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ABSTRACT

NF-kB transcription factors include a group of five mammalian proteins that form hetero- or homodimers and regulate hundreds
of target genes involved in acute inflammation, HIV-1 transcription activation, and resistance to cancer therapy. We previously
used in vitro selection to develop a small RNA aptamer (anti-p50) that binds the DNA-binding domain of NF-kB p50, with low
nanomolar affinity but does not bind NF-kB p65,. Here, we report the in vitro selection of anti-NF-kB p65 RNA aptamers using
parallel in vitro selections with either a fully randomized RNA library or a degenerate RNA library based on the primary
sequence of the 31-nucleotide anti-p50 RNA aptamer. We report the characterization of these aptamers with respect to NF-xB
target specificity, affinity, minimal sequence requirements, secondary structure, and competition with DNA kB sites. These

results expand opportunities for artificial inhibition of NF-kB transcription factor dimers containing p65 subunits.
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INTRODUCTION

NF-kB transcription factors regulate hundreds of genes
whose products directly contribute to disease pathogenesis
(Fujita et al. 1992; Verma et al. 1995; Chen and Ghosh
1999). Examples include cytokines such as TNFa, IL-6, IL-
8, and INFvy as well as anti-apoptotic proteins such as c-
IAPs, Bcl-2, and c-FLIP (Karin and Lin 2002; Dutta et al.
2006). Radiation, chemotherapeutic drugs, and biological
agents (e.g., tumor necrosis factor [TNF]) act against tumor
cells in part by triggering programmed cell death. However,
this apoptotic response is commonly minimized by induc-
tion of stress-related gene expression through activation
of NF-kB (Baeuerle and Baltimore 1996; Escarcega et al.
2007). Furthermore, NF-kB activation suppresses the abil-
ity of oncogenic ras mutations to stimulate apoptosis in
tumor cells (Mayo et al. 1997). In contrast, inhibition of
induced NF-kB has been shown to potentiate tumor cell
killing by TNF, anticancer drugs, and radiation (Beg and
Baltimore 1996). The potential therapeutic value of inhib-
iting NF-kB in tumor cells has been emphasized (Baldwin
1996; Lin and Karin 2003; Nakanishi and Toi 2005) and is
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suggested by the antitumor effects of antisense oligonu-
cleotides targeting NF-kB in tissue culture and animal
models (Kitajima et al. 1992).

Studies have also highlighted the potential contribution
of NF-kB-mediated inflammation to cancer progression
(Karin and Lin 2002; Karin et al. 2002; Dobrovolskaia and
Kozlov 2005; Karin and Greten 2005). It is estimated that
15% of cancers coincide with the presence of infection
(Dobrovolskaia and Kozlov 2005). NF-kB may play a role in
linking inflammatory responses and the growth of malig-
nant cells (Perwez Hussain and Harris 2007; Van Waes
2007). Immune cells stimulated by invading pathogens such
as bacteria or viruses produce inflammatory cytokines and
chemokines via NF-«kB activation. Released cytokines and
chemokines then further stimulate the NF-kB pathway in
neighboring cells. If local transformed cells are stimulated,
NF-kB may promote transcription of genes that allow cells
to evade apoptosis and bypass cell cycle checkpoints.

Because of its prominent roles in inflammation, cancer,
and HIV-1 activation (Suzan et al. 1991; Garg and
Aggarwal 2002; Karin and Greten 2005; Karin 2006), NF-
kB proteins are attractive targets for therapeutic inhibition.
As DNA-binding proteins, NF-kB family members have a
natural affinity for nucleic acids (Chen et al. 1998). We
have been interested in using in vitro selection methods
(Ellington and Szostak 1990; Tuerk and Gold 1990; Burke
and Berzal-Herranz 1993; Burke et al. 1996) to develop
RNA decoy molecules for the direct inhibition of subunits
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of the classical NF-kB heterodimer, p50 and p65 (Cassiday
and Maher 2002). Developing RNA aptamers to NF-«kB
affords the opportunity to express inhibitors from trans-
genes with the goal of artificial gene regulation.

Previously, we selected and characterized an anti-p50
RNA aptamer that binds to the p50 subunit of NF-«kB. This
RNA decoy was characterized both in vitro and in Saccha-
romyces cerevisiae (Lebruska and Maher 1999; Cassiday and
Maher 2001, 2003; Cassiday et al. 2002) and the X-ray
crystal structure of the anti-p50/p50, complex was deter-
mined (Huang et al. 2003). The solution structure of the
unbound anti-p50 RNA aptamer has also recently been
determined, showing the RNA to be highly prestructured in
the absence of protein (Reiter et al. 2008). These structural
studies indicate that the anti-p50 RNA is remarkable in
its mimicry of the kB consensus DNA binding site. The
aptamer contacts the same amino acids involved in DNA
base-specific recognition (Huang et al. 2003; Hayden and
Ghosh 2004). Interestingly, adenoviral-mediated transduc-
tion of the anti-p50 aptamer into A549-derived tumors in a
murine model suggests that this RNA significantly delays
tumor growth (Mi et al. 2006). These authors further report
that anti-p50 blocks the ability of activated NF-kB to directly
or indirectly regulate genes such as Bcl-xL, HIF-1a, eNOS,
and VEGF (Mi et al. 2006). These studies again highlight
the therapeutic potential of anti-NF-kB RNA aptamers.

Unlike p65, NF-kB p50 does not contain a C-terminal
transactivation domain (Ghosh et al. 1995), and recent
reports suggest that a p50,/Bcl-3 complex acts as a
repressor by competing with p50/p65 heterodimers and
p65 homodimers for binding to consensus kB DNA sites
(Carmody et al. 2007). Thus, aptamer inhibition of the
p50, form of NF-kB might be expected to increase gene
activation by p65, in some contexts. In contrast, siRNA-
mediated knockdown of the p65 subunit leads to sensiti-
zation of cancer cells to chemotherapeutic agents (Guo
et al. 2004). We therefore initiated in vitro selections to
identify p65-specific RNA aptamers.

Figure 1A depicts a sequence alignment of the DNA-
binding amino acids of p50 and p65 located in loop L1
(Huang et al. 2003; Hayden and Ghosh 2004) with amino
acids critical for specific nucleic acid recognition indicated.
Five of seven p65 residues involved in DNA recognition are
conserved in p50 (Fig. 1A, circles). The p50, transcription
factor dimer forms a “closed” complex around the DNA
duplex (Fig. 1B, left). However, when anti-p50 RNA
aptamers saturate both p50 subunits, the protein dimer
adopts a nonnative, “open” conformation (Fig. 1B, right;
Huang et al. 2003). The anti-p50 RNA aptamer contacts
essentially the same amino acids involved in DNA recog-
nition by p50 (Fig. 1A, squares). Despite the sequence
similarity between p50 and p65, the anti-p50 RNA aptamer
displays remarkable specificity for p50, with an affinity for
the p65 subunit that is orders of magnitude lower (Huang
et al. 2003). Based on previous crystallographic studies
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FIGURE 1. NF-kB p50 and p65 nucleic acid recognition. (A)
Sequence alignment of NF-kB p50 and p65 loop L1 amino acids
necessary for nucleic acid recognition. Identical amino acids are
underlined. Loop L1 amino acids responsible for DNA base-specific
contacts in p50 and p65 (red circles) are generally conserved and are
similar to those making base-specific contacts with the previously
selected anti-p50 RNA aptamer (gold squares). (B, Left) p50, (cyan
and gray) binding kB DNA (red). Box indicates position of loop L1.
(Right) Two copies of the previously selected anti-p50 RNA aptamer
(shades of gold) bind p50, (cyan and gray) in a nonnative, “open”
conformation with the RNA contacting the DNA-binding amino acids
of p50,. (C) Differences between p50 (gray) and p65 (yellow) amino
acids mapped onto the anti-p50 RNA aptamer contact surface of p50
as based on previous crystallogaphic studies (PDB accession looa).
Aptamer bases are rendered in pink and blue.

(Huang et al. 2003), Figure 1C depicts anti-p50 nucleotides
(nt) (pink/blue) mapped onto the surface of the p50
subunit (gray). Amino acids that differ between p50 and
p65 are highlighted in yellow.

In an attempt to alter the specificity of anti-p50 RNA
aptamers to target p65,, we performed in vitro selections of
anti-p65 RNA aptamers using two different RNA libraries.
One library contained 60 random nucleotides. A second “de-
generate” library was based on the original anti-p50 aptamer
with 9% mutation frequency at each position. Here, we char-
acterize anti-p65 RNA aptamers selected from both libraries.

RESULTS AND DISCUSSION

R1, R2, and D1 RNA aptamers are ligands for p65,

We identified high-affinity RNA aptamers for p65, using
cycles of in vitro affinity selection and amplification. The
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initial fully-randomized library repre-
sented ~10'* different sequences with
60 random nucleotides flanked by con-
stant termini allowing for reverse tran-
scription and PCR amplification. A
secondary degenerate library was based
on the primary sequence of the anti-p50
aptamer. Twelve cycles of parallel selec-
tions were performed, and the result-
ing selected RNAs were cloned and
sequenced. Figure 2A compares the
predicted secondary structure of the
aptamers selected against p65, the pre-
viously selected anti-p50 aptamer, and a
scrambled RNA control (Scr). The fully
random RNA library gave rise to two
dominant sequences: R1 (10 of the 30
sequenced clones) and R2 (4 of the 30

sequenced clones). Sixteen other clones ‘
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or with R1 or R2 (not shown). The ’ I T 1 L

dggenerate RNA library gave rise to a (| SR —— l y: ; 71 o-p50: 19 nM~y, /5
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bled RNAs by both nitrocellulose filter wiladbdbdidbdl ik
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independent of the concentration of

radiolabeled aptamer, Conﬁrmlng that FIGURE 2. RNA aptamer binding affinities for p50, and p65, forms of NF-kB. (A) Predicted
PSCUdO-ﬁI’St-OI’deI’ kinetics applied RNA secondary structures of R1, R2, D1, Scr, and anti-p50. 5" and 3’ constant regions retained
(data not shown). Electrophoretic gel from the initial library selections (R1) or nucleotides that were not degenerate (D1) are in
mobility shift experiments gave no evi- white. The 5" terminal nucleotide is circled. Brackets indicate the minimal anti-p50 RNA or
. derived aptamer sequences. Anti-p65 D1 changes (relative to anti-p50) are indicated with tri-
dence for hlgher—order complexes over angles. (B) Binding isotherms fit to data averages for RNA aptamer complexes with p65, (n =
the linear portions of the binding curves  3). Error bars represent the standard error of the mean. (R1) filled circles; (R2) open squares;
(Fig. 2D). Both R1 and R2 RNA (D1) filled squares; (anti-p50) open circles; (Scr) filled triangles. (C) Average binding
. . p isotherms for RNA aptamer complexes with p50, (n = 3). Error bars represent the standard
aptamers displayed high affinity for ; . . .
. A . error of the mean. Symbols are as in panel B. (D) Representative electrophoretic gel mobility
p65,, with measured dissociation con-  gpif experiments for RNA aptamer complexes with p65, (left) and p50, (right). Protein
stants in the 10—40 nM range. Strikingly, concentrations range from 0.6 nM to 512 nM.
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TABLE 1. Characterization of anti-p65 RNA aptamer specificity and affinity for NF-kB

R1 RNA binds p65, with a 1:1
stoichiometry

proteins

Apiamer  Ki(p65:) (M) Ka(@65)) (MP  Ky(pS0a) (M Ka(pS0) WM proonhoretic gel  mobility  shift
R1 1 =2 26 = 14 344 = 200 560 = 120 experiments (e.g., Fig. 2D; Table 1)
R2 25 =10 10 =2 1556 = 300 990 % 155 showed only a single p65,:R1 complex
A s Gl 206 = 141 190 = 92 68 = 17 under the conditions of protein excess
Anti-p50 >>5000 >>5000 208==84 10 = 2 . el . .
Ser 555000 1132 = 78 1506 + 290 548 + 34 used to estimate equilibrium dissocia-

“Equilibrium dissociation constant from nitrocellulose filter binding data fit to Equation 1.
Mean and standard deviation are shown based on at least three repeats.

PEquilibrium dissociation constant from electrophoretic gel mobility shift experiments fit to
Equation 1. Mean and standard deviation are shown based on at least two repeats.

neither R1 nor R2 displayed high affinity for p50,. In
contrast, the D1 RNA aptamer displayed moderate affinity
for both p65, and p50, (dissociation constants of 50—-300
nM). Thus, these selections yielded both RNA aptamers
with high affinity and selectivity for p65, (R1 and R2) and
an RNA aptamer of moderate affinity for both p65, and
p50, (D1).

While equilibrium dissociation constants for the binding
of aptamers R1 and R2 to p65, are within one order of
magnitude, data from filter binding experiments indicate
that R1 RNA binds more tightly while quantification of
electrophoretic gel mobility shift experiments suggests that
R2 is the higher affinity aptamer (Fig. 2B,D; Table 1). To
directly compare the affinities of these two RNAs, we
performed RNA binding competition experiments in which
radiolabeled R1 or R2 was incubated with different con-
centrations of unlabeled competitor RNA in the presence of
limiting p65,. Figure 3A shows the result of such an
experiment using an electrophoretic mobility shift assay
with radiolabeled R1 RNA incubated in the presence of
p65, alone (Fig. 3A, lane 2) or increasing molar excess
concentrations of unlabeled R1 (Fig. 3A, lanes 3-5),
unlabeled scrambled RNA (Fig. 3A, lanes 6-8), unlabeled
R2 RNA (Fig. 3A, lanes 9-11), or unlabeled D1 RNA (Fig.
3A, lanes 12-14). Based on quantitation of shifted and
unshifted bands, unlabeled R1 RNA was observed to most
effectively compete with labeled R1 RNA for binding to
p65,. Unlabeled R2 RNA was less effective in competition.
The converse experiment was also performed (Fig. 3B). In
agreement with the previous results, labeled R2 RNA did
not effectively compete with unlabeled R1 for binding to
p65, (Fig. 3B, lanes 9-11). Importantly, the observed
competition for binding to p65,, rather than formation
of a new complex of lower electrophoretic mobility,
suggests that R1 and R2 compete for overlapping binding
sites on p65,. It is also formally possible that a conforma-
tional change induced by binding one RNA precludes a
second RNA binding at a different site or induces an
unstable triple complex. Further studies were focused on
characterizing the anti-p65 R1 RNA.
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tion constants. Thus, there is no evi-
dence for the binding of multiple p65
dimers per RNA. To explore the stoi-
chiometry under conditions of RNA
excess we employed a titration analysis.
We incubated a constant concentration
of p65, protein (50 nM; greater than
the K; for binding R1) with increasing concentrations
of radiolabeled R1 RNA. The concentration of R1 RNA
relative to p65, ranged from 0.1 to 3 such that RNA

A

comp: - - Y] T al?) T

p65: = + + + + + + + + + + + + +
[BP]-R1: + + + + + + + + + + + + + +
complex: 51 30 15 9 45 46 42 36 30 19 49 49 45
R1/p65, »
complex
[P] - R1> §
B
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PP]-R2: + + + + + + + + + + + + + +
complex: 53 25 14 9 5256 54 13 4 4 53 52 48
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complex : §
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FIGURE 3. RNA competition binding assay comparing p65, affinity
for RNAs R1 and R2. (A) Labeled R1 RNA (1 nM) was incubated in
the absence of protein (lane I) or the presence of p65, alone (20 nM)
(lane 2) or together with various unlabeled RNA competitors (lanes
3-14): R1 RNA (lanes 3-5), 83 nt scrambled RNA (lanes 6-8), R2
RNA (lanes 9-11), D1 RNA (lanes I12-14). Triangles indicate
increasing unlabeled RNA competitor concentration (one-, two-, or
fourfold molar excess [20 nM, 40 nM, or 80 nM] relative to p65,
concentration). “Complex” indicates the percentage of radiolabeled
probe shifted. (B) As in A, except radiolabeled R2 RNA was tested and
lanes 3—5 and 9-11 are in the presence of R2 and R1 competitor,
respectively.
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binding will saturate the protein. The results are shown in
Figure 4. As RNA concentration increases, the p65,/R1
complex appears as a single species (Fig. 4, cf. lanes 1 and
2). This single species persists with increasing RNA con-
centration and there is no appearance of additional com-
plexes (Fig. 4, cf. lanes 2-7). Thus, even when the RI
aptamer concentration is threefold higher than the con-
centration of p65,, there is no evidence for the formation of
a p65,:R1, complex. This result indicates that the p65,:R1
stoichiometry is 1:1.

Truncation analysis of R1 RNA

We wished to determine the minimal region of the Rl
aptamer necessary and sufficient for high affinity binding to
p65,. Initially, boundary assay experiments were performed
by radiolabeling either 5’ or 3’ Rl termini, performing
limited base hydrolysis, and selecting radiolabeled fragments
competent to bind p65,. Unexpectedly, the corresponding
minimal R1 sequence obtained by simultaneous truncation
of both termini of R1 did not tightly bind p65, (data not
shown). Therefore, we undertook systematic R1 truncations
(Fig. 5A). First, we created aptamer R1-1 by deletion of the
indicated nucleotides in the 5" and 3’ constant regions
(white lettering) of R1 (Fig. 5A). The affinity of R1-1 for
p65, was reduced to 125 nM compared to 11 nM for RI.
Other data (not shown) suggested that a G; trinucleotide in
the 3" constant region of R1 (Fig. 5A, horizontal bar) is
required for high affinity binding to p65,. We then tested
RNAs in which this trinucleotide was preserved but the 5’

P65 - + + + + + 4
[?P] - R1: o0.1x 0.1x 0.25x 05x 1.0x 20x 3.0x

ool bl

R1/ p65, »
complex

[=P]- R1»

1 5 3 4 5 ¢ 7

FIGURE 4. R1 RNA binds p65, with a 1:1 stoichiometry. R1 RNA
titration strategy to determine the stoichiometry of the p65,/R1 RNA
complex. Labeled R1 RNA was incubated alone (lane 1) or in the indi-
cated increasing concentrations relative to p65, (50 nM) (lanes 2-7).
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FIGURE 5. p65, binding by RI truncations. (A) R1 terminal
truncation series. The 5" terminus of R1 is circled and fixed terminal
sequences are shown in white lettering. The G; trinucleotide impor-
tant for high-affinity binding is indicated by a horizontal bar. (B)
Average binding isotherms based on electrophoretic gel mobility shift
experiments. Error bars represent the standard error of the mean. Fit
values of K, are shown for indicated Rl truncations. Gray trace
corresponds to apamer RI.

terminus of the RI1-1 RNA was systematically truncated
(Fig. 5, R1-1a, R1-1b, R1-1c). As shown in Figure 5B,
progressive deletion of 5’ sequences caused up to 40-fold
reduction in p65, affinity. This analysis suggests that Rl
binding to p65 involves structures beyond the predicted
central hairpin and bulged loop. This result distinguishes R1
RNA binding to p65, from anti-p50 RNA binding to p50,,
where the latter aptamer retains high target affinity even
when truncated to 29 nt (Cassiday and Maher 2002).

Characterization of R1 RNA folding

Because the truncation analysis of R1 suggested the
importance of sequence outside the predicted bulged
stem—loop, we sought additional information about the
secondary structure of RI. RNAs D1 and anti-p50 were
included for comparison. We used partial digestion with
RNase V; and mung bean nuclease to assess base pairing
and compared cleavage patterns with G-specific RNase T,
ladders (Fig. 6). RNase V; is a ribonuclease that detects
both double-stranded and stacked single-stranded regions
(Brown and Bevilacqua 2005). Mung bean nuclease pref-
erentially attacks single-stranded nucleic acids. Anti-p50
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structural data suggest that the 29-nt anti-p50 RNA
includes two double-stranded helical segments that flank
an internal bulge with stacked nucleotides (Huang et al.
2003; Reiter et al. 2008). Indeed, the anti-p50 RNA was
cleaved by the double-strand-specific RNase V; throughout
the flanking duplexes and internal bulge (Fig. 6, right,
squares). Mung bean nuclease digestion of anti-p50 RNA
showed preferential sensitivity in the terminal loop,
whereas the flanking duplexes were more protected (Fig.
6, cf. lanes 4 and 5, and map at right). The secondary

structure prediction for R1 suggests that the folded
RNA includes a central hairpin with an asymmetric inter-
nal loop (Fig. 6, right). RNase V; produced strong and
weak cleavage at nucleotides throughout this predicted
central hairpin region. This result suggests that most of this
hairpin and asymmetric bulge contain double-stranded or
stacked segments of nucleotides. Interestingly, the 3’
portion of R1 (nucleotides 49-81), which contains G67—
G69 that are important for p65, binding, resisted RNase V,
attack but displayed a complementary strong mung bean

nuclease cleavage pattern (Fig. 6, cf.

lanes 9 and 10). In order to Dbetter

elucidate the structure of R1 near the
5’ terminus, we labeled the 3’ terminus
of the molecule and repeated the analysis
(Fig. 6, lanes 11-15). The 5'-terminal
region of Rl is largely susceptible to
mung bean nuclease cleavage. The only
indication that base pairing or base
stacking may be present near the 5’
terminus of the molecule is provided
by moderate RNase V; cleavage at
nucleotides 16-19 (Fig. 6, cf. lanes 14

"A—-U%X GG
gummd C—Gah

and 15). Taken together, these results
suggest that both the 5" and 3’ terminal
regions of R1 may be single stranded
and flexible in solution. Nuclease anal-
ysis of D1 suggests a double-stranded
region of RNA that matched the pre-
dicted central hairpin. Terminal loop
nucleotides appear to be unpaired and
accessible to mung bean nuclease, as do
the 3’ terminal nucleotides of the mol-
ecule (Fig. 6, cf. lanes 19 and 20, and

a-p50-5’ R1-5 R1-3 D1-5
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map at right).

Anti-p65 R1 RNA 3’ terminal
sequences are important
for high p65, affinity

Truncation analyses (Fig. 5) highlighted
the importance of Rl 3’ terminal se-
quences for high-affinity p65, binding.
We were interested in determining if R1

FIGURE 6. Structural characteristics of anti-NF-kB RNA aptamers by RNase probing.
Analysis of anti-p50 (lanes 1-5), Rl (lanes 6-15), and D1 (lanes 16-20). Labeled RNA
aptamers were incubated alone (lanes I, 6, 11, and 16), in the presence of RNase T1 (lanes
2,7,12,17), elevated pH (lanes 3,8,13,18), RNase V; (lanes 4,9,14,19), or mung bean nuclease
(lanes 5,10,15,20). RNase V; cleavage products include a 3’ terminal phosphate, which
consistently retards migration of the RNA fragments by the equivalent of 0.5 nt in comparison
to RNase T and alkaline hydrolysis ladders that terminate in a 3" hydroxyl residue (Brown and
Bevilacqua 2005). Cleavage patterns were qualitatively mapped onto predicted RNA secondary
structures shown at right. Black and gray squares indicate accessible and partially accessible
sites, respectively, for RNase V; cleavage. Sites accessible to mung bean nuclease as indicated
(X). 5" and 3’ constant regions retained from the initial library selections (R1) or nucleotides

that were not degenerate (D1) are in white.
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3’ nucleotides are required for base-
specific contacts with p65, or if these
nucleotides play a nonspecific, perhaps
electrostatic role. We prepared RI1
aptamer variants with two alternative 3’
sequences (Fig. 7A). In one case, the 3’
sequence of R1 (Fig. 7A, top) was mod-
ified by substitution of the important
G; trinucleotide (nucleotides 67-69) in
the 3’ sequence of R1 with an A; sequence
to produce aptamer RI1 G(67-69)A
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FIGURE 7. Anti-p65 R1 RNA 3’ terminal tail is required for high
P65, affinity. (A) 3’ terminal nucleotides of R1 RNA (top) were altered
by either substitution of three adenines at positions 67-69 (middle,
compare to horizontal bar at top) or replacement by the sequence A,s
(bottom). Constant regions retained from initial selections are lettered
in white. (B) Labeled R1 RNA and 3’ substituted forms of R1 RNA
were used in electrophoretic gel mobility shift experiments with p65,
(n = 2). Quantitation resulted in average binding isotherms shown in
the figure, with error bars representing the standard error of the mean.

(Fig. 7A, middle). In the second case, the final 25 nt of R1
were replaced by A,s to produce aptamer R1 A,5 (Fig. 7A,
bottom). Binding isotherms for these aptamer variants are
shown in Figure 7B. The data reveal that perturbation of R1
3’ sequences severely reduces affinity for p65,. This result
shows that R1 3’ sequences are participating in base-specific
contacts with p65,.

R1 and D1 RNA aptamers as “decoys” for NF-xB

Previously, we identified an anti-p50 RNA aptamer and
showed that it competes with kB DNA for p50, protein
binding in vitro and in vivo (Lebruska and Maher 1999;
Cassiday and Maher 2002). We therefore used competition
gel mobility shift experiments to test the ability of anti-p65
RNA aptamers R1 and D1 to compete with kB DNA for
binding to p65, in head-to-head competitions (Fig. 8A,B),
or in the presence of preformed DNA/protein complexes
(Fig. 8B). As a comparison, we measured an equilibrium
dissociation constant of 7 £ 2 nM for the kB DNA/p65,
complex (data not shown). In panel A, radiolabeled kB

DNA was incubated in the absence of p65, (Fig. 8A, lanes 1
and 15), in the presence of p65, alone (Fig. 8A, lane 2) or
together with various unlabeled competitors: kB DNA (Fig.
8A, lanes 3-5), nonspecific DNA (Fig. 8A, lanes 6-8),
scrambled RNA (Fig. 8A, Scr: lanes 9-11), R1 RNA (Fig.
8A, lanes 12-14), R1-7 RNA (Fig. 8A, lanes 16-18), and D1
RNA (Fig. 8A, lanes 19-21). Triangles indicate increasing
unlabeled competitor nucleic acid concentration: three-,
six-, or ninefold molar excess (Fig. 8A, lanes 3—14) or 50-,
100-, or 500-fold molar excess (Fig. 8A, lanes 16-21)
relative to p65,. The quantified results indicate that full-
length R1 RNA effectively competes with kB DNA for
binding to p65, in head-to-head competition (Fig. 8A,
lanes 12-14). R1-7 and D1 also compete with kB DNA for
binding to p65,, although less effectively than R1 (Fig. 8A,
lanes 15-21). The observation that anti-p65 RNA aptamers
R1, R1-7, and D1 compete with kB DNA for p65, binding
suggests that, like anti-p50, the binding site of these RNA
aptamers overlaps with the electrostatically favorable DNA-
binding domain of p65. In panel B, radiolabeled kB DNA
was incubated in the absence of p65, (Fig. 8B, lane 1), in
the presence of p65, alone (Fig. 8B, lane 2), together in
head-to-head competition with three- or sixfold molar
excess unlabeled RNAs (Fig. 8B, lanes 3-4,7-8,11-12) or
preincubated with p65, to achieve the formation of
preformed DNA/ protein complexes (Fig. 8B, lanes 5-
6,9-10,13—-14). The ability of the unlabeled competitor
RNAs to disrupt the preformed complexes was compared.
The result suggests that unlabeled competitor RNA is
equally effective at competing for binding to p65, in both
head-to-head competitions and in the presence of pre-
formed complexes.

Summary and future prospects

In the present study, we selected high affinity RNA
aptamers that appear to target the DNA-binding domain
of the transcription factor NF-kB p65 subunit. These
selection results provide additional support for the hypoth-
esis that RNA ligands can target the nucleic acid binding
surface of DNA-binding proteins such as transcription
factors. The prototypical example is the Xenopus transcrip-
tion factor TFIIIA (Cassiday and Maher 2002). When
DNA-binding proteins are the target of RNA selection,
the DNA-binding domain tends to be included in the
preferred RNA binding site (Lebruska and Maher 1999;
Cassiday and Maher 2001; Huang et al. 2003; Choi et al.
2006; Zhao et al. 2006). Thus, transcription factors impli-
cated in disease pathogenesis may be exploited for the
development of therapeutic nucleic acid inhibitors such as
RNA aptamers.

We have now reported RNA aptamers specific for either
the p50 or p65 subunit of the classical NF-kB heterodimer.
The aptamers are surprisingly different, and approaches to
convert anti-p50 to an anti-p65 RNA by a small number of
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FIGURE 8. Anti-p65 RNAs R1 and D1 act as decoys for NF-«B. (A) Labeled kB DNA (1 nM)
was incubated alone (lanes 1,15) or in the presence of p65, (20 nM) alone (lane 2) or together
with various unlabeled competitors (lanes 3—14,16-21): kB DNA (lanes 3-5), nonspecific DNA
(lanes 6-8), scrambled RNA (lanes 9-11), R1 RNA (lanes 12—-14), R1-1c RNA (lanes 16-18),
D1 RNA (lanes 19-21). Triangles indicate increasing unlabeled competitor concentration
(three-, six-, or ninefold molar excess [lanes 3—-14]) and (50-, 100-, or 500-fold molar excess
[lanes 16-21]) relative to p65, concentration. “Complex” indicates the percentage of radio-
labeled probe shifted. (B) Labeled kB DNA (1 nM) was incubated alone (lanes I) in the
presence of p65, (20 nM) alone (lane 2) together with various unlabeled competitors in three-
to sixfold molar excess in head-to-head competition (lanes 3—4,7-8,11-12) or preincubated
with p65, to obtain preformed DNA/ protein complexes with subsequent addition of various
unlabeled competitors in three- to sixfold molar excess (lanes 5-6,9-10,13-14). “Complex”
indicates the percentage of radiolabeled probe shifted.

mutations were unsuccessful. Anti-p50 could easily be
truncated to an imperfect hairpin of ~30 nt, whereas
anti-p65 R1 cannot be truncated to fewer than 54 nt
without significant loss of affinity for p65,. Based on the
complex noncanonical base pairing and stacking within the
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internal loop of anti-p50 (Huang et al.
2003; Reiter et al. 2008), we think it is
likely that the internal loops of the anti-
p65 aptamers described here also form
complex structures. It is interesting to
speculate that anti-p65 RNAs may also
mimic features of the major groove of
kB site DNA.

Because of the sequence similarity of
p50 and p65 in the DNA-binding sur-
face, we had anticipated that a small
number of substitutions in anti-p50
could yield an anti-p65 aptamer. How-
ever, we show that no high-affinity p65-
specific aptamer could be readily selected
after 12 rounds of selection and com-
plete convergence of the degenerate anti-
p50 library to a single sequence. Inter-
estingly, the resulting D1 aptamer has
moderate affinity for both p50, and
p65,. D1 is also a potential therapeutic
lead because of its ability to bind both
subunits of the p50/p65 NF-kB hetero-
dimer.

The NF-kB aptamers presented herein
also provide us with the exciting pros-
pect of optimizing p65, binding within a
eukaryotic organism, such as Saccharo-
myces cerevisiae, as we have previously
reported for anti-p50 (Cassiday and
Maher 2001; Cassiday and Maher 2003).
Another potential strategy involves selec-
tion of optimal RNA linker sequences to
combine the p50 and p65 aptamers to
form a heterodimeric aptamer that is
competent for simultaneous binding of
both subunits of NF-kB heterodimers.
Heterodimeric aptamers may provide
an ideal tool for studying the functional
significance of heterodimer and homo-
dimer populations of NF-kB protein.

MATERIALS AND METHODS

Oligonucleotides

DNA oligonucleotides were synthesized by
phosphoramidite methodology in the Mayo
Foundation Molecular Biology Core Facility.
RNA transcripts were prepared by in vitro

transcription using T7 RNA polymerase (Epicentre) from DNA
templates created by PCR extension of overlapping primers.
Synthetic DNA templates for in vitro transcription were either
randomized (5'-GTGATATC,T,CGA,-Ngo-CsAGCT,AG,CGAG-
3") or were based on degenerate anti-p50 (5'-CATGCAGTGTC
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TAT,CTCGAGTAGCGATC,TGA;CTGT,ATA,G,T,G,C,GATCG
CTAGCATGCA,CTGACTCG,ATA,GC-3") with degeneracy indi-
cated by italics. Phosphoramidite mixtures were adjusted to yield
equal base incorporation at each position (random library) or 9%
random mutagenesis at each position (degenerate library). DNA
duplexes for competition electrophoretic mobility shift assays
were prepared by annealing complementary DNA oligonucleo-
tides in a 1:1 ratio in the presence of 200 mM NaCl. Duplex DNA
was radiolabeled using the Klenow fragment of DNA polymerase I
to fill the recessed 3’ termini in the presence of [@-*?P]-dATP and
2 mM dGTP, dTTP, and dCTP.

NF-kB protein expression and purification

One-liter cultures of Escherichia coli strain BL21(DE3) harboring a
pET-11a plasmid derivative encoding human p50 were grown
with shaking at 37°C to an Agq value of 0.6, then induced with
1 mM IPTG. After 3 h, cells were harvested, washed with sterile
water, and frozen at —80°C. Pellets were resuspended in 30 mL
buffer A (20 mM HEPES at pH 7.5, 0.4 M NaCl, 2 mM EDTA, 5%
[v/v] glycerol, 1 mM DTT, 1 pg/pL pepstatin, 1 pug/wL leupeptin)
and sonicated. Cell debris was pelleted, and polyethyleneimine
(adjusted to neutral pH) was added to a final concentration of
0.1% (w/v) to precipitate nucleic acids. Saturated ammonium
sulfate was then added to the supernatant to a final concentration
of 55% (w/v), and the precipitated protein was collected by
centrifugation at 14,000 rpm for 30 min. The resulting protein
pellet was dissolved in 50 mL buffer B (20 mM HEPES at pH 7.5,
2 mM EDTA, 5% [v/v] glycerol, 1 mM DTT, 1 ug/pL pepstatin,
1 pg/L leupeptin) and loaded onto a Hi-trap Sepharose column,
which was washed and developed with a NaCl gradient. Fractions
were monitored by SDS-PAGE, and peak fractions were pooled
and concentrated. Protein was further purified using a Superdex-
200 size exclusion column developed with buffer B plus 1 M NaCl.
Peak fractions were stored in buffered 50% glycerol at —20°C.
Purification of recombinant p65 protein was as for p50 except for
the following modifications. After induction at an A4y, value of
0.4 with 0.1 mM IPTG, cultures were grown overnight at room
temperature. Cells were resuspended in buffer C (20 mM Tris-HCl
at pH 8.0, 50 mM NaCl, 1 mM MgCl,, 1 pg/nL pepstatin, 1 pg/
pL leupeptin, 5% [v/v] glycerol, and 20 mM B-mercaptoethanol)
and sonicated. The clarified lysate was passed over a SP-sepharose
Fast Flow cation exchange column. The p65 protein (pI: 7.1) was
present in the flow-through. This material was passed over a Q-
sepharose anion exchange column, and p65 was again collected in
the flow-through fraction. The protein was then loaded onto a
mono S cation exchange column and eluted with a NaCl gradient
of 50-200 mM at 4°C. Protein was then further purified using a
Superdex-200 column, and peak fractions were stored in buffer C
with 50% glycerol at —20°C.

Selection of RNAs that bind to p65,

Initial DNA pools encoding random and degenerate RNAs were
prepared by PCR amplification and transcribed by radiolabeling
in vitro using T7 RNA polymerase (Epicentre). The initial
selection round involved 366 pmol RNA library (~2 transcripts
each from ~10"* DNA templates). RNAs were diluted to 37 nM in
selection buffer (10 mM HEPES at pH 7.5, 100 mM NaCl, 1 mM
DTT) and incubated with 6 nM p65, in a volume of 10 mL for 2 h

with occasional mild agitation at 37°C. Mock selections without
p65, were performed in parallel. RNAs were preincubated with 0.2
pm nitrocellulose filter strips in selection rounds 3-9 to remove
RNAs with high affinity for nitrocellulose. Binding reactions were
filtered through prewet nitrocellulose followed by washing with
5 mL of selection buffer. Bound RNAs were then eluted by
incubating filters in 0.5 mL elution buffer (200 mM Tris-HCI at
pH 7.6, 2.5 mM EDTA, 300 mM NacCl, 2% SDS) at 65°C for 35
min. RNAs were recovered by extraction with phenol:chloroform
(1:1) and precipitation with ethanol. The yield of selected radio-
labeled RNA at each round was monitored by Cerenkov counting
of filters. Half of the selected RNAs were reverse transcribed using
MMLV reverse transcriptase in preparation for the next round
(Soukup et al. 1996). At various stages, PCR products were cloned
and sequenced to monitor library diversity.

Cloning and sequencing

Double-stranded DNA products amplified after various selection
rounds were cloned using the pGEM-T Easy vector (Promega)
and sequenced in the Mayo Foundation Molecular Biology Core
Facility. Predicted RNA secondary structures were determined
using the Zuker Mulfold program (Jaeger et al. 1989, 1990; Zuker
1989).

Binding affinity estimates

RNA molecules were 3" radiolabeled by incorporation of [**P]-
pCp in the presence of T4 RNA ligase. K; estimates for binding of
NE-kB proteins to radiolabeled RNA were obtained by incubating
1 nM RNA with protein (1 nM to 1 uM) in buffer (20 mM Tris-
HCI at pH 8.0, 50 mM NaCl, 1 mM MgCl,) followed by filtering
over prewetted nitrocellulose filters, washing, and scintillation
counting. Binding affinities were estimated by fitting the fractional
saturation (6) of the radiolabeled nucleic acid target to the total
protein concentration (L) using Equation 1I:

0= (L)/(Kq+1L), (1)

where K is the equilibrium dissociation constant.

Electrophoretic mobility shift experiments

The ability of various truncated RNAs to bind p65, protein was
determined by incubating 1 nM radiolabeled RNA with various
concentrations of p65, in 20 wL binding reactions containing
20 mM Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM MgCl,, 1 pg
poly(dI-dC), 0.5 pg tRNA, 0.25 mg/mL BSA, 5% (v/v) glycerol,
and 1 mM DTT. Binding reactions were incubated for 20 min at
room temperature and electrophoresed through native polyacryl-
amide gels in 0.25X TBE buffer. Complexes were detected and
analyzed by storage phosphorimaging.

Stoichiometry analysis of R1 RNA/p65, complexes

The stoichiometry of R1 RNA/ p65, complexes was investigated
by incubating a constant concentration of p65, (50 nM) in 20 pL
binding reactions (20 mM Tris-HCI at pH 8.0, 50 mM NaCl,
1 mM MgCl,) together with increasing concentrations of [**P]-
pCp-labeled R1 RNA (0.1-, 0.25-, 0.5, 1.0-, 1.5-, 2.0-, and 3.0-fold
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molar excess relative to protein concentration). Components were
incubated for 20 min and electrophoresed through native poly-
acrylamide gels in 0.25X TBE buffer. Complexes were detected
and analyzed by storage phosphorimaging.

RNA structure analysis

RNA (~75 pmol) was dephosphorylated by calf intestinal alkaline
phosphatase (New England Biolabs) and 5’-end labeled with T4
polynucleotide kinase and [y-**P]-ATP or 3'-end labeled with T4
RNA ligase and [*’P]-pCp. Radiolabeled RNA was purified by
denaturing polyacrylamide gel electrophoresis. Partial alkaline
hydrolysis ladders were prepared at pH 8.3, and G-specific ladders
were created using RNase T, (Epicentre) at 52°C in the presence
of urea, as described (McDonald and Maher 1995). For probing
the presence of single-stranded RNA, mung bean nuclease (1 U,
New England Biolabs) was added to RNA (~100,000 cpm) in 50
mM NaCl, 10 mM Tris-HCI, 10 mM MgCl,, 1 mM DTT (pH 7.9)
at 30°C for 1 min prior to addition of urea loading buffer and
freezing on dry ice. For RNase V; (Ambion) treatment, RNAs
were dissolved in Structure Buffer (10 mM Tris at pH 7, 100 mM
KCl, 10 mM MgCl,) and heated to 70°C for 5 min followed by
cooling on ice. RNA samples (~100,000 cpm) were treated with
1 U of RNase V, for 15 min at room temperature in the presence
of 5 g of yeast RNA. After precipitation, RNAs were analyzed by
electrophoresis on 10% denaturing polyacrylamide sequencing
gels followed by storage phosphorimaging.

Competition binding assays

RNA/RNA and RNA/DNA competition for p65, binding was
monitored by radiolabeling either an RNA molecule or a DNA
duplex containing a kB site (bold): [5-AGT,GAGG;ACT;C,
CAG,GC; top strand shown]. Binding reactions contained 20 mM
Tris-HCI (pH 8.0), 50 mM NaCl, 1 mM MgCl,, 1 pg poly(dI-dC),
0.5 pg tRNA, 0.25 pg/pL BSA, 1 mM DTT, 1 nM labeled DNA
duplex, 10 nM p65,, and varying ratios of unlabeled RNA or DNA
competitors. Binding reactions were incubated at room tempera-
ture for 20 min, electrophoresed on 6% native polyacrylamide gels
in 0.25X TBE buffer, and visualized by storage phosphorimaging.
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