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ABSTRACT: In vitro-selected RNA aptamers are potential inhibitors of disease-related macromolecules.
Our laboratory previously isolated an RNA aptamer that specifically binds to the human transcription
factor NF«B. This RNA aptamer competitively inhibits DNA binding by N in vitro. In the study
presented here, this aptamer was tested for binding to the p50 homodimer form «B KF5G) in
eukaryotic cells using a yeast three-hybrid system. We show that-{ff®0 RNA aptamer selectively
binds recombinant pb&xpressed in yeast, demonstrating in vivo recognition of an in vitro-selected RNA
aptamer by its protein target. This result suggests that RNA decoys might be used to inhibit the function
of DNA-binding proteins in vivo.

In recent years, the advent of in vitro selection systems to discriminate against other potential interaction partners
has led to an explosion in the discovery of potential nucleic as are encountered in vivo. The ability of an in vitro-selected
acid ligands for target proteins. Using the technique of RNA aptamer to bind its target protein in vivo also depends
systemic evolution of ligands by exponential enrichment on aptamer stability, proper folding, and correct subcellular
[SELEX! (1, 2)], our laboratory has isolated an RNA ligand localization.
to the p50 homodimer form (p5Pof the human transcription To explore the ability of the in vitro-selected-p50
factor NF«B from a pool of ~10' randomized, 60-  aptamer to bind its protein target in the eukaryotic cell, we
nucleotide RNA sequence3)(The in vitro-selected aptamer,  ytilized a yeast three-hybrid system (Figure 1). This ex-
here termed &-p50”, bound p5@with an affinity identical  tremely sensitive assay was developed by Wickens, Fields,
to that of«B DNA (Kq ~ 1 nM) (3). Although selected for  and colleagues to test RNAprotein interactions§) and
binding to p5@, a-p50 was shown to bind equally well in provides an ideal tool for detecting RNA aptaméarget
vitro to the p56-p65 form of NF«B (3). Inhibition of NF- interactions in vivo. The yeast three-hybrid system utilizes
«B activity in cells by controlled expression of such an RNA  reporter genes whose expression depends on the interaction
aptamer could potentially have important therapeutic con- of a specific RNA and protein in the yeast nucleus. Using
sequences since NEB is involved in inflammatory pro-  the yeast three-hybrid system, we present evidence that the
cesses, prevention of apoptosis, and HIV transcriptihn ( o-p50 RNA aptamer selected in vitro is specifically recog-
Indeed, inhibition of NF«B by other approaches has been njzed by the p59form of NF«B in vivo.
shown to reduce myocardial damage following ischemia and
reperfusion %), potentiate tumor cell kiling by tumor MATERIALS AND METHODS
necrosis factor (TNF) and radio- and chemotherap@s ( ) _ ) ) )
and cause spontaneous apoptosis in Epstein-Barr virus- Hybrid RNAs.DNA oligonucleotides encoding various
transformed lymphoblastoid cellZ)( forms of a-p50, flanked by sequences for I|g§1t|on to (and

In vitro selections continue to offer exciting leads for nactivation of) Smd and SpH restriction sites, were
inhibition of disease-related factors. However, the selective Synthesized by phosphoramidite methodology using an
pressures during in vitro selection often differ from actual APPlied Biosystems model 380B DNA synthesizer. Oligo-
in vivo conditions. For example, specificity issues are a major Nucleotides were annealed and cloned betweeSithé and
concern for in vitro-selected RNA aptamers. During the SPH sites of the shuttle vector pllIA/MS2-28), upstream

selection process, RNA aptamers are chosen solely for their®f two tandem MS2 sequences, to encode various hybrid
capacity to bind the target protein and not for their ability RNAS. For in vitro transcription, PCR was conducted with
primers that flanked the full hybrid RNA transcript sequence
T This work was supported by the Mayo Foundation, American to append a 5T7 RNA polymerase promoter. Templates
Cancer Society Grant GMC-98585, and NIH Grant GM54411. LA.c. Were transcribed in vitro using the AmpliScribe T7 High
is a Howard Hughes Medical Institute Predoctoral Fellow. Yield Transcription Kit (Epicentre, Madison, WI), and the
*'Lo whom cc()jrres?onollence Ishould be adrcliressed: Departmegt ofhybrid RNA products were purified by electrophoresis and
Biochemistry and Molecular Biology, Guggenheim 16, Mayo Founda- ; ; i
tion, 200 First St., S.W., Rochester, MN 55905. Phone: (507) 284- qhuantﬁa})e.dd The IRE/MS2 Cor;tl’glgybrldAI/?NA used in yeh"?‘srt]
9041. Fax: (507) 284-2053. E-mail: maher@mayo.edu. three-hybrid assays was encoded by pllIA/IRE-MS2-2, whic
1 Abbreviations: SELEX, systemic evolution of ligands by expo- contains the IRE RNA sequence upstream of two tandem

nential enrichment; TNF, tumor necrosis factor; IRE, iron response MS2 sequences in the pllIA/MS2-2 vector.

element; GAL4AD, yeast GAL4 transcriptional activation domain; . . .
3-AT, 3-amino-1,2,4-triazole; IRP, iron regulatory protein; PCR, Hybrid Protein ConstructsThe GAL4AD/p50 hybrid

polymerase chain reaction; RLU, relative light units; TE, Tris-EDTA. protein yeast expression plasmid encodes p50 amino acid
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Ficure 1: Yeast three-hybrid system. Yeast strain L40-coat harbors
chromosomal copies dfacZandHIS3reporter constructs (circled),

as well as the gene encoding hybrid protein 1, a LexA/MS2 coat
fusion protein (lower right). The LexA portion of hybrid protein 1
(lower left) binds to the LexA operator upstream of the reporter
genes (circled), while the MS2 coat protein domain binds to the
MS2 sequence in the hybrid RNA (upper right). The RNA sequence
of interest, in this case the in vitro-selecteep50 RNA aptamer,
comprises a second domain of the hybrid RNA. Hybrid protein 2
is likewise introduced into the yeast cell on an expression plasmid
(middle right) and consists of the yeast GAL4 transcriptional
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HIS3andLacZreporter genes was constructed in host strain
YM4271 as described previoushl@. A control strain
containing three tandem p53 recognition sequences upstream
of the HIS3 and LacZ reporter genes was similarly con-
structed. Appropriate hybrid protein expression constructs
were then introduced into the reporter strains via lithium
acetate-mediated transformatiohl). HIS3 growth assays
andLacZcolor and chemiluminescent assays were conducted
as described previousl{@—12). For theHIS3growth assay,

cell suspensions were plated on medium lacking histidine
and leucine and containing-@0 mM 3-amino-1,2,4-triazole
(3-AT). For theLacZ color assay, cell patches transferred
to nitrocellulose filters were lysed with liquid Nand
incubated in Z bufferi1) containing 1 mg/mL X-gal for 30

min at 30°C. Three independent chemiluminescéacZ
assays were conducted for each strain using the Clontech
Galacton-Star liquid assay (Clontech), and light emission
(RLU) was recordedsaa 5 sintegral on a Turner Designs
model TD-20e luminometer.

Yeast Three-Hybrid Assay&.positive control strain, the
test strain, and six negative control strains were constructed
by transformation of the host yeast strain L40-c@&tsing
simultaneous lithium acetate-mediated transformation as
described previouslyl@). HIS3 growth assays antdacZ

activation domain fused to the protein to be tested, p50 in these COlor and chemiluminescent assays were conducted as

experiments. In vivo binding of the-p50 RNA aptamer to its
intended p5@target should result in expression of thacZ and
HIS3reporter genes.

residues +460 downstream of the yeast GAL4 transcrip-

tional activation domain sequence in the yeast shuttle vector

pGAD424 (Clontech, Palo Alto, CA). Plasmid pGAD424
encodes the yeast GAL4 transcriptional activation domain
(GAL4AD/— —), and pGAD53m (Clontech) encodes the

described above.

RESULTS AND DISCUSSION

Proper Folding of Hybrid RNAs in VitroOur first
objective was to ensure that thep50 RNA aptamer would
adopt the correct conformation for pb®inding when
presented in the context of the-p50/MS2 hybrid RNA

mouse p53 protein downstream from the GAL4AD sequence required for the yeast three-hybrid system. To this end, we

in pGAD424 (GAL4AD/p53). pAD-IRP1 encodes the rabbit
iron regulatory protein (IRP) downstream of the GAL4AD
in the yeast shuttle vector pACTII (GAL4AD/IRP).

In Vitro Decoy Actiity of Hybrid RNAs In vitro-
transcribed hybrid RNAs+300 nucleotides) were tested for
the ability to compete with radiolabeledB duplex DNA
for binding to recombinant, purified p5@3) in an electro-
phoretic mobility shift assay (EMSA). DuplesB DNA (3)
was radiolabeled using the Klenow fragment of DNA
polymerase | to fill in recessed &rmini with [a-32P]dATP

in the presence of dGTP, dTTP, and dCTP (each at 0.1 mM).

The EMSA was conducted as described previou3lyusing

a 1- or 5-fold molar excess (relative to labeled probe) of the

indicated competitor RNA or DNA. Complexes were de-

tected and analyzed by storage phosphor technology.
Yeast RNA Isolation and Northern Blot Analysteast

total RNA was extracted as described previouSly RNA

(20 ug) from yeast strain L40-coaB) expressing various

hybrid RNAs and hybrid proteins was extracted and elec-

trophoresed on a 6% denaturing polyacrylamide gel. RNA

tested the ability of.-p50 (1, Figure 2A) and three variants
(2—4, Figure 2A) to bind p5@in vitro. Variant2 contained
a stabilizing tetraloop in place of the 7-nucleotide unpaired
distal loop of theo-p50 aptamer (Figure 2A). This modifica-
tion was introduced in an attempt to stabilize thg50
hairpin structure within the hybrid RNAx-p50 variant3
contained a 13 bp GC-rich clamp (“*GC clamp”) appended
to the a-p50 aptamer structure in an attempt to thermody-
namically “lock” the aptamer into the correct conformation
(Figure 2A).a-p50 variant4 contained both a GC clamp
and a tetraloop. As an example, the predicted folded structure
of the a-p50/MS2 hybrid RNA containing sequengeis
shown in Figure 2B. After cloning, the four versions of the
RNA sequence shown in Figure 2B were synthesized by in
vitro transcription and purified, and the resulting RNAs were
tested for the ability to compete withB DNA for p50,
binding in vitro.

As shown in Figure 2C, RNAS8 and 4 competed with
the radiolabeledcB DNA duplex for binding to p5@ In
contrast, RNAsL and2 or a version ofl with a scrambled

was transferred by electroblotting to a GeneScreen hybridiza-a-p50 sequence did not compete. These results are quanti-

tion transfer membrane (NEN, Boston, MA) and cross-linked
by UV irradiation. Hybridization was conducted utilizing
radiolabeled oligonucleotide probes complementary to the
RNaseP RPRL1 leader' {BGCAC,ACAGCGTACATGT)
and to the U14 snRNA (5C,TAC,GTGA;CTGCGA,).

Yeast One-Hybrid Assay# yeast dual reporter strain
containing three tanderB sites upstream of the integrated

tated in Figure 2D. Thus, the addition of a GC clamp was
found to be essential for maintaining thep50 secondary
structure within the context of the-p50/MS2 hybrid RNA.
According to thermodynamic predictions provided by the
RNA folding algorithm MULFOLD (3—15), the GC clamp
may serve to drive the correct folding of thep50 aptamer
within the hybrid RNA. In addition, the clamp may facilitate
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Ficure 2: Addition of an extended stem structure facilitates binding obtiEs0/MS2 hybrid RNA to p58in vitro. (A) Predicted secondary
structures of thex-p50 RNA aptamer domain and three variants. RNIAs4 are a-p50/MS2 hybrid RNAs (total lengths of 29317
nucleotides) containing the indicated aptamer domains. Nucleotides previously shown to be importantbordibg are highlighted3).

(B) Predicted secondary structure of RKBAAgain, thea-p50 RNA aptamer domain is boxed, with nucleotides previously shown to be
important for p5@ binding highlighted 8). MS2 sequences are also highlighted. (C) Competition gel shift experiment assessing RNA
aptamers as competitors for pafinding to labeledB DNA. Unlabeled«B DNA was used as a positive control competitor, while - -/MS2
(MS2; 271 nucleotides) and scrambleep50 + GC clamp/MS2 (NS; 317 nucleotides) were used as negative control competitors; r(p50)
represents the recombinant, purified ppBotein; kB DNA* represents’2P-labeledcB duplex DNA. (D) Quantitation of competition gel

shift assay results. Values were normalized to the signal of r{g&f)nd, labeled DNA duplex in the absence of competitor and represent
the meant standard deviation based on three experiments.

presentation of the--p50 aptamer projecting away from the abundantly expressed in yeast cells relative to the endogenous
body of the hybrid RNA for optimal interaction with p&0 yeast small RNAs RNaseP RPRI and U14 snRNA. Lane 2
RNA 3 appeared to compete efficiently with the radiolabeled of Figure 3 shows total RNA from a yeast strain expressing
«B DNA duplex for binding to p58 since addition of 1- the iron response element (IRE)/MS2 hybrid RNB),(
and 5-fold excess competitor reduced the level of binding simultaneously probed for comparison.
of the probe to p50by ~50 and~83%, respectively (Figure Recombinant NkB p50 Homodimers Function in Yeast.
2D). Therefore, the construct encoding RI8Avas utilized We next sought to demonstrate that the hybrid protein
for subsequent experiments. component of our yeast three-hybrid assay was functionally
Hybrid RNA Expression in Yeasfpon transformation of ~ expressed in yeast. This was accomplished using a yeast one-
the three-hybrid system host yeast strain L40-coat with the hybrid system 16) (Figure 4A). A -galactosidase colony
construct encoding RN/, a Northern blot of total yeast color assay was conducted to confirm the transcriptional
RNA was conducted to assess accumulation of this RNA activation and DNA-binding competence of a GAL4AD/p50
containing thex-p50 aptamer. The blot was simultaneously hybrid protein utilized in our studies (Figure 4B). The only
probed for the RNaseP RPRI leader sequence (common tcstrains to test positive for a protei#DNA interaction were
all hybrid RNAs and also found endogenously in yeast cells) the positive control strain (GAL4AD/p53 hybrid protein
and the U14 snRNA sequence (as an internal loading expressed with a reporter containing p53 binding sites
control). As shown in lane 3 of Figure 3, RNA was upstream oflLacz) and the test strain expressing the
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Ficure 3: RNA 3 accumulates in yeast three-hybrid strain L40-

coat. Yeast total RNA from L40-coat-based strains expressing the
GAL4AD/p50 hybrid protein (lane 1), the GAL4AD/IRP1 hybrid ) . .
protein with IRE/MS2 hybrid RNA (lane 2), and the GAL4AD/p50  FIGURE 4: GALAAD/p50 fusion protein expressed and functional

hybrid protein with RNA3 (lane 3) was extracted and assayed by N yeast. (A) The yeast one-hybrid system was employed to verify
Northern blotting, probing with radiolabeled oligonucleotides the activation and DNA binding competence of the GALAAD/p50

complementary to the RNaseP RPR1 leader and to the U14 snRNA.hybrid protein. Thre&B sites were inserted upstream of thecZ
Mobilities of DNA size markers are indicated. The expected length andHIS3 reporter genes«B/LacZ and«B/HIS3, respectively). A

of the a-p50 + GC clamp/MS2 hybrid RNA is 317 nucleotides. control plasmid was likewise constructed containing three p53
Phosphorimager analysis showed that RBIAccumulated to 60 '€cognition sequences upstream of reporter genesl(@é&d/and

+ 8% of the IRE/MS2 hybrid RNA levels, based on normalization P53HIS3). Plasmids harboring these reporter constructs were
to the RNaseP RPR1 and U14 snRNA controls. integrated into the genome of yeast strain YM4271. Plasmids

encoding the hybrid proteins were then introduced. [BxZ

. L - reporter gene expression was assayed by a colony color assay and
GAL4AD/pS0 hybrid protein with a reporter containing direct measurement of enzyme activity. Two colonies of each strain

sites upstream dfacZ The negative control strain expressing were patched onto medium lacking leucine, and a colony color assay
the GAL4AD alone with a reporter containingB sites for LacZreporter gene expression was performed as described in

upstream ofLacZ exhibited very weak activation of the Materials and Methods. At least three independent color assays were

reporter gene (faint blue in Figure 4B). A chemiluminescent conducted in duplicate for each strain. For the direct assay of
enzyme activity, values were normalized to the p53 positive control

liquid f-galactosidase assay was conducted to quantitate theain (signal set at 100 arbitrary units). Data represent the mean
relative LacZ expression levels in the different strains. As of three independent assays conducted in triplicate. HCS3

shown in the final column of Figure 4B, only the positive reporter gene expression was assayed by spreading cell suspensions
control strain and the strain expressing the GAL4AD/p50 gnarglliﬁfi ;azktiﬂgzgligtig”:T?”g Al?ruicsinaeneilrr:gibcitc:)?t?);mt?iglgsmM
hybrid with a reporter containingB sites upstream dfacZ ; aert . I A o
yielded detectablgs-galactosidase activity. These results gene product, allowing discrimination of true positives.
indicate that the GAL4AD/p50 fusion protein is a functional together, these results confirm that the GAL4AD/p50 fusion
site-specific transcription factor in yeast. protein is functional in yeast.

To confirm these data, a growth assay for expression of Three-Hybrid Assay of the.-p50 RNA Aptamerp50,
the HIS3reporter gene was conducted. In the presence of 3Interaction in YeastHaving validated the necessary com-
mM 3-AT, only the positive control strain (expressing the ponents of the yeast three-hybrid system, we assayed strains
GAL4AD/p53 hybrid with a reporter containing p53 binding expressing the appropriate combinations of hybrid RNAs and
sites upstream oflIS3) and the test strain (expressing the hybrid proteins fol.acZandHIS3reporter gene activation.
GAL4AD/p50 hybrid with a reporter containingB sites The positive control strain (GAL4AD/IRP+ IRE/MS2)
upstream oHIS3) were able to grow (Figure 4C). Neither utilizes a naturally occurring eukaryotic RNA/protein inter-
the negative control strain (expressing GAL4AD alone with action: the iron regulatory protein (IRP) binds to the iron
a reporter containingB sites upstream oHIS3) nor an response element (IRE) in thé Bntranslated region of
unmatched strain (expressing the GAL4AD/p50 hybrid with ferritin mMRNA to inhibit translation of the mRNA encoding
a reporter containing p53 sites upstreanHd®3) was able this iron storage proteinl{, 18). As shown in Figure 5A,
to grow detectably in the presence of 3 mM 3-AT. Taken only the positive control strain (GAL4AD/IRP IRE/MS2)
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Ficure 5: a-p50 RNA aptamer binds its psQarget protein in
vivo. (A) Expression ot.acZreporter gene in three-hybrid strains.
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its p5@ target in vivo and confirm the in vitro results depicted

in Figure 2 which suggest incorporation of a GC clamp
enhances recognition of p50 by tlep50 aptamer. The
three-hybrid data demonstrate that the GC clamp assists
aptamer presentation but is not itself recognized by the target
protein. Moreover, the data rule out recruitment by the hybrid
RNA of endogenous yeast transcriptional activators as has
recently been reported in another three-hybrid stut). (

Implications Converging evidence suggests that RNA
regulation of transcription factors may constitute a previously
underappreciated mechanism for controlling gene expression.
Our interest in RNA decoys is based on the example of a
naturally occurring RNA decoy for a transcription factor
provided byXenopus5S RNA. Upon transcription of the
5S gene by RNA polymerase lll, excess RNA product can
bind the transcription factor TFIIIA and sequester it from
DNA. Consequently, the level of 5S gene transcription is
reduced through an autoregulatory mechani@). Another
fascinating example is provided by the TSU (trophoblast
STAT utron), a small, untranslated RNA that appears to bind
the transcription factor STATL1 to repress major histocom-
patibility complex antigen expression in human trophoblasts
(21). The TSU appears to bind to STAT1 by virtue of STAT-
binding promoter-like motifs occurring within the RNA
sequence2l). This observation raises the intriguing pos-
sibility that regulator RNAs may recognize transcription
factors through the formation of pseudoduplexes that mimic
the factor’s natural binding site. The-p50 RNA aptamer
characterized in our studies shows no obvious sequence
homology to the NReB DNA binding site; however, the
possibility remains that the RNA structure forms a pseudo-
duplex, perhaps through the formation of noncanonical base
pairs, that is uniquely suited for recognition by the NB-

The yeast strain L40-coat was transformed with plasmids encodingtranscription factor.

the indicated hybrid proteins and RNAs. Transformants were
assayed fot.acZreporter gene expression by a colony color assay
and measurement ¢f-galactosidase activity as described in the

legend of Figure 3.&-p50 + clamp/MS2” is identical to RNA3

in Figure 2. (B) Three-hybrid system growth assay for expression
of the HIS3 reporter gene. The yeast strain L40-coat was trans-
formed with the indicated hybrid proteins and RNAs and plated
on medium lacking uracil and leucine. After 3 days, individual

The mounting evidence for RNA regulation of proteins
bespeaks the possibility of imitating such naturally occurring
interactions to artificially regulate gene expression. As in
our studies, in vitro selections may serve as starting points
for identifying potential RNA ligands for transcription
factors. The yeast three-hybrid system will serve as an

colonies were suspended in TE buffer and streaked on plates lackingmportant tool for optimizing ouc-p50 RNA aptamer: p50

uracil, leucine, and histidine and containing 1 mM 3-AT.

and the test strain [GAL4AD/p5& (a-p50+ clamp)/MS2]
strain displayed.acZ expression in the colony color assay.
A chemiluminescent liquig-galactosidase assay was con-
ducted to quantitate the relatiye-galactosidase activity
(Figure 5A, final column). These results provide the first
evidence of an in vivo interaction between thg50 RNA
aptamer and its p50target A HIS3 growth assay was
conducted to confirm this finding. As shown in Figure 5B,
only the positive control strain (GAL4AD/IRR IRE/MS2)
and the test strain [GAL4AD/p5& (o-p50+ clamp)/MS2]
were able to grow appreciably on medium containing 3-AT.
Interestingly, a strain expressing the GAL4AD/p50 hybrid
with a hybrid RNA containing an unclamped version of the
o-p50 aptamer (RNA in Figure 2A) exhibited weak growth

in 1 mM 3-AT. This strain was able to grow on plates
containing up to 2 mM 3-AT, whereas the strain expressing
the GAL4AD/p50 hybrid andi-p50+ clamp/MS2 was able

to grow on plates containing up to 3 mM 3-AT. These results
indicate that the in vitro-selectedp50 RNA aptamer binds

interaction with the ultimate goal of inhibiting NEB
function in cells.
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