1 contained a 20 nucleotide 5′
DNA sequence followed by a 57 nucleotide region of
FANA nucleotides. Removal of the fourteen 5′ DNA
nucleotides did not affect binding. FA1’s predicted
structure was composed of four stems and four
loops. All stem nucleotides could be modified to G-C
base pairs (14 total changes) with a small effect on
binding. Eliminating or altering most loop sequences
reduced or abolished tight binding. Overall, results
suggested that the structure and the sequence of
FA1 were important for binding. FA1 showed strong
inhibition of HIV-1 RT in extension assays while no
specific binding to avian myeloblastosis or Moloney
murine leukemia RTs was detected. A complete DNA
version of FA1 showed low binding to HIV-1 RT, em-
phasizing the unique properties of FANA in HIV-1 RT
binding.

INTRODUCTION

Human immunodeficiency virus (HIV) reverse transcrip-
tase, the replicative polymerase for HIV, remains a major
target for drug therapy. HIV-1 RT is a dimer composed of 66
(p66) and 51 (p51) kilodalton (kDa) subunits with the lat-
ter being derived from the former by cleavage of C-terminal

amino acids. The enzyme possesses DNA polymerase ac-
tivity that can be directed by either an RNA or DNA tem-
plate and RNase H activity that cleaves RNA that is part
of an RNA-DNA hybrid (1). Traditional small-molecule
inhibitors to HIV RT, including nucleoside (NRTIs) and
non-nucleoside (NNRTIs) inhibitors, have revolutionized
our ability to treat HIV and Acquired Immune Deficiency
Syndrome (AIDS). However, drug resistance and toxicity
remain major concerns moving forward and highlight the
need for alternative approaches.

Among the potential alternatives are aptamers, short nu-
cleic acid molecules that bind with high affinity to targets
(typically but not always proteins). Aptamers have many
potential uses in diagnostic and therapeutic applications.
These include, among others, replacement of antibodies
in biochemical assays (e.g. ELISA), utilization as biosen-
sors, as tools for studying the molecular biology of virus
replication, and development of antiviral drugs (2–10). In
addition to strongly inhibiting enzymatic activity in vitro
(11–13), aptamers have shown potent antiviral activity and
low toxicity in cell culture, and efficacy in animal mod-
els (6,14–25). Inhibitory aptamers to HIV-1 RT can bind
with low nM KD values or even sub-nanomolar (11–13,26–
28). An FDA approved aptamer (Macugen) for the treat-
ment of macular degeneration is currently in use (7,29).
Despite hurdles regarding effective delivery of aptamers to
patients, understanding how these compounds interact so
strongly with proteins could provide insights into the de-
velopment of future inhibitors. Furthermore, there is great
potential for developing aptamers that can overcome deliv-
ery problems and systems that can effectively transport ap-
tamers and other drugs to target cells (30–33). This makes it
all the more important to move forward on understanding
aptamer-protein interactions and developing novel classes
of aptamers.

Aptamer selection is usually performed using a method
called Systematic Evolution of Ligands by Exponential
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Enrichment (SELEX), which was invented in the 1990s
(34,35). In SELEX, repeated rounds of selection and am-
plification are used to select nucleic acid sequences that
bind the target protein with high affinity from randomized
starting pools with tremendous diversity (1014 or more dif-
ferent sequences). Aptamers to hundreds of proteins have
been evolved over the years, including several classes of both
RNA and DNA aptamers against HIV-1 RT. The RNA ap-
tamers are structurally diverse, including some that form
pseudoknots (27,36–38). Several DNA-based aptamers in-
cluding those that form G-quadruplex structures (13), or
loop-back primer-templates that resemble the HIV poly-
purine tract (11), as well as other unique classes (26,39)
have been characterized. Some of these aptamers, includ-
ing RNA pseudoknots (40) and more recently, a primer-
template mimicking aptamer (41), have been crystalized
with HIV-1 RT.

Potential recognition by host cell defense systems and
degradation by host nucleases is an important concern for
developing aptamers and other nucleic acid mediated drugs.
These issues can be partially overcome by using aptamers
constructed completely or in part from modified nucleotides
that may evade recognition and are resistant to degrada-
tion. However, modifying DNA or RNA aptamers selected
in SELEX protocols can significantly alter specificity and
target binding. More recently, mixed aptamers consisting of
ribonucleotide analogs (e.g. 2′-fluoro-2′-deoxyribonucleic
acid) have been selected from starting pools using a T7
RNA polymerase optimized for incorporating 2′-F-dUTP
and 2′-F-dCTP residues along with GTP and ATP. This
approach allows direct selection of high affinity aptamers,
which unlike aptamers composed solely of unmodified ri-
bonucleotides, are RNase resistant (42–45).

Synthetic nucleotides (2′-deoxy-2′-fluoroarabinonucleoti
des, FANA) have also been used to modify the com-
position of thrombin aptamers containing G-quartets.
Note that FANA is structurally distinct from the 2′-
fluororibonucleotides described above as the sugar ring
in FANA typically adopts a C2’/O4’-endo conformation
as opposed to a C3’-endo conformation for 2′-fluoro-
ribonucleotides, and the fluorine group in FANA is in the
� as opposed to � conformation (46–48). The modified
thrombin aptamers showed greater thermal stability and
nuclease resistance, and tighter binding to thrombin (49,50).
FANA is part of a group of synthetic nucleic acid analogs
containing altered sugar backbones referred to as xeno-
nucleic acid or XNA. XNAs are unique because the un-
natural structure of the nucleoside is typically less suscepti-
ble to degradative enzymes (51–55). Like DNA and RNA,
XNAs can form highly stable complex structures making
them ideal for aptamer selection. A groundbreaking tech-
nique has enabled SELEX-based selection of aptamers di-
rectly from pools with all four nucleotides replaced by XNA
nucleotides of several different types (51) (for commentary
see (53–55)). The key breakthrough was the design by mu-
tagenesis of thermostable polymerases that can transcribe
DNA to XNA and the different types of XNA back to
DNA.

In this report, we describe selection of FANA XNA ap-
tamers to HIV-1 RT. These are the first FANA aptamers to
any protein made by direct selection using all FANA nu-

cleotides. These aptamers are structurally unique in com-
parison to other RNA and DNA aptamers and bind with
pM affinity, comparable to the tightest binding HIV-1 RT
aptamers currently known. They are also extremely potent
inhibitors of HIV-1 RT in vitro. These represent the first
XNA aptamers to HIV-1 RT and demonstrate that XNA
is an excellent alternative for aptamer production against
protein targets.

MATERIALS AND METHODS

Materials

All 2′-deoxy-2′-fluoro-arabino-nucleotides (faATP, faCTP,
faGTP, faUTP) were obtained from Metkinen Chemistry
(Kuusisto, Finland). Deoxyribonucleotide triphosphates
(dNTPs) were from Roche. Taq polymerase, EcoRI HF R© re-
striction enzyme, T4 polynucleotide kinase (PNK), calf in-
testinal alkaline phosphatase (CIP), murine leukemia virus
reverse transcriptase (MuLV RT), 10X ThermoPol buffer
(Mg2+-free), MgSO4, and 10× CutSmart buffer were from
New England BioLabs. Avian myeloblastosis virus (AMV)
RT was from Affymetrix. Radiolabeled ATP (� -P32) was
from Perkin-Elmer. G-25 spin columns were from Har-
vard Apparatus. Miniprep DNA preparation kits were pur-
chased from Qiagen. Nitrocellulose filter disks (Protran BA
85, 0.45 �m pore size and 25-mm diameter) were from
Whatman. All DNA oligonucleotides were from Integrated
DNA Technologies. All other chemicals were from VWR,
Fisher Scientific, or Sigma. The HIV-1 RT expression vector
(derived from HXB2 proviral clone (56)) was a generous gift
from Dr Michael Parniak (University of Pittsburgh). The
enzyme was purified as described (57) and stored in aliquots
at −80◦C. Thermostable polymerase D4K was prepared as
described and stored in aliquots at −20◦C (51).

Methods

End-labeling of oligonucleotides with T4 PNK. The DNA
oligonucleotides were 5′ end-labeled in a 50 �l volume con-
taining 10–50 pmol of the oligonucleotide of interest, 1× T4
PNK reaction buffer, 10 U of T4 PNK and 10 �l of (� -32P)
ATP (3000 Ci/mmol, 10 �Ci/�l). The labeling reaction was
done at 37◦C for 30 min according to manufacturer’s pro-
tocol. PNK enzyme was heat inactivated by incubating the
reaction at 75◦C for 15 min. Excess radiolabeled nucleotides
were then removed by centrifugation using a Sephadex G-
25 column.

Synthesis of the FANA starting pool. FANA
synthesis was performed using a 97 nucleotide
DNA template (5′-AGGCCAACTGGATAGCGA
A(N)40CGAATTCAGCACTACCTTTTGGCAAA
CGCTAATAAGGG-3′) with a randomized 40 nucleotide
central region (Primer 1 region underlined and EcoRI
restriction site is in bold italics). The 25 �l reaction con-
tained 1.6 �M of DNA template, 1 �M of 5′ end-labeled
DNA primer 1 (5′-AAAAGGTAGTGCTGAATTCG-3′,
see Figure 1), 250 �M of each faNTP, 1X ThermoPol
buffer (20 mM Tris–HCl, 10 mM (NH4)2SO4 10 mM KCl,
0.1% Triton R© X-100, pH 8.8@25◦C) and 2 mM MgSO4.
Reactions were denatured and annealed by heating to
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Figure 1. SELEX approach used to select FANA aptamers with tight binding to HIV-1 RT. The protocol used a DNA template containing a 40 nucleotide
random region flanked by two fixed sequences at the 5′ end (19 nucleotide) and 3′ end (38 nucleotides). The FANA random pool produced using primer 1
was 79 nucleotides long, composed of 20 DNA nucleotides on the 5′ end and 59 FANA nucleotides. DNA template and FANA random pool were separated
based on size on a denaturing polyacrylamide gel. Refer to Material and Methods for further details.

94◦C for 2 min and cooling to 4◦C at rate of 0.1◦C/s.
D4K enzyme 0.3 �M (final concentration) was added and
FANA synthesis was carried out in 4 cycles of 50◦C (5
min), 65◦C (5 min), and 94◦C (1 min). Upon completion,
an equal volume of 2× gel-loading buffer (90% formamide,
10 mM EDTA pH 8, 0.25% each bromophenol blue and
xylene cyanol) was added and the material was run on an
8% denaturing polyacrylamide-7M urea gel (19:1 (w:w)
acrylamide:bisacrylamide) in Tris–boric acid-EDTA (TBE)
buffer (58). The 79 nucleotide fully extended product (20
nucleotides 5′ DNA-59 nucleotide FANA), which was 18
nucleotides shorter than the DNA template, was excised
from the gel and eluted by the crush and soak method in
10 mM Tris–HCl (pH 7.0) buffer overnight (58). Material
was passed through a syringe filter and the nucleic acid
was recovered by ethanol precipitated using 50 �g of
glycogen as a carrier. Each reaction yielded ∼5 pmol of 79
nucleotide material. Several reactions were performed to
obtain enough FANA to start the first round of selection.

Selection of FANA aptamers with HIV-1 RT using gel-shift.
About 200 pmol of FANA random pool was heated to 90◦C
for 3 min (buffer described below) then quickly cooled on
ice. This material was incubated with 12.5 pmol of HIV-
1 RT in 25 �l of buffer containing 50 mM Tris–HCl (pH
8), 80 mM KCl, 2 mM MgCl2 and 1 mM DTT. The incu-
bation was at room temperature for 1 h. After incubation,
6 �l of 6× gel loading buffer (30% glycerol, 0.25% each
(w/v) bromophenol blue and xylene cyanol) were added
and the material was run on a 6% native polyacrylamide
gel (29:1 (w:w) acrylamide–bisacrylamide) in TBE buffer
at 150 V and 10◦C until the blue dye marker was ∼2–3
in. below the wells. A control reaction containing FANA
random pool without HIV-1 RT was also run. Shifted
FANA material was excised from the gel and eluted as
described above. The recovered material was reverse tran-
scribed to DNA in a 20 �l reaction containing 500 �M
of each dNTP, 1× ThermoPol buffer (see above) contain-

ing 1 mM of MgSO4, rather than 2 mM, 0.5 �M of DNA
primer 2 (5′-AGGCCAACTGGATAGCGAA-3′, see Fig-
ure 1) and 0.3 �M of polymerase D4K. The enzyme was
added after the denaturation and hybridization step, as de-
scribed above. Reverse transcription was performed in a sin-
gle cycle for 2 h at 65◦C. Three different reactions were per-
formed following reverse transcription to obtain the FANA
substrate for the next round of selection: (i) All material
from the reverse transcription was used for a 100 �l PCR
reaction that contained 1 �M 5′-P32 labeled primer 2, 1
�M DNA primer 3 (5′-CCCTTATTAGCGTTTGCCAA
AAGGTAGTGCTGAATTCG-3′, see Figure 1), 200 �M
of each dNTP, 1× Taq buffer, and 5 U of Taq polymerase.
The PCR was performed at 94◦C (2 min), followed by cy-
cles at 94◦C (30 s), 55◦C (30 s) and 72◦C (30 s). Thirty-
three microliters were removed at cycles 15, 18 and 21. The
material was run on 12% native polyacrylamide gel. Prod-
ucts corresponding to the correct size 97 base pair dsDNA
were excised and processed as described above. If less than
∼10 pmol of product was recovered, another PCR reactions
was performed using 0.1 pmol of recovered dsDNA and the
above conditions for 8, 10 and 12 cycles. (ii) The second
reaction was performed to produce single-stranded DNA
template to regenerate FANA. An 800 �l reaction volume
contained about 8 pmol of material from PCR 1, 1 �M of 5′-
P32 labeled primer 2, 200 �M of each dNTP, 1× Taq buffer,
and 40 U of Taq polymerase. The reaction was divided into
eight tubes (100 �l each) and asymmetric PCR was carried
out as described above for 20 cycles. Reactions were com-
bined and the DNA was recovered by ethanol precipitation.
The material was run on an 8% denaturing polyacrylamide-
7M urea gel as described above. Single strand DNA of the
correct length (97 nucleotides) was excised and recovered
as described above. (iii) The last reaction was performed
to synthesize FANA from the single-stranded DNA as de-
scribed above under ‘Synthesis of FANA starting pool’ with
the following changes: the amount of 5′-P32 labeled DNA
primer 1 used was equal to the amount of recovered single
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stranded DNA. Reactions were split into several tubes with
∼40 pmol of single stranded DNA template in each reac-
tion. This approach typically yielded ∼10–20 total pmol of
FANA for the next selection round. In round 2, the amount
of HIV-1 RT was decreased to 5 pmol then 2 pmol in round
3 and 1 pmol thereafter. Selection was continued for a to-
tal of seven rounds. After the second round, some material
from PCR 1 was saved as a source to regenerate the selected
material from these rounds.

Sequences analysis of FANA products recovered from round 5.
Sequences from FANA selected material from round 5 were
cloned using a TOPO TA cloning kit from Life Technolo-
gies. DNA mini-preps were prepared and the products were
sequenced by Macrogen (Rockville, Maryland). The se-
quences were analyzed using BioEdit and folded structures
were generated using the online mfold program and the de-
fault settings for RNA (59). The appropriate DNA oligonu-
cleotide templates for some recovered sequences were syn-
thesized and generation of FANA material was performed
as described above.

Apparent equilibrium dissociation constant (KD,app) and dis-
sociation rate constant (koff) determinations using nitrocel-
lulose filter binding assay and gel-shift. Standard reactions
for KD,app determinations were performed in 1 ml of buffer
containing (final concentrations): 2 pM 5′ end-labeled ap-
tamer, 50 mM Tris–HCl (pH 8), 80 mM KCl, 1 mM DTT, 2
mM MgCl2 and 0.1 mg/ml BSA (for some determinations
with the FANA FA1 aptamer, other buffer conditions were
employed as indicated in Table 2). Increasing amounts of
HIV-1 RT (or AMV and MuLV RTs as indicated) diluted
in the above reaction buffer was added in amounts that ap-
proximately flanked the KD,app value (estimated from initial
experiments) for the aptamer. For aptamers with very low
KD,app values (e.g. FA1 (Table 1), KD,app = 4 ± 3 pM) the
amount of RT used was 0, 1, 2, 4, 8, 16, 32, 64, 128, 10
000 pM. HIV-1 RT concentrations below 1 pM were not
used as they could not be reproducibly differentiated from
the no enzyme sample background. After 10 min at room
temperature, the reactions were applied to a 25 mm nitro-
cellulose disk (0.45 �m pore, Protran BA 85, WhatmanTM)
pre-soaked in filter wash buffer (25 mM Tris–HCl pH 7.5,
10 mM KCl). The filter was washed three times under vac-
uum with 1 ml of wash buffer at a flow rate of ∼0.25 ml/s.
Filters were then counted in a scintillation counter. The con-
centration of bound aptamer was determined for each RT
concentration using a saturating RT level as a reference for
the maximum amount of material that could be bound in
the assay. A plot of bound aptamer vs. RT concentration
was fit to the following equation using KaleidaGraph in or-
der to determine the KD,app: [ED] = 0.5([E]t + [D]t + KD,app)
– 0.5(([E]t + [D]t + KD,app)2 – 4[E]t[D]t)1/2, where [E]t is the
total enzyme concentration and [D]t is the total aptamer
concentration (60). For some constructs with KD,app values
in the nM range, the above assay was modified to include
100 pM nucleic acid in 50 �l assay volume. This modifica-
tion allowed the use of higher concentrations of RT while
using less total RT.

A gel-shift assay was also performed for the FA1 aptamer.
The 50 �l total reaction volume contained the same buffer

described above for filter binding and 2 pM aptamer. HIV-1
RT dilutions used in this assay were 0, 1, 2, 4, 8, 16, 32, 64,
128, 256, 512, 1024 and 2048 pM. After 10 min of incuba-
tion at room temperature, 10 �l of 6× loading gel buffer was
added to the reaction and the material was run on a 6% na-
tive polyacrylamide gel in TBE buffer at 150 V and 10◦C un-
til the blue dye marker was ∼2–3 in. below the wells. The gel
was dried, exposed to an imager screen for about 60 hours,
and quantified using a phosphorimager (Fuji FLA7000).
KD,app values were determined by plotting the total amount
of gel-shifted aptamer vs. the RT concentrations and fitting
the data to an equation for ligand binding one-site satura-
tion in SigmaPlot. The equation was y = Bmax(x)/KD + x
where x is the concentration of RT and y is the amount of
gel-shifted aptamer. The experiment was performed three
times and the KD,app value in Table 2 is an average of those
experiments ± standard deviation.

Dissociation rate constant (koff) determinations were per-
formed in the same buffer with 5 nM (final concentration) of
5′ end-labeled aptamer and 5 nM of HIV-1 RT in 98 �l. The
reaction was incubated at room temperature for 5 min. Two
microliters of non-radioactive aptamer (1 �M final concen-
tration) was added to the reaction at time ‘0’. This was used
as a ‘trap’ to sequester RT molecules as they dissociated
from the labeled aptamer. Aliquots of 10 �l were vacuum
filtered over nitrocellulose filters as above at times 0, 15, 30,
60, 90, 120, 180 and 240 minutes. For some aptamers that
bound less stably to RT, a shorter time scale was used. The
nitrocellulose filter disks were washed, and processed as de-
scribed above. Off-rates (koff) were determined by plotting
the retained counts versus time, and fitting the data to an
equation for single, two parameter exponential decay us-
ing SigmaPlot. The equation was y = ae−bx, where y is the
amount of labeled aptamer bound at time x and a is the
amount bound at time 0. Experiments were repeated at least
two times and averages ± standard deviations are reported.

Preparation of substrate for reverse transcriptase in-
hibition assays. Fifty pmol of 50 nucleotide tem-
plate (5′-TTGTAATACGACTCACTATAGGGCGA
ATTCGAGCTCGGTACCCGGGGATC-3′) and 50
pmol of 33 nucleotide 5′ 32P end-labeled primer (5′-
GATCCCCGGGTACCGAGCTCGAATTCGCCCTAT-
3′) were mixed in 20 �l containing 50 mM Tris–HCl (pH 8),
1 mM DTT, and 80 mM KCl. The mixture was heated to
80◦C for 2 min, and then cooled at a rate of 1◦C per minute
to 30◦C. This material was used directly in the assays.

Preparation of ddG-terminated 38 NT SELEX substrate.
Fifty pmol of 38 NT SELEX DNA was incubated with 2
units of Klenow DNA polymerase in 50 �l of buffer con-
taining 50 mM Tris–HCl (pH 8), 1 mM DTT, 50 mM KCl,
6 mM MgCl2, and 50 �M ddGTP for 30 min at 37◦C. The
material was extracted with phenol–chloroform and pre-
cipitated with ethanol. The precipitated material was run
through a Sephadex G-25 spin column to remove any re-
maining unused ddGTP. The recovered material was not
extendable by HIV-1 RT in the presence of dNTPs (deter-
mined by 5′ end-labeling a portion of the material with �
32P ATP), indicating that it was 3′ terminated with ddG.
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Table 1. KD,app and koff measurements for FANA and DNA aptamers

1FANA aptamers and various DNA aptamers 2KD,app values (pM) 2koff (s−1)

FANA aptamers
FANA random pool 6100 ± 700
FA1 4 ± 3 0.00011 ± 0.00005
FA2 16 ± 6
FA3 270 ± 20
FA1�1–14 5 ± 1 0.00009 ± 0.00002
FA1GCstems 12 ± 5 0.00013 ± 0.00006
FA1GCstems�L4/S4 1500 ± 400
FA1GCstems�L2 260 ± 40
FA1GCstems�L1 18 ± 6
FA1GCstemsL1→stem 19 ± 5
MuLV (random pool)a 2200 ± 400
MuLV (FA1)a 1300 ± 400
AMV (random pool)a 3200 ± 300
AMV (FA1)a 5000 ± 2100
DNA aptamers
38 NT SELEX 160 ± 20
38NT2,4-methyl 14 ± 2 0.00010 ± 0.00004
R1T G-quadruplex 6 ± 1 0.00014 ± 0.00003
FA1→DNAa 23 000 ± 9000
Random pool DNAa 24 000 ± 4000
RNA aptamer
26 nt RNApseudoknot 210 ± 10

1––Refer to text and Figure 4 for information on the various FANA aptamers. All experiments were with HIV-1 RT except those designated as MuLV and
AMV.
2––KD,app and dissociation rate constant (koff) measurements shown in this table were performed using nitrocellulose filter bind as described in Materials
and Methods. Results are an average of three or more independent experiment ± standard deviations.
aDetermined using 100 pM alternative KD assay (see Material and Methods).

Table 2. KD,app measurements for FANA binding to HIV-1 RT under different conditions

Buffer conditions used to measure KD,app

1Approximate ionic
strength (mM)

2KD,app
(pM)

Gel shift assay: 50 mM Tris–HCl pH 8.0, 80 mM KCl, 1 mM DTT, 2 mM MgCl2, 0.1
mg/ml BSA

99 8 ± 1

Filter binding assay:
50 mM Tris–HCl pH 8.0, 80 mM KCl, 1 mM DTT, 2 mM MgCl2, 0.1 mg/ml BSA 99 4 ± 3
50 mM Tris–HCl pH 8.0, 50 mM KCl, 1 mM DTT, 10 mM MgCl2, 0.1 mg/ml BSA 93 16 ± 8
1xPBS + Mg2+: 1.7 mM KH2PO4, 5 mM Na2HPO4, 150 mM NaCl, 2 mM MgCl2 170 22 ± 4
50 mM Tris–HCl pH 8.0, 150 mM KCl, 1 mM DTT, 2 mM MgCl2, 0.1 mg/ml BSA 190 74 ± 20

1––Ionic strength was calculated assuming 50% ionization for Tris buffer as the pH was very close to the buffer pKa. An online calculator was used for the
determinations (http://www.lenntech.com/calculators/activity/activity-coefficient.htm).
2––KD,app measurements were performed using nitrocellulose filter binding or gel shift assay as described in Materials and Methods. Results are an average
of three or more independent experiment ± standard deviations.

Reverse transcriptase inhibition assay. Inhibition assays
were performed essentially as described previously (12). Re-
actions contained substrate (1:1 primer:template, final con-
centration in reactions was 50 nM in 5′ 32P end-labeled
primer) in 30 �l of buffer containing 50 mM Tris–HCl
(pH 8), 1 mM DTT, 80 mM KCl, 6 mM MgCl2, and 0.1
�g/�l BSA. Aptamer inhibitors (1 nM final concentra-
tion) were included in some assays. Five �l of a supple-
ment containing 800 �M dNTPs (100 �M final) in the
above buffer were added to the reactions. The mixture was
placed at 37◦C for 2 min. Primer extension was initiated
by adding 5 �l of HIV-1 RT (0.25 nM final concentration
in reactions) in the above buffer. Five microliters aliquots
were removed at 2, 5, 10, 15 and 20 min and add to 5
�l of 2× formamide gel loading buffer. Samples were run
on a 10% denaturing polyacrylamide–7M urea gel (19:1
acrylamide:bisacrylamide), dried, then quantified using a

phosphorimager (Fuji FLA7000). A graph of the number
of phosphorimager counts (photo-stimulated luminescence
(PSL) radiation units) versus time was plotted. Experiments
were repeated at least twice. Some experiments with AMV
and MuLV RTs were also conducted (see Supplemental
Data).

RESULTS

Protocol for FANA aptamer selection

Aptamers were selected from a starting pool of approxi-
mately 1014 different sequences by the method shown in Fig-
ure 1 and described in Materials and Methods. The random
pool contained a 20 nucleotide fixed DNA sequence at the
5′ end followed by a 40 nucleotide region of random FANA
nucleotides, then 19 nucleotides of FANA fixed sequence.
Since FANA is not completely resistant to DNases (50), se-

http://www.lenntech.com/calculators/activity/activity-coefficient.htm
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lection was performed without the removal of the 20 nu-
cleotide 5′ end DNA. Therefore the selected aptamers were
chimeric and contained a relatively short fixed DNA region
along with a longer FANA region. Although this introduces
the possibility of a DNA–FANA hybrid region that could
be important for HIV-1 RT selection, results with the tight-
est binding aptamer (FA1, Table 1, and Figure 4) indicated
that at least the first 14 DNA nucleotides could be deleted
from the selected aptamer without a loss of binding affinity.

Selection was performed by gel-shift. A titration of the
random pool with HIV-1 RT is shown in Figure 2 (right
panel). Shifting was observed only in the far right lane
where 500 nM HIV-1 RT was added. This concentration
of RT was used in the first round of the selection process.
By round 5 a discrete band was observed even at the lowest
concentration of RT used in the experiment shown in Fig-
ure 2 (left panel). In contrast, the random pool shifted only
at the highest concentrations and no prominent band was
observed. No further increase in binding was observed in
two additional rounds of SELEX conducted after round 5
so the selection was terminated at this point.

Sequences recovered from the FANA SELEX

Material from round 5 of the SELEX was cloned and 31
sequences were recovered (see Supplemental Data, Figure
S1). Several sequences had lost one or more bases from
the random region (initially 40 nucleotides) during the se-
lection process. No sequence appeared more than once, al-
though two sequences differed by just a single nucleotide
(sequences 5 and 10), and others differed by just two nu-
cleotides (sequences 6 and 8). This is quite different from
other SELEX experiments performed in this lab where late
rounds typically showed several repeats of the same se-
quence (39,61,62). The sequences were folded using the
mfold program for RNA (59). Since FANA is different from
RNA or DNA and no programs for folding XNAs are avail-
able, structures produced by mfold may not be highly accu-
rate, although FANA is known to bind strongly to DNA
and RNA sequences (46) and probably forms structures
that are highly related to these nucleic acids. Nine differ-
ent sequences were chosen for further analysis (sequences
1–9 in Supplemental Data, Figure S1). Both structure and
sequence were considered in choosing which recovered se-
quences to further analyze. Sequences which showed con-
siderable levels of identity (e.g. 1, 2 and 3; 5 and 10; and
6 and 8) to other sequences in the pool were analyzed.
Also, representative examples of those with common fold-
ing trends (based on mfold predications) were tested. This
was the basis for choosing 4, 7 and 9. FANA sequences were
produced from chemically synthesized DNA as described in
Materials and Methods. Of the nine, only three sequences
(1, 2 and 3) bound significantly better than the random
pool, with one and two showing low pM binding to HIV-
1 RT (Table 1).

The sequences 1, 2 and 3 (denoted FA1, FA2 and FA3,
Figure 3) were related to each other at the sequence level
but showed much less identity to any of the other recov-
ered sequences. FA1 and FA2 showed 75% identity (pair-
wise alignment using BioEdit) in the random region while
FA1 and FA3, and FA2 and FA3 each showed 63% iden-

tity in this region (Figure 3). FA1 and FA2 produced sim-
ilar folded structures in mfold (Figure 4). A notable differ-
ence was the unpaired 3′ terminal nucleotide in FA2. In con-
trast, despite relatively high identity to the other sequences,
FA3 produced a different structure (Figure 4) in mfold. As
mfold is not designed to fold FANA, it remains possible that
FA3 could form a similar but perhaps less stable version of
the FA1 and FA2 structures, and this could help explain its
modestly enhanced affinity (see below) for HIV-1 RT. Based
on KD,app values, FA3 bound about 23 times better than ran-
dom pool while FA1 and FA2 bound about 1500 and 400
times more tightly, respectively (Table 1, see Supplemental
Data Figure S2 for examples of graphs used for filter bind-
ing KD,app determinations).

The aptamer structure and the sequence are important to tight
binding and the DNA sequence at the 5′ end can be mostly
truncated without a significant effect on binding

To test the importance of the DNA region at the 5′ end of
the aptamer for tight binding to HIV-1 RT, an EcoRI re-
striction site present in the DNA was used to truncate 14
nucleotides on the 5′ end of the FA1 aptamer (FA1 was
used because it bound HIV-1 RT modestly more tightly
than FA2). This produced a new aptamer that retained just
6 nucleotides of DNA (FA1�1–14, Figure 4). This aptamer
bound HIV-1 RT with essentially the same affinity as FA1
(Table 1), suggesting that at least the first 14 nucleotides of
the DNA portion of the aptamer is not required for tight
binding.

It was notable that the DNA portion of FA1 and FA2
was predicted to form a 5′ overhang with the 3′ recessed
FANA (Figure 4), which mimics the natural substrate of a
polymerase. Other HIV-1 RT DNA aptamers also generated
recessed 3′ termini which could be extended by HIV-1 RT
in the presence of nucleotides (26). Experiments were con-
ducted with dNTPs and faNTPs and several polymerases
to test extension from the 3′ end of FA1 (see Supplemental
Figure S3). No extension was observed with HIV-1 RT or
any other polymerase. Although this may suggest that HIV-
1 RT is not binding to the 3′ terminus in the proper orien-
tation for extension, it could also be due to an inability to
extend from a FANA nucleotide.

To test the binding of the aptamer to HIV-1 RT sev-
eral modifications of the sequence and underlying structure
were examined. A version of FA1 in which all the stem struc-
tures were converted to G-C base pairs was constructed
(Figure 4, FA1GCstems). This construct differed from FA1
by 14 nucleotides, but maintained the basic structure of
FA1. FA1GCstems presumably takes advantage of the sta-
bility of G-C versus A-T or G-U base pairs in stems, and
mfold predicted a �G of −32.1 kcal/mol for an RNA with
the sequence of FA1GCstems versus −16.5 kcal/mol for
FA1. The KD,app for binding to RT was ∼3 times higher
for FA1GCstems than FA1 (Table 1). This small decrease
in binding affinity, despite changing several nucleotides,
emphasizes the importance of the secondary structure for
binding RT.

To investigate the importance of various regions of the
aptamer for HIV-1 RT binding, truncations were made
in FA1GCstems and binding was measured. FA1GCstems
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Figure 2. Titration of FANA with HIV-1 RT. A gel-shift experiment performed using 10 nM of selected material from round 5 of the SELEX protocol
(Figure 1) or random pool, and different amounts of HIV-1 RT is shown. The concentrations of RT used were from left to right 0, 50, 100, 200, 300, 400
and 500 nM. Positions of unshifted and shifted material are indicated.

was used instead of FA1 to take advantage of the ex-
pected stabilization of G-C pairs, where truncations could
be made without significantly disturbing structural motifs
distal to the truncated region. For clarity, the four loop re-
gions in the folded structure of FA1GCstems are denoted
in Figure 4 as L1–L4 with L1 most proximal to the 5′ and
3′ ends. The four stem regions were denoted S1–S4 with
S1 most proximal to the 5′ and 3′ ends. Deletion of nu-
cleotides 47–56 resulted in removal of L4 and S4 (Figure 4,
FA1GCstems�L4/S4). Though folding indicated that the
general structure of FA1GCstems�L4/S4 outside of the
deleted region was unchanged, binding to HIV-1 RT was
severely reduced to near the level of the random pool (Ta-
ble 1). Removal of L1 (FA1GCstems�L1) or changing L1
to a stem (FA1GCstemsL1→stem) did not significantly
change binding (Table 1). Removal of the asymmetric L2
loop (FA1GCstems�L2) resulted in a much greater loss in
binding affinity of approximately 23-fold (Table 1). From
these experiments we conclude that the secondary structure
conformation of the aptamer as well as L2 and the L4/S4
regions are pivotal for tight binding to HIV-1 RT. These ex-
periments do not rule out the possibility that some specific
sequences in the loop regions are important for binding.
They also did not test for the possibility that small changes
in the lengths of specific stems or size of loop regions could
affect binding. However, they do indicate that the general
structure of the aptamer must be maintained for high affin-
ity binding to HIV-1 RT.

Results above indicated that FA1 binds very tightly to
HIV-1 RT when filter binding is used to assess affinity. To
confirm this result, binding was examined by a gel-shift
method (Figure 5). Results were in good agreement with fil-
ter binding with a KD,app of 8 ± 1 pM versus 4±2 pM for
filter binding under the same assay conditions (Table 2). In
gel-shifts, the level of shifted material appeared to saturate
at ∼32 pM RT and a portion of the FA1 material (∼1/3)
was not shifted, even at very high RT concentrations above
1 nM (Figure 5). The unshifted material may represent mis-
folded FA1 or an alternative folding form with lower affinity

for HIV-1 RT. Since the KD,app value for these experiments
was determined by fitting the amount of shifted material
versus [RT] to an equation for ligand binding one-site satu-
ration (see Materials and Methods), the value only reflects
the form of FA1 that was able to shift under the experimen-
tal conditions.

Comparison of FANA aptamers with other HIV-1 RT ap-
tamers

Several DNA and RNA aptamers to HIV-1 RT have been
selected (see Introduction). Binding constants for other ap-
tamers that are known to bind tightly to HIV-1 RT were
also determined using the same filter binding assay that was
used for FANA aptamers, and the KDapp values are shown
in Table 1. The primer-template mimicking aptamers 38 NT
SELEX (11) and 38NT2,4-methyl were developed before
by our group and the latter aptamer was recently crystal-
ized with HIV-1 RT (41). The G quadruplex aptamer R1T
(13) and the 26 nucleotide RNA pseudoknot aptamer have
been previously described (27). This RNA pseudoknot con-
stitutes of the minimum domain required for high affin-
ity binding to HIV-1 RT as described for aptamer ‘1.1’ in
Tuerk et al. (27). The R1T aptamer bound HIV-1 RT about
as stably as FA1 while 38NT2,4-methyl also bound very
tightly with a KD,app approximately equal to FA1GCstems
and FA2. The koff values for these aptamers were also com-
parable to values for FA1, FA1�1–14 and FA1GCstems.
Aptamers 38 NT SELEX and the RNA pseudoknot bound
considerably less tightly, though still with high affinity. A
FANA mimic of 38 NT SELEX was also constructed and
bound essentially like FANA random pool to RT (Figure 4,
FA38 NT SELEX). A complete DNA version of FA1 also
bound with low affinity to RT (FA1→DNA) (Table 1). In
this case, the affinity was even lower than the binding of
HIV-1 RT to the FANA random pool. This is probably be-
cause HIV-1 RT binds FANA modestly more tightly than
DNA. Overall, these results show that the tight binding of
the FANA aptamers requires properties that are unique to
FANA and cannot be completely mimicked by DNA.
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Figure 3. (A) Full length sequences of FA1, FA2 and FA3 aptamers recovered from Round 5 of SELEX. FA1 and FA3 lost two nucleotides and FA2 lost
one nucleotide from the 40 nucleotide random starting pool region (non-underlined nucleotides) during the SELEX process. The 5′ and 3′ underlined
nucleotides were derived from fixed sequence primers and were composed of DNA and FANA, respectively (see Figure 1). (B) Pairwise (using BioEdit)
alignment of nucleotides derived from the 40 nucleotide random starting pool region of FA1, FA2 and FA3 aptamers. FA1/FA2 showed 75% identity while
FA1/FA3 and FA2/FA3 each showed 63% identity in this region.

The effect of ionic strength and buffer conditions on binding
of FANA aptamer FA1 to HIV-1 RT

Binding of nucleic acids to proteins is highly dependent on
the assay conditions including ionic strength and the con-
centration of divalent cations. The standard buffer condi-
tions used above to measure KD,app were the same as those
used in the SELEX selection process, and this buffer had
an approximate ionic strength of 100 mM (assuming about
50% ionization of the Tris buffer). In cells the ionic strength
is higher, and this is likely to weaken binding (63). Because
of the complexities of the cellular environment, it would
be difficult to directly correlate in vitro assays to binding
in the cell. However, a buffer with ionic strength nearer
to what exists in cells may more closely represent binding
of the aptamer to HIV-1 RT in cells. Phosphate buffered
saline (PBS) is commonly used for cell suspension and is iso-
tonic for many cells. The ionic strength of this buffer (with 2
mM MgCl2) is approximately 170 mM. Binding of FA1 was
tested in PBS with 2 mM MgCl2 and the results are shown
in Table 2. The KD,app value rose about 5-fold in this buffer
to 22 ± 4 pM, consistent with the increase in ionic strength.
A version of the standard buffer with 150 mM KCl had an
ionic strength of about 190 mM and resulted in a KD,app
of 74 ± 20 pM. Finally, others have shown that a 33 nu-
cleotide RNA pseudoknot aptamer bound HIV-1 RT with
a low pM KD, similar to what was observed for FA1 (28).
The Tris buffer used in those experiments contained 10 mM
MgCl2 and 50 mM KCl and had approximately the same
ionic strength as the standard buffer used here. With FA1,
this buffer resulted in a KD,app of 16 ± 8 pM. Overall the re-
sults show that the binding of FA1, like other nucleic acids,
is affected by ionic strength and buffer composition. How-
ever, binding to HIV-1 RT is very tight, even in buffers with
ionic strengths that resemble the environment in cells.

FANA aptamers are potent inhibitors of HIV-1 RT

Competition binding experiments have previously shown
that many aptamers to HIV-1 RT are probably bound in
the nucleic acid binding pocket, or at least overlap with
that pocket (12). The FA1 aptamer also binds in this pocket
as in competition experiments (Supplementary Data Fig-
ure S4), it can displace 38NT2,4-methyl, which has been
shown to bind in a primer-template configuration to HIV-1
RT in crystal structures (41). Binding in this pocket leads
to competition for primer-template binding and inhibition
of enzyme activity. To test the potency of FA1 in HIV-1
RT inhibition, the experiment shown in Figure 6 was per-
formed. A primer-template was included at 50 nM in the
assay along with 0.25 nM HIV-1 RT and 1 nM of various
aptamers. Extension of the radiolabeled primer was moni-
tored over time by gel electrophoresis and autoradiography
(see Supplemental Data Figure S5). FANA random pool
showed essentially no inhibition, while 38 NT SELEX (with
a 3′ terminal ddG residue added to prevent extension of
the aptamer by RT) inhibited the reaction by about 40%.
Both FA1 and the R1T G-quadruplex aptamers showed
nearly complete inhibition of RT extension. Note that this
occurred despite the aptamer being present at only 1/50th

the concentration of the primer-template. The inhibition is
consistent with the extremely tight and stable binding ob-
served for FA1 and R1T.

FA1 does not bind other RTs with enhanced affinity

The binding of FA1 to two commonly employed RTs was
tested. Although MuLV RT bound tighter to the FANA
random pool than HIV-1 RT, the binding affinity for FA1
was only about twice that for binding to the random pool
(Table 1). A similar result was obtained with AMV RT al-
though this enzyme bound less strongly to both FANA ran-
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Figure 4. Structure of FANA aptamers (denoted FA) recovered from round 5 of FANA SELEX (see Figure 1) and 38 NT SELEX aptamer. For FANA
aptamers, red indicates DNA nucleotides that were derived from the SELEX 5′ primer. Blue nucleotides are FANA nucleotides corresponding to the
SELEX 3′ primer while sequence derived from the 40 nucleotide random region are in black. Various derivatives of FA1 and FA1GCstems are also shown
(see text for a description). Folding was performed with mfold using standard conditions for RNA. Biochemical analysis of the various aptamers is reported
in Table 1 and the Result section. *38 NT SELEX is a previously reported DNA aptamer (11).
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Figure 5. Gel-shift analysis of FA1 with HIV-1 RT. (A) Radiolabeled FANA aptamer FA1 (2 pM final concentration, see Figure 4 for a depiction of FA1)
was incubated at room temperature for 10 minutes with increasing concentrations of HIV-1 RT (as indicated) in 50 �l of buffer containing 50 mM Tris–HCl
pH 8, 80 mM KCl, 2 mM MgCl2, 1 mM DTT, and 0.1 mg/ml BSA. Ten �l of 6× native gel loading buffer was added and the samples were loaded on a
6% native PAGE gel and electrophoresed and processed as described in Material and Methods. The positions of unshifted and shifted FA1 aptamer are
indicated. (B) A graph of shifted material versus [HIV-1 RT] is shown. RT concentrations beyond 64 pM are not shown on the graph to emphasize the
area where an increase in shifted material was observed. Beyond 32 pM the values for shifted material were essentially constant. The results are an average
of 3 exp. ± standard deviations (error bars). The curve was generated by fitting the data to an equation for ligand binding with one-site saturation using
SigmaPlot. The r2 value for this fit was 0.96. The KD,app value for gel-shift experiments in Table 2 of 8 ± 1 pM was determined from the mean of the
individual experiments ± the standard deviation.

Figure 6. Inhibition of HIV-1 RT primer extension by selected aptamers.
Assays included 50 nM primer-template (33 nucleotide primer: 50 nu-
cleotide template) and 0.25 nM HIV-1 RT. One nM of the indicated ap-
tamer was included. Reactions were initiated by adding dNTPs (50 �M
final) and aliquots were removed at the indicated time points. Primer ex-
tension was monitored on denaturing polyacrylamide gels and quantified
using a phosphorimager. All values for ‘Relative Extension’ are relative to
the level of extension at 20 minutes in the ‘No inhibitor’ sample. The 3′
nucleotide of 38 NT SELEX was replaced with ddG using Klenow for this
assay. FANA random pool was used for selection in round 1 of SELEX
and has random nucleotides in the 40 base random region (Figure 1). Re-
fer to Table 1 for information on the DNA aptamers, 38 NT SELEX and
R1T. The structures of FA1 and 38 NT SELEX are shown in Figure 4.

dom pool and FA1. AMV and MuLV RTs are structurally
related to HIV-1 RT and all three enzymes use very similar
poly-purine tracts to initiate second strand DNA synthesis.
In addition, primer-template mimicking aptamers for all 3
enzymes show strong homology (62). Despite this, MuLV

and AMV RTs showed no significant preference for bind-
ing FA1 over FANA random pool. In addition, FA1 did
not strongly inhibit either AMV or MuLV RT (Supplemen-
tal Data, Figure S6).

DISCUSSION

In this report, a method to directly select aptamers to HIV-
1 RT containing only FANA nucleotides in the randomized
region is demonstrated. These are the first such aptamer se-
lected for binding to HIV-1 RT or any other protein. The
methodology employed could be used in theory to pro-
duce FANA aptamers to any protein. In addition, several
other classes of XNA aptamers (LNA (locked nucleic acid),
HNA (1,5-anhydrohexitol nucleic acid), ANA (arabinonu-
cleic acid), TNA (�-L-threofuranosyl nucleic acid), CeNA
(cyclohexenyl nucleic acid)) can potentially be selected us-
ing the modified enzymes used here and others (51). The
FANA aptamers produced here bound extremely tightly to
HIV RT, equivalent to the levels of the tightest binding
DNA aptamer (Table 1). They also competed for binding
with the primer-template mimicking 38NT2,4-methyl ap-
tamer, suggesting that like other HIV-1 RT aptamers (12),
FA1 binds in the substrate binding pocket or at a site that
overlaps the binding pocket.

Strong binding to target proteins by aptamers contain-
ing unnatural nucleic acid moieties has been demonstrated
by others (42,49,50,64–67). In these cases, the aptamers
were produced by replacement of specific nucleotides in
DNA or RNA aptamers, or direct selection of aptamers
containing both unnatural and natural nucleotides. Some
of these ‘mixed aptamers’ bind much more tightly to the
target protein than the homogeneous RNA or DNA ap-
tamers, and may also be more resistant to RNases in com-
parison to RNA aptamers (see Introduction). A commonly
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used approach for producing mixed aptamers is to use 2′-
F-dCTP and 2′-F-dUTP along with natural ATP and GTP
(see Introduction). This approach led to mixed aptamers to
HIV Env that were RNase resistant and capable of inhibit-
ing virus infection in tissue culture (42,44,68). Another ap-
proach involved direct selection of aptamers that contained
dNTPs and a limited number of 7-(2-thienyl)imidazo[4,5-
b]pyridine (Ds) residues (69). This approach took advan-
tage of the ability of a thermostable polymerase to incor-
porate an unnatural nucleotide complementary to Ds that
could be copied back to the Ds nucleotide by the poly-
merase. Aptamers to vascular endothelial cell growth fac-
tor 165 (VEGF-165) and interferon � (INF � ) bound these
target proteins with affinities over 100 times greater than
those containing only natural bases. VEGF-165 is the tar-
get protein of the macular degeneration drug Macugen
(Pegaptanib Sodium), the only current FDA approved ap-
tamer therapeutic (29). The Ds modified VEGF-165 ap-
tamers bind several-fold more tightly to the protein target
than the current therapeutic which was produced by SE-
LEX with 2′-F-dUTP and 2′-F-dCTP as described above,
followed by subsequent modification (43). Unlike the above
approaches, the approach we used to produce HIV-1 RT
FANA aptamers allows selection of aptamers that are com-
posed completely of the unnatural nucleotides in the ran-
domized region of the aptamer. Mixed aptamers can also be
produced by this approach since the modified enzyme used
to construct the aptamer starting pool and amplify the se-
lected material in each round can incorporate both natural
and unnatural nucleotides (51). It remains to be determined
if aptamers composed completely of unnatural nucleotides
or those of a mixed composition will bind more tightly to
target proteins and it may depend on the particular target.

The FA1 aptamer produced here bound very tightly to
HIV-1 RT with a KD,app in the low pM range (Tables 1
and 2). Although this was a clear improvement over some
RNA aptamers and DNA aptamers, binding affinity and
dissociation rates were essentially the same as the R1T
G-quadruplex forming aptamer produced by others (13)
and an RNA pseudoknot aptamer previously characterized
(28). Also, although the 5′ DNA tail on FA1 could be mostly
removed without loss of binding affinity, attempts to trun-
cate other regions (using FA1GCstems) reduced binding
affinity (Figure 4 and Table 1). This resulted in FANA ap-
tamers that were relatively large (63 nucleotides for FA1�1–
14, the smallest high affinity aptamer tested). Performing
aptamer selections with a shorter randomized region or
testing more post-selection modifications could potentially
produce shorter FANA aptamers.

In conclusion, we have produced FANA aptamers to
HIV-1 RT that bind the protein with pM affinity and po-
tently inhibit polymerase activity. The protocol used allows
the production of aptamers that have only unnatural bases
in the randomized region (51). FANA aptamers produced
by this approach show greater resistance to nucleases (50)
and the protocol can also be used with several other un-
natural XNAs (51). FANA was used here because FANA
triphosphates are readily available and FANA represents a
good proof-of-principle model for XNA aptamers. Future
work will focus on developing aptamers with other XNAs

and testing their ability to inhibit HIV replication in cell
culture.
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