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ABSTRACT. Two classes of RNA aptamers that bind the second messenger adengSingyclic
monophosphate (CAMPL) were isolated from a random-sequence pool using in vitro selection. Class |
and class Il aptamers are formed by 33- and 31-nucleotide RNAS, respectively, and each is comprised of
similar stem-loop and single-stranded structural elements. Class Il aptamers, which dominate the final
selected RNA population, require divalent cations for complex formation and display a dissociation constant
(Kp) for cAMP of ~10 uM. A representative class Il aptamer exhibits substantial discrimination against
5'- and 3-phosphorylated nucleosides such as ATRAP, and 3-AMP. However, components of cCAMP

such as adenine and adenosine also are bound, indicating that the adenine moiety is the primary positive
determinant of ligand binding. Specificity of cCAMP binding appears to be established by hydrogen bonding
interactions with the adenine base as well as by steric interactions with groups on the ribose moiety. In
addition, the aptamer recognizes '8(bcycloadenosine?) but notN3,5'-cycloadenosined), indicating

that this RNA might selectively recognize the anti conformation ofNhglycosidic bond of cAMP.

Biological systems rely on various second messenger Scheme 1: The Target Ligand cAMB)(and Its
compounds in signal transduction pathways that are integrallmmobilization on an Agarose Matrix via a 9-Atom Spacer
cellular determinants of both normal and disease states. Fotto Position C8 of the Adenine Ring

example, cCAMP (Scheme 1) is a second messenger that NH, NH

is involved in cellular signaling processes that modulate N)\/[N\> N%IN\ o
protein phosphorylationlj. The concentration of cAMP 1 kN N kN N: i
inside cells is established by the function of various adenylate o o
cyclases and cyclic nucleotide phosphodiesterases (PDES). e g

Adenylate cyclases are typically regulated by hormone 0=P~0 o©H 0=R~o0 OH
stimulation, which induces the production of cAMP from o- o~

adenosine striphosphate (ATP). In contrast, PDEs catalyze cAMP cAMP agarose

the hydrolysis of cAMP to produce adenosirennophos- _ .

phate (5AMP), thereby reducing the signaling effect that and DNA aptamers that serve as I|.gand—speC|f|c.rece_ptors
is otherwise established by high cAMP concentrations. (3~9)- These aptamers can recognize a great diversity of
Intentional modulation of the activity of adenylate cyclases Small organic compounds such as dy@s7), amino acids

and PDEs is proving to be a promising strategy to achieve (8—10), nucleotides11, 12), and aminoglycosided §-17),
various therapeutic effect@)( Therefore, the development &Mong many other small and large molecules. Similarly, in
of additional means by which cAMP and other second y|tro selection methods have been used to create numerous
messengers can be intentionally and discretely manipulatediP0Zymes and deoxyribozymes that catalyze chemical
could be useful for the creation of new therapeutic strategies. fansformations, including phosphoester formation and cleav-

One possible strategy for the manipulation of cellular age reactionsl8—20). The functional capabilities of nucleic

processes is the creation of novel enzymes and receptors‘jic'ds perhaps could be exploited to create new receptors for

Recently, molecular engineers have begun employing com-CAMP that could be integrated into structures that detect the

binatorial methods for macromolecular design to make new concentration of the seco_nd messenger in soluliﬂn;(_Z).
functional proteins and nucleic acids. For example, the In addition, novel catalytic nucleic acids that specifically

process of SELEX has been used to isolate a myriad of RNA recognlze_cAMP_ might be mﬁde to selectively destroy CAMP,
thereby simulating the function of natural PDEs.

: : : Precise molecular recognition is a hallmark of many
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discriminatory powers if it is to function stringently in

complex chemical mixtures such as those found in cells.

Koizumi and Breaker

of a cAMP—agarose slurry (4% beaded agarose, 81l
of cAMP/mL of packed gel) in binding buffer for 5 min.

Independent SELEX experiments to isolate aptamers for ATP The slurry was loaded onto a Micro Bio-Spin Chromatog-

(11), nicotinamide adenine dinucleotide (NAP(23) and
Sadenosylmethionine (SAMP@), already have provided a

raphy Column (Bio-Rad). The matrix was subsequently
washed with 6 bed volumes (200 x 6) of binding buffer,

series of structurally related RNAs that bind the three ligands and the RNAs that were selectively retained by the cAMP

with near equal affinity. Each of these aptamers recognizesagarose resin were recovered by affinity elution with 6 bed
the adenosine moiety that is common between the threevolumes of binding buffer containing 4 mM cAMP. The
ligands. Unfortunately, these aptamers do not provide a latter fractions were pooled, and the selectively eluted RNA
means by which specific molecular recognition of indepen- was precipitated with ethanol. The recovered RNAs were
dent adenosine-containing compounds can be achieved fromamplified by reverse transcription followed by the poly-
a complex mixture of molecules. merase chain reaction (RT-PCR) as described previoRg)y (
The tertiary structure analysis of the ligand-binding core using primer 1 (§GTGCCAAGCTTACCG) and primer 2

of these adenosine-binding aptame?5(27) indicates that ~ (5-GAATTCTAATACGACTCACTATAGGAAGAGAT-
each aptamer interacts only with the adenosine moiety, GGCGAC). The resulting double-stranded DNA was used

whereas the groups appended at thedsition of the ligand

in an in vitro transcription reaction to prepare the RNA

are exposed to solvent. Since this class of aptamers doegopulation for the subsequent round of selection.

not form a structure that could interact differently with
various chemical substituents at tHepBsition, it serves as

Progress of the elutions at each round of selection was
monitored by spotting 4L of eluant from each fraction on

a somewhat promiscuous receptor of compounds adjoinedWhatman chromatographic paper (3MM) and quantitating
to the B carbon of adenosine. Despite its versatile ligand the dried samples using a Phosphorimager and ImageQuaNT
specificity, this repeatedly isolated aptamer for adenosine software (Molecular Dynamics). Approximately 45% of the
does not measurably bind to cAMP-derivatized agarose RNA population generated after five rounds of selection (G5)
(Koizumi and Breaker, unpublished data). Therefore, we setWas recovered during the elution with 4 mM cAMP. The
out to determine whether new RNA aptamers could be subsequent population was cloned using a TOPO-TA cloning
isolated that selectively bind cAMP while precluding the Kit (Invitrogen) and sequenced using a ThermoSequenase kit
binding of ATP and other adenosine-containing compounds. (Amersham).

For reselection, a mutagenized DNA template@ GC-
CAAGCTTACCGTGCGACAAGTCGTTTTAGTCGCCA-
TCTCTTCCTATAGTGAGTCGTATTAG) was synthesized

Nucleic AcidsSynthetic DNAs and RNAs were prepared ith a degeneracy3(l) of 0.21 per position as indicated by
by automated synthesis (Keck Biotechnology Resource the underlined nucleotides. The synthetic DNA was made
Laboratory, Yale University) and were purified by denaturing double stranded by reverse transcriptase-mediated extension
(8 M urea) polyacrylamide gel electrophoresis (PAGE) ysing primer 3 (5GAATTCTAATACGACTCACTATA),
followed by crush/soak elution from the ge?l). Purine and the resulting templates were transcribed using T7 RNAP
riboside 3,5'-cyclic monophosphate (cPMP) was synthesized (27). Approximately 200 pmol representing10'® variant
from purine riboside (Aldrich) according to the procedure RNAs was prepared as described above, ang.Lasf RNA
of Genieser et al. 28). The adenosine analogs 8(5- solution in binding buffer was incubated with an equal
cycloadenosine ani3,5'-cycloadenosine were synthesized yglume of cAMP-agarose. The bound RNAs were selec-
according to the procedures of lkehara et @&9)(and  tively eluted from the matrix as described above and
Verheyden and Moffatt30), respectively. The radionucleo-  precipitated with ethanol. The recovered RNAs were treated
tides [p-**PJUTP and {-**P]JATP were purchased from for 1 hwith 10 units of alkaline phosphatase (AP; Boehringer
Amersham, and*fP]JcAMP was purchased from ICN. Al Mannheim) according to the manufacturer's directions, and
other analogs of cCAMP were purchased from Sigma. then heated to 95C for 1 min to eliminate residual AP

In Vitro Selection ProtocolsAn initial population of RNA activity. The dephosphorylated RNAs were recovered by
transcripts (5pppGGAAGAGAUGGCGAC[NgCGGUA- precipitation with ethanol and incubated for 30 min with 5
AGCUUGGCAC) was prepared by in vitro transcription U T4 polynucleotide kinase (T4 PNK; New England Biolabs)
using the appropriate synthetic DNA template that carries and [y-32P]JATP according to the manufacturer’s directions.
the T7 RNA polymerase (T7 RNAP) promoter. The initial The 3-labeled RNAs were recovered by precipitation with
large-scale transcription reaction, conducted essentially asethanol, resuspended in 14L of deionized HO, and
described previously2(l), provided~10"* RNA sequence  subjected to periodate oxidation apeelimination as de-
variants. To remove unincorporated nucleotides and to scribed previously 31). The latter treatment was used to
exchange the buffer mixture, the resulting RNA transcripts generate a'3erminal phosphate group when necessary (e.g.,
were precipitated using ethanol and pelleted by centrifuga- Figure 4B, structuredi). After precipitation of the RNA
tion. The RNA was resuspended in binding buffer [20 mM products with ethanol, the selected molecules were ligated
Tris-HCI (pH 7.5 at 23°C), 450 mM NaCl, 100 mM KCl, to a chemically synthesized oligoribonucleotide, termed “T7
10 mM MgCh, 1 mM MnCl, and 5 mM CaCJ and passed  promoter RNA” (3-CUAAUACGACUCACUAUA), that
through a NICK Spin column (Pharmacia), and the appropri- encodes the promoter sequence for T7 RNAP. Ligation
ate fractions containing RNA were recovered. Approximately reactions were conducted at°€ for 16 h with T4 RNA
1 nmol of RNA in 200uL of binding buffer was incubated ligase (Boehringer Mannheim) using the manufacturer's
at 60°C for 5 min and allowed to cool at 2Z for 10 min. recommended buffer conditions. Ligation products were
The RNA population was incubated with an equal volume amplified by RT-PCR, and the resulting DNA templates were

MATERIALS AND METHODS




cAMP-Specific RNA Aptamers

transcribed by T7 RNAP to prepare the next population of

RNAs. The G4 population was cloned and sequenced as

described above.

Boundary Analysis Experimentsdividual RNA clones
were 2P labeled either at their' Ferminus with T4 PNK
and [y-*?P]ATP or at their 3terminus with T4 RNA ligase
and [3-32P]pCp, followed by purification using denaturing
10% PAGE. Purified RNAs (3650 pmol) were subjected
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to random cleavage in the presence of 50 mM sodium

carbonate (pH 9.0) and 1 mM ethylenediaminetetraacetic acid PP ——
(EDTA) by heating to 95C for 9 min. The resulting nested

set of RNAs was combined with 5@ of cAMP—agarose V‘ I

slurry and incubated at 23C for 5 min. The mixture was Clones RT/PCR

transferred to a column, and washed with 6 bed volumes of g re 1: 1n vitro selection of cAMP-specific aptamers from a
binding buffer followed by 6 bed volumes of binding buffer population of random-sequence RNAE. RNA is prepared by in
containing 4 mM cAMP. Samples from these fractions were Vvitro transcription from a mixture of-6 x 10 double-stranded
examined by denaturing 10% PAGE. G-specic cleavage [N emsles uang 17 FNS potmerse (17 KA Each
Iadde,rs_ were generatgd bY incubating RNA in 40 sequence that is flanked by primer-binding sites, one of which
containing 25 mM sodium citrate (pH 5.0 at 28), 7 M includes the promoter for T7 RNAP (T7)Il§ Purified RNA
urea, 1 mM EDTA, and RNase T1 (Boehringer Mannheim) products are mixed with binding buffer and loaded onto a column
for 15 min at 55°C.

packed with an agarose affinity matrix that is derivatized with
The generation of RNA transcripts with',Z-cyclic

cAMP. Unbound RNAs are removed by washing the matrix with

hosphat hieved by t iDi DNA binding buffer. RNAs that are selectively bound to the matrix via
phosphate groups was aC, leve Y. ranscribing a interactions with immobilized cAMP are specifically recovered by
template for T7 RNAP that yields a fusion between the class elution with binding buffer containing 4 mM cAMPII{ ) Recov-
| aptamer and a hammerhead ribozyme. Unlabeled precursoered RNAs are amplified by reverse transcription followed by the
RNA transcripts or similar internall§?P-labeled RNAs were P?'yfgeija%eN;ham niactlon_ t()Rg/tPCRWQ Tthethresulgng dou?le- |

I strande s are transcribed to generate the subsequent popula-

pL.mned by PAGE. Lég\labeled RNA.S were dephosphorylated tion of RNA. (V) Double-stranded DNA from the final round of
with AP, and then 5*P-labeled using T4 PNK as described  ggjection is cloned for further analysis.
above. Internally labeled RNAs were treated with AP to

generate a free $ydroxyl group. The resulting RNAs were  step to the total amount of RNA eluted in both steps. We
incubated under permissive reaction conditions for the find that when 6 bed volumes of 0.5 mM cAMP are
ribozyme, and the RNA fragments corresponding to aptamerssypsequently applied to the pre-eluted column, an amount
i andiv (Figure 4B) that are terminated with,3-cyclic of RNA is recovered that is equivalent to that isolated during
phosphate were recovered from the gel by crush/soakine pre-elution step. Therefore, 0.5 mM cAMP gives 50%

isolation. The resulting RNAs were used in matrix-binding e|ution of the total amount of RNA eluted during both steps.
assays as described in the text.

Equilibrium Filtration Analysis.The dissociation constant
(Kp) for the 31-nucleotide cAMP-b RNA was determined
by equilibrium filtration analysis32). Various concentrations ) =Gl ! !
of 5'-phosphorylated RNA (0:230 uM as indicated) were cAMP were |s_olated by in V|tro.selectlon from a_pqpulatlon
incubated with ¥P]cAMP (final concentration 0.026M) of 80-nucleotide RNA transcripts, each containing a 50-
in 50 uL of binding buffer. The mixture was transferred to nucleotide region of random sequence (Figure 1). After four
a Micron YM-3 Centrifugal Filter Device (Millipore) and ~ rounds of selective amplification (G4), more than 20% of
spun at 13009 at 4 °C for 8 min, producing a filtrate of ~ the RNA pqpu[auon binds to the cAMP-denvauzed column
12 + 2 uL. Aliquots (2 uL) from above and below the — Matrix in bmdmg buffer (see Materials _and _Mgthods for
membrane were spotted onto Whatman paper (3MM), dried, details) and is subsequently eluted with binding buffer
and quantitated by Phosphorimager. The fraction of cAMP containing 4 mM cAMP. Likewise, approximately 45% of
bound to RNA was calculated as described previoudly.( G5 RNA s selectively eluted by addition of free CAMP. This

Assessment of Ligand Specificifjhe relative binding fraction of RNA Q|d not significantly increase with further
affinities of various cAMP analogs were qualitatively founds of selection.
determined using a two-step elution protocol. RNA aptamers ~ To test whether G5 RNA can discriminate between cAMP
that were 532P-labeled using T4 PNK were incubated with and 3-phosphorylated derivatives of adenosine such as ATP,
50 uL of cAMP—agarose at 23C for 5 min. In the first the population was loaded onto a column containing an
step, the mixture was transferred to a column and washedagarose matrix that was derivatized with/8VIP. The class
with 6 bed volumes of binding buffer followed by 6 bed of ATP-binding aptamers described by Sassanfar and Szostak
volumes of buffer containing 0.5 mM of a specific compound (11) readily binds to this matrix32). In contrast, we observed
as designated for each assay. This pre-elution removed dhat the G5 RNA population does not bind theAvP-
specific fraction of the total RNA that was originally —derivatized matrix (data not shown), indicating that novel
immobilized. In the second step, the column was eluted with types of aptamers had been enriched by the selection process.
6 bed volumes of binding buffer containing 4 mM cAMP. The G6 population was cloned, and the plasmid DNA from
The relative binding affinity for each analog was determined nine colonies was sequenced. Four individuals with signifi-
by comparing the relative amount of RNA eluted in the first cantly different nucleotide sequences were identified (Figure

RESULTS AND DISCUSSION
Isolation of cCAMP-Specific AptamerRNA aptamers for
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class I 10 20 30 40 50 60 70 activity
- e ——————
cAMP-a pppggaagagauggcgacCCGACGCGUAAACGAAACGCACAUUCCCCCACAGGAUAUGUGCUCGGGA-cgguaagcuuggeac (2) ++
class I1 10 20 30 40 80 80 70
cAMP-b pppggaagagauggcgacUAAAACGACUUGUCGCGUGCUGCCCGCCUGUUCGCUUUCUGCACCCCGG-cgguaageuuggeac (3)  ++
cAMP-c pppggaagagauggcgaclUAAAUCGACUUGUCGCGUUGCAGGCUGCACCCCGUCCGUGGACCCCCGG-cgguaagcuuggeac (2) “g
cAMP-d pppggaagagauggcgacUAAAUCGACUUGUCGUAAACCCAUUCUUAUCGGCGUGCUCUACAGCCGGGcgguaageuuggeac
minimum aptamers
I pprggaagagauggcgacCCGACGCGUAAACGAAAC>D ++
II pppggaagagauggcgacUAAAACGACUUGUCGC ++

Ficure 2: Nucleotide sequences of four cCAMP aptamers isolated by in vitro selection. (A) The sequences of the primer-binding sites were
held constant during the selection process and are depicted with lower case lettersp wdmesents phosphate. The 16-nt domain that

is conserved in class Il RNAs is underlined. Overlines identify théeBninal nucleotides of various truncated RNAs that retain full
cAMP—agarose binding function. For example, the cAMP-a RNA that terminates at C33 binds-cddaPose, while the+1 RNA

construct that terminates with G34 is inactive. Numbers in parentheses reflect multiple clones. The percent of RNA that is retained by the
cAMP affinity matrix and is subsequently eluted by free cAMP, which reflects the efficiency of aptamer function, is represehted by
(>60%),++ (40—60%),+ (20—40%),— (<20%), or ND (not determined). Values reflect the total amount of RNA loaded on the matrix.

(B) The minimized RNAs for class | and class Il aptamers are 33 and 31 nucleotides in length, respectivelytefinén&l phosphate

group of both RNAs is required for maximum binding function. In addition’,&-2yclic phosphate group is necessary for binding activity

of the truncated class | aptamer.

2). Three of these individuals (CAMP-b, cAMP-c, and cAMP- the Zuker RNAmfold computer algorithm33). The mini-
d) were categorized as “class II” aptamers by the presencemized class | aptamer is predicted to form a dumbbell-like
of a nearly-identical 16-nt sequence located immediately structure (Figure 4A), in which the 10 nucleotides at the 5
adjacent to the '5Sprimer-binding site. The remaining end of the RNA remain unpaired. To test the structural
sequence (CAMP-a) does not carry this same conservedmodels for class | and class Il aptamers, we examined the
sequence element. The cCAMP-a RNA was categorized as gpatterns of spontaneous RNA cleavage both in the absence
“class I" aptamer. and in the presence of cCAMP. A similar strategy has been
Minimal Ligand-Binding DomainsThe minimum se-  used to examine the secondary and tertiary structure features
quence requirements for the two classes of aptamers weref other aptamers using the protocol described previously
determined by boundary analysis experiments. RNAs rep- (34). When incubated in binding buffer without cAMP, both
resenting class | or class Il aptamers each were radiolabeledhptamers have cleavage patterns that are consistent with the
with 32P either at their Sor at their 3 termini and subjected  stryctural models predicted by the Zuker algorithm that are
to partial alkaline-mediated_chain cleavage. The resultihg depicted in Figure 4A,C. Specifically, spontaneous strand
nested set of RNAs was delivered to a column packed with gcission is reduced in regions that are predicted to reside in
CAMP—agarose. Truncated RNAs that no longer bind CAMP pase paired structures, while unpaired regions cleave sig-
pass through the column, while RNAs that bind cAMP are pjificantly faster (data not shown). When cAMP is added,

retained by the matrix. _ the cleavage pattern is altered~at8 positions in a fashion
PAGE analysis of the distribution of RNAs derived from 4t is consistent with ‘adaptive binding’ of the ligand. In

5' 32P-labeled cAMP-a transcripts (Figure 3) was used to
establish the shortest class | RNA that binds cAMP and to
establish the importance of flanking sequences on the j .
function of the minimal RNA aptamer. In this case, the RNA P " ) .
aptamer can be truncated to nucleotide position C33 with nterestingly, a chemically synthesizec%-labeled RNA
full retention of CAMP-binding function. However, many ~€ncompassing the 33 nucleotides of the minimal class |
longer RNAs that include the minimum active domain do @Ptamer is incapable of binding the cAMP-agarose matrix
not bind the CAMP-agarose matrix, suggesting that second- (Figure 4B, structurg). This synthetic RNA is identical to
ary or tertiary structures formed using the nucleotidesf3 ~ the minimal functional RNA identified in the boundary
the minimum aptamer domain can modulate ligand binding. analysis experiments described above (Figure 3), with the
Likewise, an analysis conducted with®3-labeled cAMP-a  exception that the 'B'-cyclic phosphate that is generated
RNA reveals that the'Serminal guanosine residue (G1) is Dby alkaline-mediated RNA cleavage is absent. To examine
essential for aptamer function (data not shown). As a result, the importance of the phosphate moiety at théeminus,
we conclude that the smallest contiguous class | aptamera 34-nucleotide RNA containing an additional G residue
based on cAMP-a is 33 nucleotides in length (Figure 2B). compared to the minimal cAMP-a RNA was prepared by
The class Il aptamer cAMP-b was examined using a chemical synthesis. This RNA was incapable of binding to
similar boundary analysis study, which reveals a minimal the CAMP-agarose matrix, just as predicted by the original
contiguous domain of 31 nucleotides (Figure 2B; data not boundary analysis (data not shown). Interestingly, conversion

other words, ligand binding brings about an ordered structur-
ing of the otherwise unstructured bulges and loops of each

shown). For both class | and class Il motifs, tHepEmer- of the 34-nucleotide RNA into a 33-nucleotide RNA with a
binding sites of the original RNA pool have become integral 3'-terminal phosphate moiety (Figure 4B, structiife via
components of the aptamer structure. periodate-mediated oxidation arfdelimination of the 3

Secondary Structure Model®NA secondary structure  nucleoside §5), yielded an RNA product that also failed to
predictions for the two classes of aptamers were made usingbind the cAMP-agarose matrix.
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- - uration. (B) Binding of class | aptamers to cAMRBgarose is
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- - different constructs based on the 33-nucleotide domain of CAMP-
- . a. The dashed line reflects the level of nonspecific binding under

a7y e the assay conditions used. (C) Sequence and secondary structure

& model for a representative class Il aptamer based on the minimized
- ol cAMP-b clone. (D) Binding of class Il aptamers to cAMBgarose
G5 > ..." is dependent on the chemical structure of theesminus. The

fraction of the total RNA that is delivered to a cAMRgarose
column that is specifically eluted with 4 mM cAMP is plotted for

-
different constructs based on the 31-nucleotide domain of CAMP-
x b. Note that nucleotides-115 (lowercase) in each of the two

_ _ o aptamers are derived from thé frimer binding sequence. Both
Ficure 3. Boundary analysis experiment for determining the 3 classes share the sequen¢eABCGA in the hairpin loop (en-
terminus of the functional domain of the class | cCAMP aptamer. circled).

RNAs representing a single full-length cAMP-a clone weré’B-

labeled and subjected to partial alkaline-mediated degradation to ; ; ;
produce a nested set of truncated RNAs. The resulting degradationduced the desired cyclic phosphate produpt.(see Materials
products were loaded on to a chromatographic column packed withand Methods). Only those RNAs containing both the
cAMP agarose, which selectively complexes with truncated RNAs 5'-phosphate and the',3-cyclic phosphate termini show
that retain cCAMP-binding function. Unbound RNAs were collected maximal binding to the agarose matrix, indicating that

in the wash, and bound RNAs were eluted with 4 mM cAMP. nhosphate groups at both ends and in the proper configuration
Aliquots of the samples were examined by PAGE and imaged by gre eF')ssenti%d fOF; ligand-binding function prop 9
autoradiography. Ribonuclease T1 treatment of th_e RNA (T1 Similarly. th _g, | g” : ‘ db 31
generates RNA products that are cleaved on thei@ of G imifar y, the minimum class aptamer formed by a 31-
residues. The notatiorsandb represent the use of 0.025 and 0.05 nucleotide RNA is predicted by the RNefold program to

unitsiL of RNase T1, respectively. Bands representing products form a 5 base-pair helix that is flanked by a 10-nucleotide
of alkaline-mediated RNA cleavage on thesile of each base are

indicated on the left. The full-length RNA precursor (Pre) and the Slngle_Stranded.domam and an 11-nucleotide halr.pm. loop
minimal RNA that retains cAMP-binding function (Min) are  (Figure 4C). This structure has features that are similar to
identified accordingly. those of the class | structure. For example, the same unpaired
nucleotides of the 'Bportion of class | are also unpaired in
We speculated that perhaps the aptamer requires,Bie 2  the secondary structure predicted for class Il. In addition,
cyclic phosphate group that is generated by alkaline-mediatedthe hairpin loops of the two RNAs each contain an identical
cleavage, and that this requirement is not necessary in thesix-nucleotide domain (class I: nucleotides-2®; class
context of the full-length RNA clone. To further examine II: nucleotides 18-23). These similarities suggest that the
the importance of the'5and 3 termini, we generated two  two classes of aptamers may form related ligand-binding
RNA constructs that retain the,2-cyclic phosphate group ~ pockets, despite the differences in their secondary structures.
and in addition have either a'-phosphate or a free Unlike its class | counterpart, ligand binding by the 31-
5'-hydroxyl terminus (Figure 4B, structureid and iv, nucleotide class Il aptamer has no requirement for a
respectively). Generation of RNAs carrying the32cyclic 3'-terminal phosphate (Figure 4D, structuresand ii).
phosphate group was achieved by appending them to theHowever, the aptamer has an absolute requirement for one
hammerhead ribozyme, such that ribozyme cleavage pro-or more phosphate groups located at theesminus. For
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A RNA pool C
5 10 20 30 40 10 20 30 40 activity
pppGGAAQAQAUGGCGACUAAMCGAC@QQg acgg’uaagcuuggcac PPPGGAAGAGAUGGCGACUAAAACGACUUGUCGCacgguaagcuuggeae ++

3’ primer binding site
5° 77 promoter RNA
CUARUACGACUCACUAUA
5 primer binding site

B 5 DNA
I T )
1 ‘ T7 RNAP
CIones
pppGW X
1. load cAMP matrix D
2. wash with buffer 10 20
3. elution with buffer A
T RNAP/ \ containing 4 mM A Qm@ — U® Al_l\
cAMP G GCGAC
IT7|I|II\I} ppPG'V"W"— A Illll C
"CGCUG AG

4. cyclohexylamine

3
A 2
;:::PNK GGp' 30 U@C
RT/PCR \ 111 Ita / 5 vaios 5 A
c
5

5°
GMMN—-p pG ~~~A——Dp
~m 2
1. RNA ligase, T7 promoter RNA
2. PAGE

Ficure 5: Reselection of a minimized class Il aptamer. (A) Construct used for the reselection of class || cAMP aptamers. Underlined
sequences were mutagenized with a degenemdcyf(0.21. The first nucleotide was not mutagenized because of the preference that T7
RNAP exhibits for transcripts that begin with guanosine residues. (B) Selection scheme for the isolation of variant class Il aptamers from
a mutagenized precursor. StdpsV are identical to steps—V described in Figure 1. However, two additional steps have been added to
facilitate amplification. la) RNAs that are eluted from the affinity matrix with CAMP are treated with alkaline phosphatase to remove the
5'-triphosphate moiety. A single phosphate group is restored to'tkerfinus with T4 polynucleotide kinase (T4 PNK). In addition, a
3'-phosphate terminus is generated by removal of theugleoside by periodate-mediated oxidation @aelimination @35). (Ilb) The

resulting RNAs are combined with a 17-nucleotide RNA that encodes the T7 RNA polymerase promoter sequence, and the 2 RNAs are
joined using RNA ligase. The ligation products are purified by PAGE prior to amplification by RT/PCR. (C) Atrtificial phylogeny of
functional class Il aptamers isolated by reselection. Nucleotides that differ from the parent cAMP-b sequence (top) are identified, while
dots represent unchanged nucleotides. Underlined positions identify base complementary when mutations have occurred that are consistent
with the presence of a stem structure. Quantitation of binding activity for each variant is described in the legend to Figure 2. The clone
identified with the asterisk carries an additional U residue between nucleotides A6 and G7. Numbers in parentheses reflect multiple clones.
(D) Location of tolerated sequence variation in the secondary structure of class Il aptamers. Encircled nucleotides tolerate mutations, with
only U at position 25 exclusively mutating to C. Open bars identify putative base-paired nucleotides that are supported by apparent covariation.

example, minimized cAMP-b RNA cannot bind to the component of both class | and class Il aptamers. To probe
cAMP—agarose matrix when a freé-Bydroxyl group is the importance of the entire cAMP binding domain by
present (Figure 4D, structui@é). However, 31-nucleotide  reselection, nearly all of this original primer-binding site was
RNAs that carry a single'shosphate group added by the subjected to random mutagenesis along with the rest of the
action of T4 polynucleotide kinase, or RNAs that carry a 31-nucleotide aptamer domain. As a result, it was necessary
triphosphate moiety as a result of T7 RNAP transcription to include a new Sprimer domain in the construct in order
initiation with GTP, exhibit normal binding to the matrix. to facilitate RT-PCR amplification. Unfortunately, we ob-
Characterization of the Class Il Structural ModaNe served that the addition of even a single G nucleotide to the
chose to examine the secondary structure model for class 115" end of the minimal cAMP-b RNA causes inactivation of
aptamers due to its dominant representation in the originalthe construct's cAMP-binding activity (data not shown).
population of selected RNAs. To investigate the importance Therefore, we synthesized a separate 18-nucleotide RNA that
of various sequence and structural components of the motif, carries the promoter sequence for T7 RNA polymerase,
we subjected a representative RNA aptamer (CAMP-b) to which was joined to selected individuals of the RNA aptamer
mutagenesis and reselection for cAMP binding. To produce pool after each round of cAMP-mediated elution from the
a truncated RNA pool for reselection (Figure 5A), the agarose affinity matrix.
original RNA sequence located Blative to the aptamer A revised selection scheme (Figure 5B) was employed for
had to be replaced due to its inhibitory characteristics. the reselection of class Il aptamers. In contrast to the original
Therefore, a new truncated construct was designed thataptamer selection (Figure 1), this revised protocol includes
contained the minimal 31-nucleotide aptamer appended attwo additional stages (lla and IIb) that involve treatments
its 3 terminus to a new 16-nucleotide RNA that serves as a necessary for attachment of the T7 promoter RNA oligo-
primer-binding site for amplification purposes. Unlike much nucleotide. After five rounds of reselection, greater than 40%
of the original 3 domain of the cAMP-b clone, this new of the RNA population both bound to the cAMRgarose
primer-binding sequence is fully compatible with the ligand- affinity matrix and was specifically eluted with cAMP. This
binding function of the adjoining aptamer domain. population was cloned, and 20 individuals were subjected
In addition, the 5primer-binding site of the RNA pool to nucleotide sequencing. A total of 18 individuals have
used in the original selection is a significant structural unique sequence variations compared to the parent cAMP-b
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sequence, and 13 of these exhibit affinity to the cAMP A fraction eluted
affinity matrix. 0 0.2 o4 06
Comparative sequence analysis of the 13 active variants
reveals several important sequence and structural features
of the class Il motif (Figure 5C). First, the five base pair
helix that is predicted by the RNA folding program is (-} KC
supported by numerous nucleotide covariations within many
clones (Figure 5D). In most instances, nucleotide changes
in the putative helix domain occur in a pattern that retains {-) MnClz
base complementarity. Second, nucleotides near 'tead

selection buffer

(-} NaC!

(-) MgCl2

. . -) CaCl
of the RNA are highly conserved, suggesting that much of () cacta
the original 5 primer-binding site is critical for complex no divalents
formation. Interestingly, the strictly conserved nucleotides 10 mM MgCl2

1-6 (pGGAAGA) are also present in the adenosine-binding
aptamer isolated previousifl1, 23, 24), where they are
known to form direct contacts with the bound ligargb{ 5 mM CaClz
27). However, the exact role of this sequence element in
these aptamers remains unclear. Third, the hairpin loop also
is highly conserved, indicating that the sequence element that B 1.0
is shared between classes | and Il most likely is an important
determinant of cCAMP binding. In summary, the distribution
and identities of the nucleotide changes observed in the
CAMP-b variants (Figure 5D) are consistent with the
structural model for class Il aptamers depicted in Figure 4C.
Functional Characteristics of a Class Il AptaméFhe
binding buffer used for in vitro selection included several
different monovalent and divalent metal ions. We indepen-
dently examined the importance of each of these components 0 ' L
of the selection buffer by conducting binding assays wherein 0.1 1 10 100
individual metal ions were withheld from otherwise complete [RNA] (1M)
buffer mixtures. The 31-nucleotide cAMP-b RNA retains Ficure 6: Characterization of the class Il aptamer. (A) The
near full binding activity when either the monovalent metal importarjce of monovalent and divalent meta} cations was asse_ssed
ons Naf and K- or the dvalent metalions Mg and C#* 1Y, g and ellon sssays, [he factor of sLiucieoice
are independently withheld from the binding buffer (Figure a5 subsequently eluted using 4 mM cAMP is plotted for various
6A). However, the absence of all divalent metal ions results puffer conditions. (B) Determination of tH¢p for the aptamer
in a substantial loss of cAMP binding. In contrast, the ligand complex using equilibrium filtration36). The fraction of
presence of low concentrations of R]hﬂprovides maximum total cCAMP @ZP-IabeIed) bound to either the 31-nucleotide cAMP-b

. L A o, RNA (filled circles) or a 21-nucleotide aptamer fragment (open
binding activity. Although the binding buffer conditions used circles) is plotted for different RNA concentrations. The concentra-

for in vitro selection support the maximum observed binding tjon of RNA at which the fraction of cAMP bound equals 0.5
activity, K*, Mg?", and C&" are unnecessary. reflects theKp for the aptamercAMP complex (10uM).

TheKp of the truncated cAMP-b RNA for its correspond-
ing ligand in solution was determined by equilibrium filtra- determine binding specificity qualitatively, a two-step elution
tion assays36). Different concentrations of 31-nucleotide assay 86) was used wherein the fraction 8P-labeled RNA
cAMP-b RNA were combined with a trace amount®é®- that is eluted from a cAMPagarose column upon addition
labeled cAMP, and the mixture was subjected to filtration of the ligand reflects the relative binding affinity. In the first
such that the bound versus free cAMP could be quantitated.step, the column is pre-eluted with buffer containing 0.5 mM
Under in vitro selection conditions, more than half of the of the test ligand. In the second step, 4 mM cAMP is present
32P-labeled cAMP becomes bound to RNA when the RNA in the buffer. For example, the inclusion of 0.5 mM cAMP
concentration surpasses &M, thus reflecting theKp for in the buffer for the first elution yields approximately 50%
the aptamerligand complex (Figure 6B). Therefore, this of the total RNA recovered by both the pre-elution and the
individual aptamer recognizes cAMP both free in solution elution steps. Since the fraction of total RNA eluted in the
and as a conjugate to the agarose matrix. In comparison, dirst step is dependent on the binding affinity of the free
21-nucleotide RNA comprising nucleotides-131 of cAMP-b ligand, this protocol makes possible the rapid assessment of
does not exhibit cAMP binding, consistent with previous data binding affinity of various analogs relative to cAMP.
indicating that the entire 31-nucleotide RNA is needed for We find that >AMP and ATP are not bound by the
CcAMP binding. TheKp for cAMP of 10 uM exhibited by truncated cAMP-b RNA, as determined by the observation
class Il aptamers is similar to the binding affinities that have that no RNA is eluted from the cAMPagarose matrix by
been previously established for aptamers that bind smallthese compounds (Figure 7A). This suggests again that class
organic compoundslg, 16). I cAMP aptamers have distinct molecular recognition

Molecular Recognition Determinants for Class Il Aptam- capabilities compared to the class of adenosine-binding
ers. A series of cCAMP analogs was used to examine the aptamers isolated previousl{Y, 23, 24). However, we also
binding specificity of the 31-nucleotide cAMP-b RNA. To observe that cAMP-b RNA binds adenosine and adenine with

1 mM MnCl2

0.5 —

fraction cAMP bound
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A Ne-methyl adenine (+)
N, AB-dimethyl adenine (++)
OP-methy! guanine (-)
7-deaza adenosine (-)
1-methyl adenine (-)

8-Br adenine (+)
8-Br adenosine (+++)

8-Br cAMP (+++) \N NHZ/
8-methylamino cAMP (+++) X
~ </ I /N
NT >N

Koizumi and Breaker

more cryptic.N®,Né-Dimethyladenine has both hydrogens of
the amine replaced by methyl groups, yet the analog is bound
by the aptamer apparently without loss of affinity. However,
purine riboside 35-cyclic monophosphate (3-cPMP)
cannot elute the RNA from the affinity matrix to any
measurable extent. This suggests that the exocyclic amine
at position 6, which is missing in'5'-cPMP, is a critical
determinant of ligand binding. It is possible that the exocyclic

5-AMP(-) o o J amine serves as a hydrogen bond donor, but the loss of this
5-ATP(-) \ contact due to methylation might be offset by the increase
O¢P 2,6-diamino purine (+) in hydrophobic character of the base moiety, which may
o o OH  3-methyl adenine (++) increase ligand affinity by improvement of base stacking
potential. It has been established tN&NS-dimethyladenine
/ is more hydrophobic thaNé-methyladenine37), which is
3-AMP () g:'iﬁéyademsme (+++4) consistent with this hypothesis. o
- ¢ Additional features of the ligand-binding character of the
aptamer are revealed by the performance of other analogs.
3.5-cGMP () 3.5-ciMP () adenine (++) The observation that'2leoxyadenosine binds with greater

-)
3.,5-cCMP (-) 3'.5-cPMP (-) adenosine (++)
3'.,5'-cUMP (-)

affinity that does cAMP is difficult to rationalize considering
the fact that the ribose group can be eliminated without
dramatic gain or loss of affinity. The improved affinity
resulting from this change could be explained by the
alleviation of a steric clash near thé @rbon, or it could
also be explained by the increase in hydrophobic character
of the ligand that may favor tighter binding. Finally, analogs
that carry modifications at the C8 position bind with the
highest affinity, which indicates that the aptamer may favor
cAMP derivatives that more closely match the chemical
o o structure of CAMP when coupled to the agarose matrix.
A summary of the chemical groups that are important for
\ \ \ \ \ ligand recognition is provided by Figure 7B. Presumably,
Ficure 7: Chemical determinants of ligand recognition by class the adenine base is directly recognized by the aptamer by
Il aptamers. (A) The activities of various cAMP analogs were hydrogen bonding with positions N1, N7, and the exocyclic
examined for their ability to elute the 31-nucleotide CAMP-b RNA 5 yine at position 6. Additional affinity for the ligand might

5' 32P-|labeled) from a cAMP-agarose matrix. The extent of elution . . .
i(s indicated by){r) and €) symgols and represents percent of RNA be derived through hydrophobic interactions, perhaps through

eluted from the ‘column by various cAMP analogs as defined in base stacking. In contrast, the ribose and cyclic phosphate
the legend to Figure 2. %-cIMP and 3,5-cPMP carry hypoxan- moieties appear not to be involved in direct molecular

thine and purine bases, respectively, in place of the adenine base;ontacts with the aptamer. However, increasing the size or

of cAMP. (B) Summary of the determinants of cCAMP recognition P o P
by a class Il aptamer. Solid lines represent the adenine base that isﬂ(_:‘)“b”"[y of the groups at the 23, and 3 positions all

involved in hydrogen bonding (arrows) and possibly hydrophobic '€Sult in loss of binding.

interactions with the aptamer. Directionalities of arrows define each ~ These findings indicate that the aptamer forms a structure
group as a hydrogen bond acceptor (facing toward) or hydrogenthat is a nearly-perfect match for the size and shape of the
bond donor (facing away). The hatched areas represent the pocketinose and phosphate moieties of cAMP. Even subtle

formed by the aptamer to accommodate the ribose and cyclic : : :
phosphate moieties. This pocket precludes the binding of even alteration of this structure such as hydrolysis of the phos-

closely related analogs of CAMP that have molecular shapes thatPhodiester ring results in steric exclusion of the ligand.
cannot fit within the footprint of the original ligand. Moreover, the patterns of molecular recognition determinants

of class Il aptamers are distinct from those of previously
affinities that are similar to that observed for cAMP. isolated adenosine and ATP aptamers. For example, the class
Therefore, the ribose and cyclic phosphate moieties are notll aptamer apparently forms hydrogen bonds only with
essential determinants of the ligand-binding process. How- adenine at positions N1, N7, and the exocyclic amine at
ever, when the ribose and phosphate moieties are present ifposition 6. In contrast, the ATP aptamer previously isolated
the ligand, their composition is critical for ligan@ptamer (12) contacts the adenine only at position N1 and the
interaction (see below for further discussion). exocyclic amine at position 6 of adenine, while apparently

Comparison of the binding characteristics of other analogs also forming a productive contact with the ligand’'s 2

reveals three positions on the adenine base (N1, N7, and thénydroxyl group. This is consistent with the conclusion that
exocyclic amine at position 6) that might be involved in the cAMP-binding aptamers identified in this study use
hydrogen bond formation. Blockage of the N1 position, as different adenine-binding structures.
found with the analog 1-methyladenine, is consistent with a  Examining the Glycosidic Bond Conformation Required
hydrogen bond donor role for this position. Similarly, for Ligand Binding.The glycosidic bond of nucleosides and
replacement of the N7 with carbon as in the analog nucleotides can adopt two conformations, anti and syn
7-deazaadenosine also prevents hydrogen bonding at thigFigure 8A) 38). Single-crystal X-ray analysis of CAMP has
position. The role of the exocyclic amine at position 6 is shown both conformations of CAMP per asymmetric unit

B

&

ey




cAMP-Specific RNA Aptamers Biochemistry, Vol. 39, No. 30, 200B991

A N, N Q-cycl(_)z_idenosine facilitates_ elution _of cAMRgarose-
N Ay & :}\N immobilized RNA aptamer with an efficiency near that of
anti r¢ AL A cAMP. In contrast, 4 mMN35-cycloadenosine has no
97 _o N 99 o observable ability to elute RNA from the matrix. These
OQP/ w S °\\P/ findings are consistent with the view that class Il cAMP
< Do OH J Yo oH aptamers specifically recognize cAMP in its anti conforma-
tion.
NH, h It is interesting to note that the adenosine and cAMP
o _<,N I Y RS , \ analogs that are modified at the 8 position all are more tightly
o N N/) g‘ N bound to the aptamer than is the original target ligand. This
% ?/ o syn-like can be ratlonallzed by the_ fact that the aptamer_has_been
o o anti-like selected to bind cAMP that is tethered to agarose via a linker
Ho oM to the C8. However, it is known that the glycosidic bond in
8,5-O-cycloadenosine (2) N? 5'-cycloadenosine (3)

nucleosides and nucleotides with C8 substitutions favor the
B syn conformation.40, 41) Since the two conformers are in
02f 4 mM cAMP - an equilibrium state, we speculate that the aptamer might
bind and trap the ligand in its anti conformation. A precedent
for this effect is provided by crystallographic data of the
complex between liver alcohol dehydrogenase and 8-bro-

0.1t

no ligand

moadenosine analogs of NAD The protein binds the
oz | analogs in their anti conformation despite the fact that free
I T @ ant-ike ] 8-bromoadenosine favors the syn conformation (42).
o1 0.5mM cAMP T ] 7
e
£ 028 amMcAMP T 1 The class Il cAMP aptamer examined in this study exhibits
E precise discrimination between cAMP and its analdgsuad
2 _ 3'-AMP, which differ only by the hydrolyzed cyclic phos-
8 [_ () syn-iike phodiester moiety. In contrast, fragments of cCAMP such as
T %G 1 2 3 4 5 6 BG 1 2 3 4 5 6 the nucleoside moiety (adenosine) and the base moiety
fraction (adenine) are also recognized by the aptamer with nearly-
Ficure 8: Importance of the glycosidic bond conformation for  equal affinity. Presumably, the ribose and cyclic phosphate
ligand binding. (A) the syn-anti equilibrium of cAMP (R H) is moieties of CAMP are not directly involved in the molecular

?er‘_'g?dggwgrrdayr;nv‘e'?ﬁﬁ;’mu!%g;?g_gzoaflg’_r%%n:ﬁétgge%%gﬂz't'on recognition process, but they maintain a size and shape that

derivatives 8,50-cycloadenosine2) andN®,5-cycloadenosines), is compatible with the tertiary structure of the aptamer.
respectively, form the anti-like and syn-like conformational isomers Moreover, the aptamer must create a pocket to accommodate
:Eataalre fOLllndt_\éVIth Esﬂeg%sgﬁ and CAc'j\/ltP- (?RAERJUUOH profiles of these two extraneous moieties. Even subtle alterations
e 31-nucleotide c - ound to ¢ garose using i i ; ; indi

cAMP and compound®2 and 3. Shaded bars reflecting the l(_ﬁ)(hi)sghodtlestfr rlngl hyﬁ rOI)E)SIf) prev?ntll%and db:gglzg,_rrgost
background level of RNA elution in the absence of any ligand are likely due [o steric clashes between figand an - 1here
labeled BG. Open and filled bars reflect the fraction of RNA eluted IS N0 evidence that this cavity forms discrete productive
with the designated ligand or wita 4 mM cAMP wash, interactions with the ribose or the phosphate groups.

respectively. Elution experiments were conducted as described for A number of RNA and DNA aptamers isolated previously
the data presented in Figure 7A, where each bar includes 2 bed S L . L .
volumes of eluant. also exhibit high affinity and exquisite selectivity for their
corresponding ligand$8{-5). In this case, the cAMP-b RNA
(39). These two conformational variants of CAMP carry the Presumably employs a combination of hydrogen bonding and
ribose and phosphate moieties in very different spatial hydrophobic interactions to specifically recognize only a
locations. Although the adenine moiety alone is sufficient portion of the cAMP ligand. In addition, the RNA exploits
for ligand binding by cAMP-b RNA, we speculated that Steric interactions to preclude the binding of certain deriva-
either the anti or the syn conformation of cAMP might be tives of the target ligand. These modes of molecular
selectively bound while its opposite conformer might be recognition establish a pattern of ligand contacts that
entirely excluded. This speculation was based on the factprecludes the binding of the syn form of cAMP despite the
that the ribose and phosphate moieties of cAMP appear tofact that only the adenosine portion of the compound is
precisely fitin a pocket formed by the aptamer that excludes directly bound by the aptamer.
analogs with subtle changes in the size or shape of these The integration of aptamers into mMRNAs has recently
groups. proven to be an effective way to introduce ligand-dependent
To investigate whether the aptamer exhibits a preferencecontrol over gene expression in living cels3f. In addition,
for ligand conformation, we synthesized and tested two RNA aptamers have been used as allosteric binding sites for
nucleoside analogs, 8:;®-cycloadenosine?) and N3,5'- engineered ribozymes that are specifically controlled by small
cycloadenosined), which simulate the anti and syn confor- effector moleculesQl, 22, 34—46). Class Il aptamers do
mations of adenosine, respectively (Figure 8A). Analysis of retain cAMP-binding function under conditions that approach
the relative binding affinities of these analogs using the two- those found in living cells (Figure 6). However, it appears
step elution procedure (Figure 8B) reveals that 4 mM-8,5 that both classes of aptamers isolated in this study might
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not be conducive to insertion into the interior of larger RNAs,
as both the 5and 3 termini of the RNAs have special
structural and chemical characteristics that would most likely

17.
18.
19.

be disrupted. Perhaps these aptamers would be best suited?0-

for integration at the 5end of engineered RNAs so that the
structural requirements for ligand binding would not be
adversely affected.

The putative structural pocket that accommodates the
ribose and cyclic phosphate moieties in class Il aptamers
apparently envelops all available faces of this part of the
ligand. Complete concealment of the cyclic phosphate group
within this pocket could preclude access by other reactive
groups that could react with cAMP. If true, then this aptamer
would not provide a good preformed substrate-binding site
for further development of cCAMP utilizing enzymes. How-
ever, the close proximity of RNA to the ribose and phosphate
moieties leaves open the possibility that mutations might
result in the formation of direct contacts with the ribose and

21.
22.

23.

24.

25.

26

27.

28.

phosphate groups. Such contacts are necessary to form an,q

active site that facilitates chemical catalysis with cCAMP as

a substrate. Therefore, the cAMP-specific aptamers described 30.

herein and elsewherel) are potential starting points for
the engineering of novel cAMP-utilizing ribozymes.
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