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ABSTRACT: Previously, we reported the in vitro combinatorial selection of phosphorothioate aptamers or
“thioaptamers” targeting the transcription factor NF-IL6. Using the same approach and purified recombinant
human NF-κB proteins RelA(p65) and p50, duplex thioaptamers have been selected that demonstrate
high-affinity, competitive binding with the duplex 22-mer binding site, IgκB. Binding energetics of RelA-
(p65) and p50 homodimers were studied using a quantitative electrophoretic mobility shift assay or EMSA.
As a reference system for competitive aptamer binding, the duplex 22-mer phosphoryl binding site known
as Igκ was determined to bind each p65 and p50 homodimer with a 1:1 stoichiometry and with affinities,
determined by global analysis,Kd ) 4.8 ( 0.2 nM for p65 andKd ) 0.8 ( 0.2 nM for p50. A global
analysis tool for competitive NF-κB/Igκ binding was developed and utilized to measure the affinity of
thioaptamers selected by both p65 and p50. The competition results indicate that the thioaptamers bind
and compete for the same NF-κB site as the known promoter element IgκB (Kd ) 78.9( 1.9 nM for a
p65-selected aptamer and 19.6( 1.3 nM for a p50-selected thioaptamer). Qualitative gel shift binding
experiments with p50 also demonstrate that the nature of enhanced affinity and specificity can be attributed
to the presence of sulfur. Collectively, these results demonstrate the feasibility of the thioaptamer in vitro
combinatorial selection technology as a method for producing specific, high-affinity ligands to proteins.

The use of oligonucleotides as inhibitors to normal protein
function in cells has many advantages. First, primary
structure complexity of nucleic acids can be achieved easily
using a wide range of enzymatic and chemical synthesis
techniques (1). Furthermore, chemical modifications, such
as the phosphorothioate, can be employed to render the
molecules more stable to nucleases (2). One of the greatest
advantages is that their potential size and complexity can
confer a degree of specificity and affinity that the small
molecule, noncovalent inhibitors cannot (3). The advent of
aptamer selection technology has made the discovery of such
ligands practical and widespread.

In vitro RNA aptamer combinatorial selection technology
was introduced in 1990 by Tuerk and Gold targeting the
bacteriophage T4 DNA polymerase (4). At the same time,
Ellington and Szostak discovered that RNA aptamers could
be selected for binding to lower molecular weight organic
compounds, suggesting the possibility of catalytic RNAs if
selection was performed with transition state analogues (5,
6). The potential of aptamers has been demonstrated with
major progress in the past decade. These are impressive

diagnostic tools, potential therapeutics and also informative
regarding the nature of nucleic acid structure (7, 8). The
technology has been extended to DNA and RNA, both single
and double stranded, as well as to DNA containing a variety
of modifications, largely through postselection modifications
(5, 6). Aptamer technology has been applied to different
targets including whole viruses, proteins, peptides, amino
acids, and biological cofactors, showing that aptamers can
be developed for any desired molecule regardless of its
complexity (1, 7).

A randomized nucleic acid or “aptamer” library can be
thought of as a population of many three-dimensional
structures, some of which, by virtue of their shape, interact
specifically with a target molecule. When one considers
transcription factor and DNA duplex aptamer binding, the
structural reasons for affinity are still unclear despite
impressive structural biology gains over the past 15 years.
All transcription factors will bind nonspecific DNA duplexes
to some degree. Thus when targeting transcription factors,
the highest degree of selectivity is desired. We may utilize
quantitative binding data to effectively measure the effect
of differences in aptamer sequence, thus telling us which
modifications produce tighter binding, more specific agents.
This is especially important in the case of NF-κB1 where
dimers of the same family have subtle differences in sequence
preference. Only a single base change in a given duplex can
alter the affinity in gel shift experiments.
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NF-κB was first discovered to bind to a 10 base pair region
of theκ light chain gene enhancer in pre-B lymphocytes (9).
NF-κB dimers are inducible transcription factors, which exist
in the cytoplasm in an inactivated state associated with an
inhibitor protein, IκB. IκB masks NF-κB’s nuclear localiza-
tion sequence and inhibits NF-κB’s translocation to the cell
nucleus. A variety of stimuli have been reported to activate
NF-κB, including phorbol esters, UV irradiation, growth
factors and cytokines, viral infection, and LPS (10). Upon
activation, NF-κB translocates to the nucleus where it
influences transcription of genes involved in the inflamma-
tory and immune responses, as well as developmental
processes and metabolic enzymes governing normal cell
homeostasis.

Although aκB consensus sequence [GGG(R)NN(Y)(Y)-
CC] has been established (11), the binding specificity of any
given NF-κB dimer is determined by the two subunits which
comprise it (12). The mammalian NF-κB family of transcrip-
tion factors includes RelA(p65), c-Rel, RelB, p50/p105, and
p52/p100 (13). ATP-dependent cleavage of the larger,
inhibitory proteins p100 and p105 is necessary for the
production of p52 and p50, respectively (14). NF-κB proteins
are related through the presence of a Rel homology region
(RHR) that contains approximately 300 conserved N-terminal
amino acids (10, 15). The RHR is necessary for DNA
binding, protein dimerization, and interactions with IκB
proteins. The RHR also contains the nuclear localization
sequence (NLS) that is necessary for the translocation of NF-
κB proteins to the nucleus (10). The inhibitory IκB proteins,
such as the NF-κB DNA binding proteins, also exhibit a great
degree of diversity, including IκB-R, IκB-â, IκB-δ, IκB-ε,
IκB-γ, p105, p100, and Bcl-3 in vertebrates. Disruption of
NF-κB genes using transgenic technology leads to deficien-
cies in immune responses. Although developmentally normal,
mice deficient in p50 display functional defects in immune
responses (16). Disruption of the p65 locus leads to
embryonic lethality at 15-16 days of gestation, concomitant
with a massive degeneration of the liver by programmed cell
death or apoptosis (16). Mice cells lacking p65 are defective
in the stimulus-induced transcription of TNF-R, IκB-R, and
granulocyte-macrophage colony stimulating factor (GM-
CSF) (16). In addition, lymphocytes from p65 knockouts
show reduced proliferative response upon stimulation (17).
Collectively, knockout mice have demonstrated the impor-
tance of NF-κB proteins in immune system function. NF-
κB is therefore an obvious target for new types of anti-
inflammatory and immunomodulating treatments. Current
antiinflammatory treatments include glucocorticoids (18),
anti-oxidants (19), and gliotoxin, a naturally occurring
inhibitor of NF-κB (20). All of these treatments have their
issues of selectivity, effectiveness, and toxicity, and pro-
longed inhibition of NF-κB, given the data from single and
double knockout mouse studies, is inappropriate (16, 17).

Aptamers are typically generated using an iterative process
called in vitro selection, which requires a purified target
molecule and a nucleic acid library. The iterative process
involves mixing the target and the library in known ratios
and separating the bound members of the library from the
unbound. The bound fractions are then amplified using PCR,
and the process is repeated until the population is sufficiently
enhanced for high-affinity aptamers. Typically, the random
library will converge to only a few, high-affinity sequence

families producing suitable compounds for further study.
Kunsch et al., using in vitro selection techniques, have
determined that homodimers of NF-κB p65 can select and
bind DNA sequences that NF-κB p50 homodimers do not
bind (11). Using purified recombinant p50, p65, and c-Rel
proteins, they showed that optimal, dimer-specific DNA
binding motifs can be selected from a pool of random, normal
backbone oligonucleotides. These results, however, were
determined qualitatively, and the actual energetic differences
in binding were not determined.

An important class of backbone-modified nucleic acids
includes the phosphorothioates where either one (monothio)
or two (dithio) nonbridging oxygens are replaced with sulfur
atoms. Their most basic attributes include enhanced nuclease
resistance (21), the ability to interact with enhanced specific-
ity to proteins (22, 23), and the ability to form complemen-
tary base pairs with both DNA and RNA (24). This work
focuses on monothiophosphate DNA duplexes, their ability
to interact with proteins, and their development in the field
of aptamer technology. The phosphorothioate and phospho-
rodithioate backbone modifications are not only nuclease
resistant but taken up efficiently by cells. Unlike the
dithiophosphates, which are achiral at each phosphorus
center, the monothiophosphates introduce a new chiral center
at each phosphorus position. Nucleotides containing the
phosphorothioateSp configuration can be incorporated into
combinatorial DNA libraries byTaq DNA polymerase to
produce phosphorothioate modifications containing theRp

configuration (25-28).
Previously, we reported the methods for novel combina-

torial selection of chiral phosphorothioate, enhanced nu-
clease-resistant aptamers for the transcription factor NF-IL6
(27). In this paper, we present the combinatorial selection
and quantitative binding analysis of thioaptamers selected
for both the p50 and p65 NF-κB homodimers. The basis for
enhanced binding of these thioaptamers to proteins has been
attributed to altered ion affinities (29). Because sulfur
interacts less favorably with hard cations such as Na+, the
thio-substituted phosphate esters then act as bare anions, and
since energy is not required to strip the cations from the
backbone, phosphorothioates should bind even tighter to
proteins. It has been shown that as much as 1 kcal/mol of
binding energy between an enzyme and a phosphorothioate
substrate can be detected when one changes from theRp to
the Sp configuration about phosphorus. This demonstrates
the very specific nature of protein and phosphorothioate DNA
interactions (30-33). Sulfur also has a much larger van der
Waals radius than oxygen. These bulky effects can change
the torsional angles of the nucleic acid backbone. Smith and
Nikonowicz (34) have investigated the RNA binding site of
the MS2 capsid using NMR spectroscopy, and they find that
phosphorothioate substitution causes an unpaired adenine
necessary for formation of the MS2 capsid protein-RNA
complex to loop out of the RNA helix into the major groove.

Oligonucleotides possessing high thiophosphate backbone
substitutions appear to bind nonspecifically to proteins
relative to normal phosphate esters. Thus, there has been a
need to optimize the total number of thioated phosphates
using either rational design principles or combinatorial
techniques to decrease nonspecific binding to nontarget
proteins in the cell and enhance only the specific favorable
interactions with a target such as NF-κB. Our results suggest
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that the selection can be employed to obtain protein-specific
thioaptamers. We report that the presence of thioates in the
aptamer backbone confers increased affinity and specificity
for target NF-κB dimers. The quantitative approach reported
here is essential to understanding the forces of phospho-
rothioate interaction with NF-κB.

MATERIALS AND METHODS

NF-κB Expression and Purification.Human NF-κB GST
fusion proteins, p65 and p50, were expressed inEscherichia
coli BL21 using the pGEX vector (Pharmacia). The NF-κB
constructs contain the sequences for residues 12-317 of
human p65 and 11-400 of human p50. These fragments
include the conserved Rel homology regions, or RHR’s, of
NF-κB. Their calculated masses of p65 and p50 monomers
are 34842 and 46072 Da, respectively. Bacteria were grown
in LB at 37 °C until the OD600 reached 0.5 when 1 mM
IPTG was added to a 20 L fermentor. The induction
continued for 4 h. The cells were harvested by centrifugation
and then resuspended in 20 mM NaH2PO4, pH 7, 1 M NaCl,
1 mM EDTA, 1 mg/mL aprotinin, and 1 mM PMSF.
Lysozyme was then added to the suspension to a final
concentration of 1 mg/mL, followed by three freeze/thaw
cycles with sonication. The lysate was then centrifuged to
pellet the debris at 10000g, and the soluble fraction was
loaded directly onto a 25 mm/45 cm glutathione-Sepharose
affinity column equilibrated with lysis buffer. The column
was washed with the high salt lysis buffer to remove
contaminating bacterial nucleic acids and proteins. The UV
spectrum was monitored until absorbance at all wavelengths
reached a baseline. The column was then washed with the
same buffer containing 100 mM NaCl in preparation for
thrombin cleavage. One thousand units of thrombin was then
loaded onto the affinity column and allowed to incubate
overnight at 4°C. The cleaved, eluted protein was concen-
trated to 10 mL and loaded onto a Mono Q anion-exchange
column, 25 mm/200 cm. The NF-κB proteins did not bind
to this column, and the flow through was collected. The
protein was then concentrated and quantified by UV spec-
troscopy and Coomassie staining (Bio-Rad). Both quantifica-
tion methods yielded the same result within 10%. This
produces soluble and active protein that is greater than 99%
pure as estimated by 4-20% gradient SDS-PAGE, UV
spectral analysis, and MALDI TOF.

Combinatorial Selection of Thioaptamers.The methods
for combinatorial selection of thioaptamers using targeting
p65 and p50 are essentially the same as the methods
described for NF-IL6 (27). Briefly, a 66-mer single-stranded
library was chemically synthesized containing a 22-base
random or variable region flanked by 19-base 5′ and 21-
base 3′ primer segments: 5′ ATGCTTCCACGAGCCTTTC
N22 CTGCGAGGCGGTAGTCTATTC 3′. The single-
stranded library was replicated using Klenow fragment DNA
polymerase and subsequently amplified usingTaq poly-
merase and a mixture of 40µM each dATP(RS), dTTP,
dGTP, and dCTP, 500µM MgCl2, 2.9 µM 66-mer random
template, 0.5 unit ofTaq polymerase, and 400 nM each
primer in a total volume of 100µL. PCR is run for 25-35
cycles of 95°C/1 min, 55°C/1 min, and 68°C/1 min. The
resulting 66-mer library, therefore, containedRp configured
monothiophosphate modification 5′ to every dA residue,
including those residues in the primer regions. Purified

recombinant NF-κB proteins were used to select thioaptamers
using the filter binding method (35) until the libraries
converged with 20 iterations (p65) and 15 iterations (p50).
The PCR-amplified random library of the chiral duplex
phosphorothioate 66-mer at dA positions (100 pmol) was
incubated with 10 pmol of NF-κB p50 or p65 in 50µL of
buffer containing 10 mM Tris, pH 7.5, 1 mM DTT, and 50-
400 mM KCl and filtered through Millipore HAWP 25 mm
nitrocellulose filters (following a modification of the protocol
from ref 35). Under these conditions the DNA-protein
complexes were retained on the filter. The filters had been
previously presoaked in 10 mM Tris, pH 7.5, 1 mM DTT,
and 50-400 mM KCl, 1× binding buffer that contains no
protein or DNA. The filter was then washed with 10 mL of
1× binding buffer to remove the majority of the DNA, which
only weakly bound to the protein. A 1 mL solution of 8 M
urea and 4 M NaCl was then added to elute the protein-
bound DNA. A negative control without protein was
performed simultaneously to monitor any nonspecific binding
of the thiophosphate DNA library to the nitrocellulose filter.
The DNA was ethanol-precipitated and once again PCR-
amplified with the dATP(RS) nucleotide mix. The PCR
products were analyzed by 15% nondenaturing polyacryl-
amide gel electrophoresis.

Refolding of p65.Maximum purity from contaminating
bacterial nucleic acids is essential for the quantitative analysis
of binding. To ensure this, a sample of p65 was treated as
follows. The p65 protein was purified as described above;
however, it was then unfolded in 10000 MWCO dialysis
cassettes (Pierce) in buffer with 7 M urea and 14.3 mM
â-mercaptoethanol. This material was then loaded onto a
Mono S FPLC column at 2 mL/min until the absorbance
reached a baseline. Under these conditions, it is assumed
that any remaining bacterial nucleic acid potentially bound
to the protein will flow through the column and only the
positively charged, denatured protein will bind to the cation-
exchange resin. Thus, no competing, trace amounts of
contaminant will significantly alter the apparent binding
affinity. A linear gradient (0-1 M NaCl) was then applied,
and p65 appears in fractions containing about 300 mM NaCl.
The peak fraction was pooled and redialyzed against
denaturing buffer to remove salt. The protein was then
refolded in normal phosphate buffer described above. Bind-
ing to Igκ was performed to compare equilibrium constants
(Kd) of natively purified and denatured purified p65.

Oligonucleotides.All oligonucleotides, including PCR
primers, were purchased from Midland Certified Reagents,
Midland, TX, where they are synthesized by standard
phosphoramidite chemistry and purified by reverse-phase
HPLC. Each 22-mer Igκ strand used for quantitative binding
analysis was labeled separately using T4 polynucleotide
kinase and [γ-32P]dATP, followed by removal of the
unincorporated nucleotide by gel filtration. The gel filtration
products were lyophilized using a speed vac and then
resuspended in binding buffer and quantified. The duplex
was annealed and its purity assessed on 8% polyacrylamide
TBE gels. Table 1 lists the oligonucleotides used in the
quantitative binding studies. The combinatorially selected
sequences have monothiophosphate modification 5′ to each
dA residue since the enzymatic steps of our in vitro selection
utilized dATP(RS).

9698 Biochemistry, Vol. 41, No. 30, 2002 King et al.



Enzymatic Synthesis of 5′ Biotin-Labeled Phosphorothioate
Aptamers.Chiral phosphorothioates were PCR synthesized
as previously described (27). Oligonucleotides selected
combinatorially have monothiophosphate modification 5′ to
each dA residue in a 22 base pair randomized segment. The
5′ biotinylated PCR primers for each construct were obtained
from Midland Certified Reagents, Midland, TX. PCR is run
for 35 cycles with limiting concentrations of plasmid
template, obtained by TA cloning of the PCR and selection
products, and once again a mix of dATP(RS), dTTP, dCTP,
and dGTP. To determine the optimal plasmid DNA concen-
tration for the aptamer synthesis, a serial dilution was
performed on the products from a Quiagen miniprep kit. This
prevents any significant amount of plasmid DNA in the final
aptamer preparation. The PCR products were further purified
by filtering over nitrocellulose to removeTaq polymerase
and concentrated using an Amicon spin microconcentrator.

Electrophoretic Mobility Shift Assay (EMSA).The binding
affinity of the NF-κB proteins was analyzed using the
electrophoretic mobility shift assay. Native 8% polyacryl-
amide (135 mm/155 mm/2 mm) gels were prepared using
stock solutions of 30% acrylamide, 2% bisacrylamide, 5×
TBE, pH 7.6, and 80% glycerol and 30% ammonium
persulfate. The 5× TBE contained 445 mM Tris base, 445
mM boric acid, and 10 mM EDTA, pH 7.6. The final
conditions of the gel were 0.25× TBE, 8% acrylamide,
0.075% bisacrylamide, 2.5% glycerol, 0.0675% APS, and
0.075% TEMED. The gels were cooled to 4°C before the
binding reactions were loaded. The conditions of the binding
reactions were 10 mM KH2PO4, 100 mM NaCl, 0.1 mM
EDTA, 5 mM MgCl2, 40 mM DTT, 6% glycerol, and 1 mg/
mL BSA at pH 7.0.

Both the proteins and the DNA were serially diluted in
30% glycerol and binding buffer, respectively. The reactions
were 50µL total volume consisting of 10µL of water, 10
µL of a 5× mix containing MgCl2, KH2PO4, DTT, NaCl,
and BSA, 10µL of protein and 20µL of 32P-labeled DNA.
In the case of competition experiments, the 10µL of water
was substituted with 10µL of the preannealed aptamer
duplex. Since the aptamer duplex was annealed in 1×
binding buffer, the 5× mix was reduced to 4× concentration.
For a single isotherm, the protein or aptamer concentration
remained fixed, and the 22-mer Igκ duplex DNA was titrated

at up to 16 different concentrations in 16 separate tubes.
There was a 1 hincubation period before addition of 1µL
of tracking dye and loading onto the gel. For the best
resolution of bands, alternate wells of the gel were skipped.
Each isotherm was generated using two gels. The gels were
run for 60 min at 1 mA/cm2 until the xylene cyanol and
bromophenol blue bands are resolved. The gels were then
placed on blotting paper and dried with vacuum at 75°C
heating for 1.5 h. The radioactivity on the gel in counts per
minute (cpm) was measured using a Packard Instant Imager.

Analysis of Binding Data.The protein-DNA complex was
separated on the gel from the free DNA, and the total
radioactivity on the gels is used to determine the specific
activity of the DNA. Since the32P-labeled Igκ DNA is titrated
into a fixed amount of NF-κB, a linear regression can be
performed to determine the specific activity of the DNA on
the gel in moles per counts per minute. The observable,
dependent variable in the EMSA is the concentration of DNA
bound [DB] and is proportional to the specific activity in
moles per counts per minute times the radioactivity in the
shifted band (counts per minute shifted) divided by the
volume of the reaction loaded on the gel (eq 1). The simple

equilibrium expression (eq 2) was used to derive a math-
ematical model for analysis of [DB] in terms of the two
independent variables, Igκ total concentration ([D]t) and
NF-κB dimer concentration ([P]t) (eqs 3 and 4). In our

experiments, each isotherm was collected as a titration where
labeled Igκ was titrated into a fixed amount of NF-κB dimer.
Thus, we reasoned that the saturation point could also serve
as an accurate determination of total active protein ([P]t) if
this variable is allowed to float as a calculated parameter.
When total protein was allowed to float in the regression,
the new value called [P]t* was generated separately for each
isotherm at a given NF-κB concentration. These equations
are sufficient to analyze data sets with two independent
variables and one dependent variable; thus, global fitting of
multiple isotherms is possible. The data were globally fit
using the known quantities [D]t, as measured by UV
spectroscopy, [DB], the amount of DNA in the shifted band
on the gel, and [P]t*, as determined by allowing [P]t to float
as a parameter. [P]t* approached the measurements of [P]t
made by UV and Coomassie staining for protein concentra-
tion determination and was found to approximate the
concentration of total NF-κB dimer. To investigate the
possibility of cooperative interactions between NF-κB mono-
mers, we generated Hill plots of log [Igκ]free versus logfb/
(1 - fb), wherefb is the fraction of labeled Igκ bound.

To be sure that the aptamers bound to the same NF-κB
binding site as Igκ, fixed concentrations of thioaptamer were
added to the reference titration of32P-labeled Igκ. The
equations for global competitive inhibition analysis were
derived as follows. The model for competitive inhibition is
assumed as follows:

Table 1: Sequences of Oligonucleotides Used in Binding Analysis

a DNA sequences of combinatorially selected thioaptamers, chemi-
cally synthesized oligonucleotide duplexes with thiophosphate modi-
fication 5′ to each dA residue.

[DB] ) [(mol/cpm)(cpm shifted)]/volume loaded (1)

Kd ) [P][D]/[DB] (2)

z ) [D]t + [P]t + Kd (3)

[DB] ) (z - [(z2) - 4[D]t[P]t] 1/2)/2 (4)
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where eqs 2 and 5 describe the free concentrations and the
equilibrium constants governing their distribution. Here the

phosphorothioate aptamer competes directly for the same
NF-κB sites as Igκ. The binding affinity,Kd

app, of the protein
for its natural substrate is modulated by the expression 1+
[I]/ KI, where [I] is free inhibitor concentration andKI is the
dissociation constant of the inhibitor. This expression can
be substituted directly into the quadratic equations for simple
binding (eqs 6 and 7). The concentrations of all species in

solution are related by the mass balance equations (eqs 8
and 9), which allows calculation of [I]. [P] or free protein is

calculated from the equilibrium expression in eq 10, since
Kd for the uninhibited reaction is known. The experimentally

observable quantity [DB] at multiple [I]t and/or [P]t can be
used to determineKI by global regression analysis. For
example, using a value ofKd ) 4.77 nM (p65/Igκ experi-
mentally determined), one calculates the distribution of
species for different experimental [I]t concentrations. The
individual fits for each isotherm were used to determine [P]-
t*, the total active dimer concentration andKd

app at each
individual [I]t. Thus the global fitting equations are ther-
modynamically valid and apply directly to the EMSA/32P-
label detection system described here. Again, when the global
fit is performed, the adjusted [P]t* values from each single
isotherm are used. The program used for plotting and data
analysis is SigmaPlot (Jandel Scientific).

Chemiluminescent EMSA for QualitatiVe Assessment of
Aptamer Binding.The EMSA conditions are the same as
outlined above; however, labeling the PCR primers used to
amplify the 22-mer-selected constructs with 5′ biotin allows
visualization of bound/free species using the commercially
available chemiluminescent “LightShift” kit (Pierce). The
concentration of PCR-synthesized thioaptamer DNA was 1
nM and NF-κB protein was 4 nM. Briefly, once the EMSA
gel was run, the reaction products were electroblotted from
the EMSA gel to Biodyne B modified nylon membrane
(Pierce) and developed in kit buffer containing avidin-linked
horseradish peroxidase and its chemiluminescent substrate.
The membrane was then exposed to X-ray film, which was
then digitally scanned using Adobe Photoshop.

RESULTS

Expression and Purification of NF-κB p50 and p65.The
Rel homology region of NF-κB contains the DNA binding,
dimerization, and nuclear localization signals of the full-

length proteins. Previous methods employed to purify both
GST p50 and p65 involved the mixing of cell lysates with a
suspension of GSH affinity resin. While the SDS-PAGE
showed pure protein, the UV spectrum indicated severe
contamination with coeluting bacterial nucleic acid. This is
evidenced by a strong absorbance maximum near 260 nm
resulting in an∼1:2 280/260 ratio. Our newer method, which
does not require nucleic acid precipitating agents such as
streptomycin sulfate or poly(ethylenimine), utilizes the ability
of high salt (1 M NaCl) to disrupt interactions between NF-
κB and short pieces of bacterial DNA created by sonication.
Our results demonstrate that no contaminants significant
enough to offset our binding constants remain in the purified
NF-κB. As shown, there is a dramatic difference between
the two spectra, indicating that the newer method has
removed most, if not all, contaminating DNA (Figure 1).
Shown in Figure 2 are the 4-20% gradient SDS-PAGE
analyses of both p50 and p65. The proteins migrate on SDS-
PAGE gels according to their appropriate sizes. The calcu-
lated 280/260 ratios for p50 and p65 can be obtained from
a simulation, based on amino acid composition of the
proteins, of their respective UV spectra. The expected versus
the experimental 280/260 ratio for p65 is 1.36 and 1.60,
respectively. For p50, the expected versus the experimental
is 1.35 and 1.33. A sample of this p65 was subjected to a
further purification step under denaturing conditions to
remove any contaminating material and confirm that the

FIGURE 1: Comparison of UV spectra from two different purifica-
tion schemes: GSH affinity column purified with 1 M NaCl (solid
line); GSH affinity column purified with 100 mM NaCl (dotted
line).

FIGURE 2: Purity of NF-κB proteins p50 and p65. Serial 2-fold
dilution of NF-κB proteins on 4-20% gradient reducing SDS-
PAGE: (A) p65; (B) p50.

I + P y\z
KI

PI

KI ) [P][I]/[PI] (5)

z ) [D]t + [P]t* + Kd(1 + [I]/ KI) (6)

[DB] ) (z - [(z2) - 4[D]t[P]t] 1/2)/2 (7)

[I] ) [I]t - [PI] (8)

[PI] ) [P]t* - [P] - [PD] (9)

[P] ) Kd*[PD]/[D]t - [PD] (10)
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equilibrium constant is not offset significantly. The binding
results described below indicate that this denaturing protocol
for p65 is not necessary. N-Terminal sequencing of the first
10 residues confirms their correct sequences.

Combinatorial Selection of Thioaptamers.Shown in Tables
2 and 3 are the variable region sequences obtained from the
p65 and p50 combinatorial selections, respectively. The 66-
mer PCR construct used in the selection contains a 22-mer
variable region, potentially large enough to have two dimers
of NF-κB bound. The consensus sequence at the bottom of
each table reveals that the first 10 base pairs contain the
4-base polypurine tract common to normal phosphoryl NF-
κB binding sites. The second 5-base half-site reveals differ-
ences between thioaptamer selection and selections involving
normal phosphate ester backbone DNA; see Discussion. In

the next 5-10 base pairs, only very weak NF-κB elements
are observed, indicating that the selection could be driven
primarily by the presence of the first 5 base pairs, allowing
the other half of one NF-κB dimer to select for thio
substitutions. In the binding results presented below we
observe that, under the conditions of our experiments, there
is a 1:1 stoichiometry of a stable NF-κB dimer binding to
each aptamer. The sequencing results presented in Table 2
for p65 are truncated by a single base since alignment of
the NF-κB binding site or the PCR primer sequence
introduced a single base offset. This result is assumed to be
a PCR or cloning artifact. The sequences presented in Table
3 for p50 contain all 22 bases of the variable/random region.
We have no results suggesting a role for the thiophosphate-
modified primer regions; however, it is possible that some

Table 2: DNA Sequencing Results: Monothiophosphate Combinatorial Selection with NF-κB p65

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
1 G G G G T G T T G T C C T G T G C T C T C
2 G G G G T G T T G T C C T G T G C T C T C
3 G G G G T G T T G T C C T G T G C T C T C
4 G G G G T G T T G T C C T G T G C T C T C
5 G G G G T G T T G T C C T G T G C T C T C
6 G G G G T G T T G T C C T G T G C T C T C
7 G G G G T G T T G T C C T G T G C T C T C
8 G G G G T G T T G T C C T G T G C T C T C
9 G G G G T G T T C T C C T G T G C T C T C
10 G G G G T G G T G T G G C G A G G C G G C
11 G G G G T G G T G T G G C G A G G C G G C
12 G G G G T G G T G T G G C G A G G C G G C
13 G G G G T G G T G C G G C G A G G C G G C
14 G G G G T G T G C T G C T G C G G G C G G
15a G G A G T A G G T A G G C G A A T T C A G

Ab 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0
C 0 0 0 0 0 1 0 0 1 C 9 10 C 0 1 0 9 4 10 0 13
G 14 14 14 14 14 13 4 1 13 0 5 4 0 14 0 14 5 1 4 5 1
T 0 0 0 0 0 0 10 13 0 13 0 0 10 0 9 0 0 9 0 9 0

16c G G G G T G T T G T C C T G T G X Y C T C
a Sequence 15 found to not bind NF-κB p65/p65 in electrophoretic mobility shift assay.b Number of times a given residue appears.c Consensus

sequence based on the residue which appears the majority of the time in this position; note that monothiophospahte modifications are found 5′ to
each dA residue on the complementary strand also.

Table 3: DNA Sequencing Results: Monothiophosphate Combinatorial Selection with NF-κB p50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
1 G G G A C A C G G C A C A A G A A C A C G G
2 G G G A C A C G A C A C A A G A A C A C G G
3 G G G A C A C G G C A C A A G A A C A C A G
4 G G G A C A C G A C A C A A G A A C A C A G
5 G G G G C A C G A C A C A A G A A C A C A G
6 G G G G T T C C A C C T T C A C T G G G C G
7 G G G G C A G A A C C A T A C A C G G A C G
8 G C C A C C G C C C C C G A A T C G C A C G
9 G G G G G T G G C G G T C G A C C T T G T C
10 G G G A C A C G G C A C A A G A A C A C G G
11 G G G A C A C G A C A C A A G A A C A C G G
12 G G G A C A C G G C A C A A G A A C A C A G
13 G G G A C A C G A C A C A A G A A C A C A G
14 G G G G C A C G A C A C A A G A A C A C A G
15a C G A A C G G T G T T G C G T G T T G T T G

Ab 0 0 0 9 0 11 0 1 8 0 10 1 10 12 3 11 10 0 10 2 6 0
C 0 1 2 0 12 1 11 2 2 13 3 11 1 1 1 2 3 10 1 10 3 1
G 14 13 12 5 1 0 3 11 4 1 1 0 1 1 10 0 0 3 2 2 4 13
T 0 0 0 0 1 2 0 0 0 0 0 2 2 0 0 1 1 1 1 0 1 0

16c G G G A C A C G R C A C A A G A A C A C R G
a Sequence 15 found to not bind NF-κB p50/p50 in electrophoretic mobility shift assay.b Number of times a given residue appears.c Consensus

sequence based on the residue which appears the majority of the time in this position; note that monothiophosphate modifications are found 5′ to
each dA residue on the complementary strand also.
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weak, nonspecific NF-κB binding occurs in this region. For
binding affinity analysis, we selected clone number 1 since
it occurred most frequently from the p65 selection and clone
6 from the p50 selection since it demonstrated the tightest
binding when initially screened. Sequence number 15 in each
table represents a clone from each initial library which failed
to bind NF-κB.

Analysis of Binding Data for Igκ: p65 and p50 Ho-
modimers.Figure 3 shows Packard computer images of
typical EMSA gels used in these studies for p65 (A) and
p50 (B). There appears to be only two species representing
bound and free DNA on the gel. This is consistent with the
model and stoichiometric ratio that NF-κB binds to the Igκ
as a stable dimer, in a 1:1 dimer per 22-mer Igκ duplex.
Under the conditions of these experiments, we do not observe
any monomer/dimer equilibrium or cooperative interactions
between monomers. Figure 4 is the raw data from one
titration involving DNA into a fixed concentration of p65
protein. Only six data points are collected from each gel,
and the data points representing the lower DNA concentration
points are from a separate gel (not shown). The first plot
(A) is generated by adding the radioactivity in each lane in

counts per minute (cpm) [(cpm)total) (cpm)bound+ (cpm)-
free] and fitting this to the [D]t in each lane. The slope of
the linear regression demonstrates the linearity of the signal
from the Packard instrument over 3 logs of32P-labeled Igκ
DNA concentration and the effective separation of bound
from free DNA by the absence of counts lost to smearing.
The second plot (B) of bound IgκB versus total Igκ, a typical
binding isotherm, was fit to eq 4 to determineKd and total
active dimer, since we found that allowing the saturation
point to float in the regression produces a better fit. This
number is referred to as [P]t*. There was no dependence of
Kd on the total protein or on the degree of saturation. The
regression determines the total dimer concentration to be 6.63
nM, approximating the protein concentration measurements
using standard assays (5.22 nM).

For 10 titrations at three different total protein concentra-
tions (at least 3 titrations per [p]t) the error appears random.
Once each isotherm was fit separately, a global analysis was
performed with the new adjusted [P]t values or [P]t* (see
Supporting Information S1: Table 1). This analysis for the
p65 homodimer returned aKd of 4.77( 0.21 nM withR2 )
0.991. This global analysis is within 15% of the value for
the same analysis of the three best isotherms, which returns
a Kd of 4.11 ( 0.15 nM with R2 ) 0.998 (see Supporting
Information S2: Table 2). Also, when each concentration
of p65 is raised 10-fold,Kd appears the same as shown in
Figure 5 (also see Supporting Information S3: Table 3).
Shown in Figure 5 is the global fit normalized to [P]t* and
thus saturating at 1:1 stoichiometric ratio of [DB]/[P]t. The
same analysis for p50 was performed (Supporting Informa-
tion S4: Table 4). The three best isotherms fit to the global
model with aKd of 0.76( 0.14 nM withR2 ) 0.999 (Figure
6). As can be seen from the tabulated data, the total active
protein is at least 80% in most cases. This confirms the
stoichiometry of one stable dimer per IgκB duplex for both
p50 and p65. To test the possibility of cooperative inter-
actions governing the energetics of Igκ binding to p65, Hill

FIGURE 3: EMSA gel for the binding of p65 (A) and p50 (B) to
IgκB. A serial 2-fold dilution of the labeled Igκ DNA is made prior
to addition to binding reactions. The signals from both bands are
added in each lane and are proportional to [DNA]total for each
reaction.

FIGURE 4: EMSA gel analysis. (A) Linear regression analysis to
determine the specific activity of IgκB in fmol (y axis) per cpm (x
axis). The slope units of the line are fmol/cpm. (B) Binding isotherm
of IgκB or DNA bound vs Igκ total. [p65]t ) 5.22 nM ([P]t* )
6.63 ( 0.05 nM);Kd ) 4.44 ( 0.194 nM.

FIGURE 5: Global analysis of binding data for p65: (b) 100 nM
pt, (O) 50 nM pt, and (1) 25 nM pt.

Table 4: Summary of Binding Results for Igκ/NF-κB

Kd (nM) R2

1a 4.77( 0.21 0.991
2b 4.11( 0.15 0.998
3c 3.44( 0.41 0.998
4d 2.83( 0.15 0.999
5e 0.76( 0.14 0.999

a Global fit result from 10 titrations of p65.b Global fit of three
titrations shown in Figure 8 for p65 cooperativity analysis.c Global fit
10-fold higher concentration of p65/Igκ. d Renatured p65.e Global fit
of p50/Igκ binding (Figure 7).
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plots are shown in Figure 7. Linear regression analysis at
the lower concentrations of p65 data generates Hill coef-
ficients of 1. We assume that, with high correlation coef-
ficients (R2) and a low standard error of our global fits for

data with both p50 and p65, cooperative interactions
contributing to the energetics of binding are not significant.
Thus, the simple model of a stable protein dimer binding to
duplex Igκ with a 1:1 stoichiometry is sufficient to explain
all of the binding data. In Table 4, the global fitting results
for both p65 and p50 binding to IgκB are summarized.

Refolding of p65.If measures are not taken to remove
contaminating bacterial nucleic acids from the recombinant
NF-κB preparation, such as lysis in 1 M NaCl buffer, trace
amounts of DNA may be significant enough to compete with
the labeled, desired Igκ substrate and thus offset the affinity
and/or stoichiometry determination. To test this hypothesis,
some of the already purified material, with UV spectra as
that predicted for a pure protein with p65’s composition, was
further purified under denaturing conditions. Under these
conditions, a cation-exchange resin is expected to bind the
protein but not nucleic acids associated with the protein. The
denatured p65 bound reasonably well during cation-exchange
FPLC with very little absorbance in the flow-through
fractions. In a linear gradient from 0 to 1 M NaCl, the protein
eluted near 300 mM NaCl and was successfully refolded to
obtain active protein. Figure 8 shows the binding isotherm
for the renatured p65 binding to IgκB. TheKd for Igκ binding
to renatured p65 was not significantly lower than the
undenatured, natively purified p65 (2.83( 0.15 nM,R2 )
0.999 compared to∼4.0 nM; Figure 7, Table 4). Thus, if
any contaminant exists in the p65 preparation, its effect on
binding is negligible. This experiment was not performed
with p50 since the calculated and experimental 280/260 ratios
were within 2% of each other.

QualitatiVe Analysis of Enzymatically Synthesized Chiral
Phosphoromonothioate-Selected Aptamer Binding.The PCR
constructs for thioaptamer selection contain a 22-mer variable
region which, in theory, is large enough for two dimers of
NF-κB to bind, and further the selected sequences have two
“NF-κB-like” 10 bp sequences. Our quantitative binding
results presented in the next section, in corroboration with
the sequencing results, however, do not indicate that NF-κB
has selected for two, tight-binding 10 base pair sites. As a
preliminary control experiment, an individual clone from the
initial library used in the p50 selection was screened for
binding to p50. One clone from the initial library was
selected, enzymatically synthesized with monothiophosphate
modification 5′ to each dA residue, and purified as described
(27) and was shown not to bind p50 under the conditions of
this experiment (1 nM thioaptamer, 4 nM p50). These

FIGURE 6: Global analysis of binding data for p50: (b) 78.4 nM
pt, (O) 156.8 nM pt, and (1) 39.2 nM pt.

FIGURE 7: Cooperativity analysis of p65/Igκ binding.

FIGURE 8: Refolding of p65. The p65 NF-κB protein is purified as
in Materials and Methods but subjected to an additional denaturation
and renaturation scheme. The activity is measured in the standard
EMSA (2.83 ( 0.15 nM, R2 ) 0.999 compared to∼4.0 nM,
undenatured p65).
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enzymatically synthesized chiral monothiophosphates should
have weak affinity for the proteins since there was no
combinatorial selection on the library at this point. Further-
more, the presence of ca. 25% phosphorothioate in these
initial library clones does not contribute to nonspecific NF-
κB binding. Sequences selected from the 20th round of p65
selection at 1 nM show no binding to p50 at 4 nM (data not
shown), confirming the specificity of the selection for p65.

To test the importance of the monothiophosphate substitu-
tions in the thioaptamer toward the p50 homodimer, a 15th
round clone was PCR synthesized with a nucleotide mix
containing dATP instead of dATP(RS). As shown in Figure
9 (lanes 6-8), there appears to be no binding of the normal
phosphoryl backbone aptamer under these conditions. This
result is similar to the quantitative binding results found for
the p65-selected aptamer (see below).

Cold Competition QuantitatiVe EMSA.The aptamer/Igκ
competition for NF-κB was performed as described for the
uninhibited reaction, the buffer conditions being identical.
Each binding experiment was performed at several thio-
aptamer concentrations, or [I]t, for global nonlinear least-
squares fitting. The theoretical model shown here makes use
of the classic, competitive inhibition where the binding
affinity constant of the protein for its natural substrate,Kd,
is modulated by the expression 1+ [I]/ KI. [I] is free inhibitor
concentration andKI is the dissociation constant of the
inhibitor, and a good data fit to this model by regression
indicates direct competition between aptamer duplexes and
Igκ for the NF-κB DNA binding site.

This quantitative analysis was used to describe the
thioaptamer variable region binding of aptamers from the
20th round of the p65 and 15th round of p50 phospho-
romonothioate selection. When 22-mers chemically synthe-
sized of the p65 aptamer are compared (thio modified 5′ to
each dA) with unmodified phosphoryl duplex, the phospho-
rothioate binds with at least 3-fold greater affinity than the
normal backbone aptamer of the same sequence. The ability
of the duplexes to compete against the32P-labeled Igκ
sequence in the standard EMSA is compared. The binding
results were fit to the competition model. Table 5 reports
the global fitting results for labeled Igκ binding to p65 at
three protein concentrations, global fitting at four different
concentrations of the normal aptamer duplex (400, 200, 100,
and 50 nM all at 25 nM p65), and global fitting results for
the phosphoromonothioate-modified aptamer at two concen-
trations of the duplex (400 and 200 nM at 25 nM p65). The
apparentKd increases and the curve shifts to the right as
one goes from uninhibited to normal backbone to phospho-
rothioate backbone (Figure 10). Plotted in Figure 10 are the
normalized to [P]t* curves for the 25 nM p65 titrations which

compare uninhibited reactions, the normal backbone aptamer
competition reactions, and the thioaptamer competition
reactions.

A similar analysis for the p50-selected aptamer was
performed to describe the binding of p50 homodimers to the
thioaptamer sequence 6 in Table 3. At a single p50
concentration, four different thioaptamer concentrations were
measured for their effect on the p50/Igκ reaction. Plotted in
Figure 11 are the binding isotherms of the data normalized
to [P]t*. The global analysis was performed once the
individual fits returned the saturation plots and a better
estimate of total active dimer. Again, as the concentration
of thioaptamer increases, the curve shifts to the right and
Kd

app for Igκ binding increases. Table 6 reports the global
fitting results. The global fitting analysis determines a value
of 19.6( 1.3 nM for the binding of this thioaptamer to p50.
It should be noted, however, that each chemically synthesized
thioaptamer consists of a diasteromeric mixture containing
2n different stereoisomers, wheren is the number of
monothiophosphates (28 ) 256 for the p65-selected aptamer
and 27 ) 128 for the p50-selected aptamer). The competition
assay thus observes the binding of a population of different
stereoisomers, not all of which have been selected for. If

FIGURE 9: Binding of the aptamer clone is influenced by the
presence and absence of monothiophosphate modification. Thio-
aptamer selected by p50 with sulfur (1-4) and without (5-8). Lanes
1 and 5: no p50, 1 nM DNA. Lanes 2-4 and 6-8: p502
concentration 4 nM. DNA concentration is varied as 0.25, 0.5, and
1 nM. With a 4-fold excess of p50, no binding in lanes 6-8, not
thiophosphate modified.

Table 5: Global Fitting Statistics of p65-Selected Thioaptamer
Binding to p65 in Cold Competition with Radiolabeled Igκ

Kd (nM) R2 [I]t (nM) Ki (global)

1a Kd 0.998 0 3.44( 0.41
2b Kd

app 28.29( 0.95 0.999 400 78.85( 1.87
3c Kd

app 10.8( 0.23 0.999 400 249.42( 7.16
a Global fit of three data sets for uncompeted p65/Igκ reaction.b p65/

Igκ/thioaptamer reaction.c p65/Igκ/phosphoryl aptamer sequence, nor-
mal backbone.

FIGURE 10: Cold competition quantitative EMSA for p65-selected
thioaptamers: 1, uninhibited reaction (1); 2, thiomodified p65-
selected sequence (O); 3, unmodified p65-selected sequence (b).

FIGURE 11: Cold competition quantitative EMSA for p50-selected
thioaptamers at the indicated thioaptamer concentrations: 800 nM
(b), 400 nM (O), 200 nM (3), and 100 nM (1).
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one only considers those thiophosphate modifications in the
10- base thioaptamer binding region of the 22-mer, the
numbers reduce to 24 ) 16 for the p65-selected thioaptamer
and 23 ) 8 for the p50-selected thioaptamer. We also observe
that since the data fit the global model, the thioaptamers are
binding a single NF-κB dimer in a 1:1 stoichiometry.

DISCUSSION

Phelps et al. (36) examined the possibility of cooperativity
for the cognate mouse NF-κB proteins binding to Igκ. While
they also used EMSA to study these interactions, their
analysis differs from ours in several ways. To establish a
model involving monomer-dimer interactions, they first
studied the interaction of dimerization-deficient mutants with
a single IgκB half- site. This parameter was utilized in their
two parameter fit involving the native proteins. Our analysis
of the native proteins only utilizes a single parameter and
involves titrating the IgκB site into fixed amounts of native
(dimerization active) protein. In this way we were able to
measure the stoichiometry as no more than 1 dimer/Igκ

duplex. We also found thatKd is independent of protein
concentration and Hill plots of the p65 data indicate linearity,
with a slope of 1. We therefore limited our analysis to only
those conditions where we find an accurate stoichiometry.
Under these conditions for both p50 and p65 we were able
to perform global fits of our data at six or more protein
concentrations for p65 and four for p50, covering at least a
10-fold range for p50 and a 20-fold range for p65. Because
our main objective is to measure the binding affinity of our
phosphorothioate aptamers to dimers of NF-κB, we limit our
competition experiments to only those concentrations where
we observe the dimer.

Phosphorothioate aptamer combinatorial selection was
performed on the well-characterized human NF-κB proteins.
After 20 rounds of selection for p65 and 15 rounds for p50,
duplex aptamer sequences resemble known NF-κB sites. The
results are compared in Figure 12. Shown are the consensus
elements comparing phosphorothioate selection and phos-
phoryl selection with NF-κB. Kunsch et al. (11) performed
normal, unmodified binding site selection on recombinant
NF-κB homodimers p50 and p65. They were able to
demonstrate differential binding; that is, their candidate p50-
selected sequence demonstrated higher affinity for p50 than
it did for p65 and the p65-selected sequence demonstrated
higher affinity for p65 than it did for p50. When comparing
the 5′ 10 base pair terminus of the phosphorothioate aptamer
sequences to the normal backbone consensus, it is evident
that our sequences are altered. Note that the phosphorothioate
active binding sequence (A, ii) is the same as the consensus
(A, iii) since it occurred most often in our sequencing results

from the p65 thioaptamer selection. The p50 consensus
sequence (B, iii) and the sequence found to have the tightest
binding in our screening of individual clones (B, ii) are
different. Thus it is difficult to conclude that there was
convergence of the p50 thioaptamer library. At round 10 this
sequence was more predominant (4/15 clones). At round 15,
16/22 clones had a similar sequence but failed to show tight
binding in the gel shift. It is possible that further rounds of
selection would result in convergence of the p50 aptamer
library, and in a control experiment, normal backbone
aptamer selected as a thioaptamer binds with lower affinity
and shows that the thioselection is indeed selecting for
thioates in positions that will enhance NF-κB binding. The
p65 homodimer is tolerant to changes in positions 4 and 5
(11). Note that in position 5 of the p65-thioselected dA(S)
there is a T whose complement on the opposite strand is an
A residue with 5′ Rp(sulfur) linkage. p50 is the less tolerant
of the two homodimers, and the consensus shown (B, i) has
no N at any positions or any 5′Y pyrimidine or 5′R for
purine. The p50 thioaptamer sequence (B, iii), however, has
three substitutions at positions 5, 6, and 9 where the T in
position 6 is unchanged. The T in position 5 of both thio-
selected sequences has been altered, even with p50. It is
possible that significant distortion of the duplex by the
monthio’s or the selective interaction of the thioate with the
protein contributes to this. The nonbinding clones from the
initial libraries, Tables 2 and 3, sequence 15, which have
thio modification, have no sequence resemblance to the NF-
κB sites, nor do they demonstrate binding affinity for NF-
κB. Nowhere in these sequences is there a 4-base polyG tract
as seen with the natural binding sites and with the thio-
selected aptamers, suggestive that this motif is of critical
importance, regardless of sulfur. Furthermore, these mol-
ecules are shown to not bind NF-κB where under identical
conditions the selected sequences do bind.

Currently underway are the enzymatic synthesis ofRp

phosphorothioates which has been described in the literature
(37, 38). These syntheses are currently being reproduced in
our laboratory. It will be important to know the energetic
effects of stereochemistry on binding to our thioaptamers
since this is the preciseRp aptamer stereochemistry selected
for. Using the quantitative methodologies for the measure-
ment of thioaptamer binding to NF-κB presented here will
enable us to observe the energetic differences betweenRp

or Sp modification. We predict that theRp configured
thioaptamers will bind more tightly to NF-κB since this is
the precise stereochemistry selected for. This prediction is

Table 6: Results for Chemically Synthesized p50 Selected
Aptamer: Igκ/p50 Competition

Kd (nM) R2 [I]t (nM)

1a 44.63( 1.84 0.999 800
2b 11.88( 0.66 0.999 400
3c 5.16( 1.39 0.998 200
4d 4.50( 0.60 0.997 100
5e 19.59( 1.25 0.992 global

a-d Individual fits at indicated thioaptamer concentrations.e Global
fit result, all thioaptamer concentrations.

FIGURE 12: Selection results for p50 and p65 homodimers. (A)
p65-selected (i, PO4 selection; ii, 5′dSA binding; iii, 5′dSA
consensus). (B) p50-selected (i, PO4 selection; ii, 5′dSA binding;
iii, 5 ′dSA consensus).
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based on the observed high-affinity binding of the PCR
synthesized thioaptamers, which are stereochemically pure,
and also the binding results observed in the absence of the
Rp modification where relatively weak affinity is observed.
The electrostatic and size properties of sulfur atoms and their
effect on the duplex structure will determine the contacts
with interacting amino acid residues in the protein. This will
be important when elucidating the crystal structure of the
thioaptamer in complex with NF-κB.

In conclusion, we have shown that thioaptamers with high
affinity for p65 and p50 NF-κB dimers can be selected for
both base sequence and backbone substitution. The sulfur
substitution enhances the binding relative to the same
sequence with normal backbone. The sulfur substitution also
alters the sequence that is obtained by in vitro combinatorial
selection. Postselection phosphorothioate modifications of
the in vitro combinatorially selected sequence can thus result
in aptamers in which affinity cannot be reliably predicted.
The simultaneous selection for both avoids this difficulty.
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