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ABSTRACT

A completely randomized RNA pool as well as a degen-
erate pool comprised of an RNA sequence which binds
citrulline with a dissociation constant of 60 UM were
used to select for tight binding arginine specific RNA
aptamers. A modified in vitro selection scheme, based
on affinity chromatography was applied to allow the en-
richment of high affinity solution binders. The selection
scheme included a negative selection with the non-
cognate ligand citrulline, and a heat denaturation step
prior to affinity elution with an excess of the cognate
ligand arginine. After 20 cycles the majority of the
pools bound specifically to the arginine matrix even
after denaturation/renaturation in the presence of 20
mM of a non-cognate amino acid. When denatured and
eluted in the presence of 20 mM arginine, the selected
RNAs quantitatively washed off the column. These
RNA aptamers were cloned and sequenced. Equilib-
rium dialysis performed with the most abundant clone
among the selected sequences revealed Ky values of
330 nM for the RNA/arginine affinity, which is nearly a
200-fold improvement over the tightest binding arginine
binding RNAs known to date. Arginine recognition by
this RNA is highly enantioselectice: L-arginine is
bound 12 000-fold better than p-arginine. Chemical
modification analysis revealed that the secondary
structure of the aptamer might contain a pseudoknot
motif. Our tight binding arginine aptamers join a
number of natural and in vitro selected RNAs which
recognize arginine. The RNAs described here compare

in their binding affinity with the tightest binding RNA
aptamers for low molecular weight molecules isolated

in other in vitr o selection experiments.

INTRODUCTION

the self-splicing reaction of the group | introrfefrahymendy
substituting for two H-donor sites of the guanosine cofactor which
contact the &4-C311 pase pair in the ribozyme’s guanosine
binding site 2,3). Recently, the editing reactions of aminoacyl
tRNA synthetases have been viewed as an example of RNA
dependent amino acid recognitiofi). (These editing reactions
involve RNA dependent steps which eliminate errors of amino acid
activation and aminoacylatiof)( A third example is the interaction

of the HIV-1 TAT protein with a stem—loop structure of TAR RNA,
located at the'send of HIV-1 mRNA. Critical for the recognition

of TAT and TAR is a single arginine within a basic region of TAT
(6). Short oligopeptides resembling the basic region as well as free
arginine bind specifically to TAR, although weaker than within the
context of the whole proteiii); The TAT-TAR interaction provided
the first example to show that in protein—-RNA recognition RNA
structures are involved which interact with individual amino acid
side chains in the protein. It seems likely that other, yet
undiscovered RNA-protein interactions exist in which single
amino acid side chains within a protein or peptide form specific
contacts to structural elements provided by RNA to largely
determine specificity, functionality and strength of bindit)g (

The isolation and characterization of RNA sequences which
specifically recognize individual amino acids might facilitate a better
understanding of biologically relevant protein-RNA or RNA-
amino acid interactions. A powerful tool to obtain amino acid
binding RNAs isin vitro selection §&11). RNA aptamers which
specifically recognize amino acids, such as immobilized tryptophan
(12), arginine {3,14), citrulline (14) and valine 15) have been
extracted from pools of up to ¥different RNA sequences. The
reported affinities ranged from §0/ (14) to 12 mM (5) with
a high level of discrimination against other amino acids being
obtained in each case. Among these amino acid binding RNAs,
the arginine specific aptamers might be especially relevant to
protein—RNA recognition because arginine side chains carrying
a positive charge at neutral pH seem to be particularly suited to
form specific contacts with a negatively charged nucleic acid
(16). For example, the HIV-1 Rev protein contains a basic region
in which 10 out of 17 amino acids between positions 34 and 50

Interactions between amino acids and RNA play substantial rolesdre arginines. A corresponding 17mer peptide binds to the Rev
a number of biological systermE).(For example, arginine inhibits responsive element (RRE) RNA 1IB hairpin in the same way as
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within the context of the full-length proteihA) with four arginines  nucleotides beteen a 18mer and a 19mer primer binding site on
being important for specificitylg). In the BIV-TAR/Tat complex an Applied Biosystems DNA synthesizer. The sequences of the
an arginine and an isoleucine residue were found to be critical fmimer binding sites and the primers are shown in Fitfire
binding and specificity 1(9). Furthermore, the Rex-protein of Pool synthesis was performed as described previoid)y (
HTLV-I might interact with its natural RNA binding element XBE with the modification that during synthesis of the partially
through arginine residuegd). randomized insert each phosphoramidite solution contained 10%
To explore the range of affinities which can be achieved iof the other three amidites. Pool complexity was estimated from
RNA-arginine recognition we set out to obtain RNA sequendie percentage of the total synthesized, gel purified DNA(d82
motifs which tightly bind to arginine. We started with a completelys nmol) which was PCR-amplifiable to the full-length 111mer as
randomized pool and a partially randomized pool of RNAslescribed in the legend of Figu®. The whole 18pg synthetic
comprised of a citrulline binding sequence which was previousPNA were PCR-amplified in six cycles, purified aimdvitro
isolated byin vitro selection {4). Previously, arginine binding transcribed as described previoudl)(
sequences which differed from the citrulline motif in three base
positions were identified from the latter pobli( In the present _
study, a modifiedn vitro selection scheme based on affinity Selections
chromatography was applied to extract tight binding arginine. o - .
specific RNA aptamers from the two pools. A number of-igand-derivatized agarose (0.5 ml) was equilibrated with
sequences were identified which bound tightly to arginine and digVveral column volumes of binding buffer (250 mM NaCl, 50 mM
not share significant sequence homologies to each other or anyl §6—HCI pH 7.6, 5 mM MgG). Aqueous RNA solutiori0-15
the other previously identified arginine aptamégsl4). One of ~ Mg; 0.4 nmol) was diluted with water to a final volume of.80
these sequences was shown to binarginine with high heated to 98C for 10 min, cooled to 2& for 15 min and 20l
enantioselectivity and with affinities in the order of magnitude op* binding buffer was added. After incubation for 5 min &3
the tightest binding RNA aptamers for low molecular weighthis RNA was loaded onto the column, rinsed with 5 column
molecules obtained so fa21-24). Our study shows that the volumes (5.0 ml) of binding buffer. Then the column was washed
problem of arginine recognition can be achieved by manglthGCOlumn VOIUmeS 0faso|ut|0n Of 20 mM Cltl’ulllne In b|nd|ng

different RNA sequences over a broad range of binding affinitieBuffer. The agarose was heated to®€br 10 min, cooled to 2&
for 15 min and washed with 5 column volumes of 20 mM citrulline

MATERIALS AND METHODS in binding buffer. Elution of arginine specific aptamers was done
with a 20 mM solution of arginine in binding buffer for 15 column
Materials volumes, followed by a heat denaturation ste @@QLO min,

L-Arginine, p-arginine, L-citrulline, agmatine and 1-cyclohexyl- 23 C, 10 min) before elution with 5 column volumes of 20 mM

3-(2-(morpholino-ethyl)-carbodiimide  metho-p-toluenesulphonat8dinine in binding buffer (FiglC). Only the fraction of RNA
(CMCT) were purchased from SigmaHomoarginine and dime- which eluted after the heat denaturation/renaturation step in the
thyl sulfate (DMS) were from Aldrich. kethoxal (KE) from ICN. Presence of arginine was collected, phenol extracted to remove the

L2,3,4,53H]arginine—HC|, p-3%PJATP and |3PIATP (3 amino acid, precipitated and amplified as described previously
Ci/umol) from Amersham. dNTPs, NTPs, glycogen and al 14).

enzymes and cloning plasmids used were from Boehringer

Mannheim unless otherwise noted. Sequencing was performed
a digoxigenin labelled primer (DITag DNA sequencing; Boeh-
ringer Mannheim). PCR primers were synthesized on an Millipo
Expedite oligonucleotide synthesizer using standard phosphoral
dite chemistry, and purified by HPLC, unless otherwise note
Epoxy activated agarose was purchased from Pharmacia.

VYEQ determinations

'Measurements of dissociation constants were performed by the
ethods of equilibrium dialysis29,25,26) using dialysis
hambers with 5001 volumes. The membrane (cellulose triacetate
filters; Sartorius) had a molecular weight cutoff of 5000 Da.
Typically, 1.0uM RNA concentrations were used. Measurements
Agaroses were taken at three different concentrations #,3,4,5°H]

o ) o arginine—HCI (250, 25 and 2.81). Sample volumes were 20D
Arginine-agaroses were obtained by derivatization of epoXyh each side of the membrane. Samples were equilibratetCat 23
activated Sepharose 6B according to the manufacturer's protog@lermight, after which the volume on both sides of the membranes
The agarose used in the selection was prepared witM&@inine a5 determined to ensure equal volumes on each side. Aliquots were
per millilitre of swollen agarose (3.0 mM), the agarose used in th@thdrawn and subjected to scintillation counting. From the specific
binding assays were derivatized to 4.0 mM arginine. The coupliRgtivity of arginine, the concentrations of bound ligand J&8pe
efficiency was determined by additiontef2,3,4,5°H]arginine—  amino acid [Slq and free RNA [E], at equilibrium, were

HCl to a coupling reaction containing 10of activated agarose, ca|culated. Th&q was calculated from the equation:
followed by quantification of immobilized radioactivity by Ceren-

kov counting. Preselection agarose was derivatized with glycine in Ka = ([Eleq* [Sleq) * [ES]eq_l

the same way. This analysis assumes the formation of a 1:1 complex between the
RNA and the amino acid. Tt for the binding of the clone ag.06

RNA pool to p-arginine was determined by analytical affinity chromato-

graphy 7). When applied to the 4.0 mbAarginine agarose, this
The synthesis of pool 1 is described previous#. For pool 2we  RNA elutes in the void volume of the column (Lif@garose, see
synthesized a 111mer DNA with a 30% doped insert of 7Eig.5B). We calculate thKqy to be =4 mM.
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Figure 1. (A) Design of the completely randomized pool 1 and the degenerate pool 2. The boxed region shows the T7-promoter sedueimer the®l 1
has a two-base overhang at therid, resulting in a 113mer RNA after PCR gndtro transcription. The'Jrimer of pool 2 has a five base overhang at tead

and the 5primer has one additional G at tHeeBd of the T7 promoter, resulting

in a 117mer RNA after PCRharitlo transcription. ) Demonstration of exact

doubling of the synthesized pool DNA during PCR cycle 6. The PCR-DNA from cycle 6 was diluted 1:1 (6/2), 1:2 (6/4) and 1:4 (6/8) and the intensities (resulting fr
ethidium bromide staining) compared with the PCR-DNA from cycle 5, 4 and 3. The intensity of the band at cycle 6 is the same as the intensity of the 123 band i
123 ladder (M) which corresponds to 50 ng of DNA. Lane L shows 50 ng of DNA from a large scale PCR of pool 2. With 2.2 ng of synthetic SSDNA in cycle 0, 6 cyc
of PCR would have yielded 138 ng DNA. Therefore, only 36% of the synthetic input DNA were extendable to the full-length dsDNA PCR product. This value w
used to evaluate the pool complexity, which was calculated from the total amount of synthetic, gel purified ssDNA (5.0 nrioBt® 5a@° x 0.36 = 1.1x 101>
molecules. €) Schematic for tha vitro selection cycle. RNA is loaded onto the preselection column and eluted for 2.5 column volumes onto the selection columr
The preselection column is removed. Non-binding and low affinity binding RNAs are removed by a buffer wash, an affinity elution with 20 mM citrulline, a he:
denaturation/renaturation in 20 mM citrulline, and a wash with 20 mM arginine. RNAs which still bind to the column are heat denatured and renatured in 20 mM argi
in binding buffer, eluted with 20 mM arginine/buffer, phenol extracted and reverse transcribed. The cDNA is PCR-amplified, the iR@ReDMAscribed to yield

an enriched RNA pool which can be used for the next selection cycle.

Chemical modification

RNA ag.06 (1-5 pmol) was denatured for 3 min &t®&and
renatured in the absence or presence @iNb@f amino acid in
250 mM NacCl, 50 mM sodium cacodylate pH 7.4 and 5 mM MgCl
for 10 min at room temperature. For probing with CMCT 50 m
potassium borate pH 8.0 instead of sodium cacodylate was u
Chemical modification was performed by addition pf@MS (1:5
dilution in 96% ethanol), ful kethoxal (1:5 dilution in BO, stock
solution: 37 mg/ml) or 12.51 CMCT (32 mg/ml in HO) to a
final reaction volume of 50, followed by incubation at 2%C
for 20 min. After precipitation in the presence of fPtRNA,
samples were dissolved in,® (DMS and CMCT modified
samples) or 25 mM potassium borate pH 7.ch@ketl modified

pool (pool 2; 117mer) was comprised of a 74mer oligonucleotide
sequence which was previously shown to bind citrulline with a
dissociation constant of @8V (14). Previously, in a standain
vitro selection experiment, a mutant RNA aptamer specific for
rginine was isolated from this pool which differed from the
itrulline binding RNA by three mutationd4). We have now
-selected the same pool as well as a completely randomized pool
(pool 1; 113mer) for tight binding to arginine, by increasing the
stringency of the selection so that weak binders are removed and
only the tight binding arginine specific aptamers are amplified.
This was achieved by a modified selection scheme which included
a counter selectio28) with 20 mM of the non-cognate amino acid
citrulline. To increase the stringency of competition between free

samples). Detection of modified positions by primer extension aci rulline and immobilized arginine, the column bound RNA was
pies). P Yy b t denatured and renatured in the presence of 20 mM citrulline.

polyacrylamide gel electrophoresis was performed as describg ti : A )
: . 3 i ; ion was continued with citrulline solution for several column
previously @8,29) using 5% end-labeled primer M20.106. volumes to remove non-bound RNA. We then equilibrated the

column with 20 mM arginine in binding buffer for several column
volumes, and carried out a heat denaturation/renaturation step in 20
mM arginine. Our rationale for this treatment was that molecules
with a slow dissociation ratkyf) which affinity-elute slowly can

be assumed to be tight binders. When heat denatured, these RNA:
Two RNA-pools of (10> different sequences (Fid) were separate from the immobilized ligand and renature in the presence
subjected to cycles @fi vitro selection for arginine binding. One of an excess of ligand in solution. This method should avoid the

RESULTS AND DISCUSSION

The stringent selection scheme led to tight binding
sequences
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Figure 2. Elution profile of the enriched RNA pool 1 from cycle 20. With pool 2 the same elution pattern was obtained. The fraction that eluted with 20 mM arginir
in binding buffer after heat denaturation/renaturation contained 5% of the total RNA loaded to the column.

undesired enrichment of matrix binders or molecules which requicevered by the completely randomized pool 1 was of unrestricted
functional groups provided by the matrix in addition to the ligandivergency, the sequence space covered by pool 2 was restrictec
itself for binding, examples of which have been reported iby its partial randomization. The finding that we obtained a rather
previous selection experiments in which the bound nucleic acditivergent set of functional molecules after 20 cycles of stringent
was eluted by denaturation oniy2). selection indicates that many different RNA sequences and
In this way, we were able to increase the amount of RNAs whigiossibly tertiary structure solutions capable of tight and specific
elute with arginine after denaturation/renaturation from undetedtinding to arginine appear to exist. This underlines the potential
able amounts in the first 8 cycles to 5% after 20 cycles.lUitiere  importance of arginine side chains as ‘handles’ for the specific
profile obtained at cycle 20 is shown in Fig2r&lution profiles  recognition of RNA by RNA-binding proteins. This result is also
were essentially identical for pools 1 and 2. consistent with structural data obtained by NMR for the
We sequenced the isolated RNA aptamers from both pools aftéiV-Tar/arginine (6,31), the BIV-Tar/BIV-tat 32,33), and the
cycles 10 and 20, respectively. Thirty-five percent of the 36 cloneptamer/argininel@) complexes (unpublished data) which show
sequenced after cycle 10 showed the arginine motif previoudlyat critical contacts to arginines are achieved by entirely different
described 14), whereas 65% of the sequences were new. AftdRNA tertiary structures3g).
selection cycle 20, however, none of the obtained sequencedo quantify the strength of binding we measured the dissociation
resembled the previously described motif, indicating that bindegonstantKy) of one of the arginine binding sequences (clone ag.06)
with Kgs >60uM, theKy of the previously isolated arginine motif in solution by equilibrium dialysis. We chose the most abundant
(14), have been quantitatively removed during the high stringenejone which appeared eight times in our enriched pool with two of
selection. The sequences isolated after cycle 20 are listed in Figthe isolated clones showing a point mutation at different positions
3A. (Fig. 3). This analysis revealedky of 330 nM for clone ag.06
The variability of the isolated sequences from cycle 20 is stihich corresponds to a nearly 200-fold improvement in binding
remarkably high: in 31 sequenced clones one sequence appeaféoity compared to the tightest binding arginine aptamers described
eight times, one four times, four sequences appeared twice, &adfar (4). Specific recognition of arginine by RNA spans over a
eleven sequences only once. The sequences do not sharelkiagd range of binding affinities from 4 mM as found for the
obvious primary sequence homologies or relationships althougrginine/Tar interactior8¢) to 330 nM as demonstrated here.
a majority of the cloned¥0%) contains tracts of pyrimidines The RNA aptamers described here also compare well in their
between 6 and 11 bases long which, however, are variable in tHgilrding affinity with the best aptamers obtained in oitheitro
sequence and C/U ratios. To determine whether the differesglection experiments. For example, a complex between an RNA
arginine binding RNAs contained common secondary structuegtamer and theophylline interacts witgof 320 nM €3). An
motifs rather than common sequence motifs, secondary struct@gamer specific for cyanocobalamine binds its ligand with a
predictions were generated using the Zuker prog@in Ko  of 88 nM 2), and the best aptamers for the aminoglycoside
predominant secondary structural feature appears in the sele@étibiotics tobramycin3g), kanamycin, lividomycin37) and
RNAs, nor are the pyrimidine tracts utilized to form any particulapreomycin 88) interact with their cognate ligands with values of
structural motif. As expected, a higher variability of sequencd$d between 20 and 220 nM.
was found in the completely randomized pool: 60% of the
unrelated sequences are from this pool, whereas 40% of t@@condary structure elucidation
unrelated sequences result from the doped pool. Only one clone,
ag.06 which is also the most abundant clone to be isolated wetise computer generated folding of clone ag.06 is shown in
present in both pools. The ratio of 60/40 of unrelated sequendégure 3B. The folding proposes the formation of three relatively
reflects the diversity of the two pools: while the sequence spalmag consecutive stems; stem 1 consists of 7 base pairs (bp) which
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ag. 088 ADIATARRCCIANGCUGEGECGATUCUCCUGARGUAGREGARGAGLUNGICADGUADGRG ax

ag . 04  AUGAUAAACCGAIGIDGEEC GRIMICDC CUGAAGC AGGOAARIAIUOIUCATGUAIGRE 13 (PM)
ag.l6 AUGAUTAANT CORIMGCUGEGC ERAFICCC CUCRASUASGOGAAGAGUUIGUC AOGITRUGES 1x (FH)
ag . 02" COAGTTIANGGRCSDGC CUTUASISC I OUCCOaARAAGO GO OG O GECRUGET ix

ag ., 10" CORGECUANGGACGUGCCTTMIACGECTGUCTRAAARARCOIA PG COUCCORCADIGT lx {PH)
ag ., 0L* GG GEEUEACTIC GO ARGAGGC COCUE DU OGRS IUAGC CUUGERARRSC ALAGR 1=
ag.li* GECEEGUGEUACTUCGE ARG AGEC COFIGOGGIGEERFIGETAGC CUTIGEARAD T RITACR ix (del]
ag.ll  AGROCAGECACGCCGGEUACGARAUAGTACCAANGICARC ADGACTTIARRGAGT ix
ag.17 AGAUCAGGC AT COCOUACIAARTAGC AT AGOGUC ARCAUGACTUUURRRAGAGT ix [FM]
ag. 03" R RGO ARG A GG CACGEAAC G CUCTDC AT FUASSAA UGG O UIGEUACFIGIGEA F3 3
ag.l? AGCUCGRACUCUGCGEURGUCAAIARCCGGCUINC AGRGRARCGEICCRGCDIOGC NGO REUCTIGE i
ag.0% OoCDEAGRGAGASUCCUCT G UIIIAGGAAGDGUAGCTUIAASTIGCGRACAGGEAGGCTITICA 1x

a5 .07 ARG ARG G ARG AT ARA ST DT I AT AGAA UG ARSCDGUGUGROSUANG G 1%
ag.08 ASCUGCGEIFUGECHGAMGERGUGTRGCAIARGITUAGAGUGRGCCTRMCIIGCCUGHG 1x

g .09 ACGEACUASC A TAGFI S CIGEACZAAIC COANSIADGOUAN CUIGC GEUAGERCIGUG 1x
ag.1l4 GEAUCAGGEACGEUREFIAGARAURGE ACCARRIGIDC AR NCACIGRRODC RARTAGT 1x
ag.1% ACAGCAACSCOUCUARIDO S AR COCUCUASC AGAAGUGEIAGT UGUGCGROGDGA 1%

mg. 18* RAUGCUARSCGCAIRIGGOCGOEEERCINCUCEICUGAC CAGIIIAGC ADGG COUIoU 1x
ag.19 ATASCGCAAMACGEIICGECTACEEEC UG U EEC GAMGGGUGEUAGCC UG TR GITTIGRRC lx
ag.20 ACGOGUGEUICCUCCOCDCCANGACICCUGREATGECGUOIACDCUTDIARM C OGN 1x
ag.21 ACARCCOADECGHEOGAUGEACAUCUCUUCCCURRDGACUGERARGRAT GG ITRAGGUGGITGIICIGEE Ix
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Figure 3.(A) Sequences of the arginine binding RNAs from cycle 20. Only the inserts corresponding to the randomized regions are shown. Sequences resulting
pool 2 are marked by an asterisk (*, magenta), sequences which appeared in both pools are marked with a double-cross (#, magenta). The sequences are lis
respect to their abundance. Point mutations (PM) are indicated B)r€drputer generated folding of the tight binding sequence ag.06. Primer sequences are shown
in blue, small letters; the sequence corresponding to the randomized region is shown in green. Two point mutations (red) were identified in clones ag.04, and
and appear in stem 3.

are separated by a bulged C from the 10 bp stem 2, and steme@ion are protected. G61 shows identical degrees of modification
containing 8 bp. The formation of stem 3 is supported by the poiintthe presence and absence of the ligand. G63 is weakly protected
mutations found in clones ag.04, and ag.16, respectively, whigh the presence of 50M arginine. Tablel summarizes the
result in the substitution of two G-U wobble pairs for G-C pairs (Figlifferences in the modification pattern observed for the free RNA
3B). and the complex.

To examine the secondary structure of clone ag.06, a chemicahn interesting result is the lack of modification at positions C28,
modification analysis with DMS, kethoxal and CMCT wasC29 and G30 both in the presence and absence of arginine.
carried out in the presence and absenceanfinine (Fig4). Likewise, we only observed very weak instead of the expected

In the presence of the ligand the chemical probing data confirstrong modification in the UGG loop which closes the 3 bp stem
the formation of the Watson—Crick paired regions. In its absendermed by U32-G40, G33-C39 and C34-G38. This suggests the
only the base pairs formed by A25-U65 and A26—-U64 whicformation of a pseudoknot structuf0) due to Watson—Crick
close stem 2 are accessible to chemical modification. Stem 3 forparing at positions C28-G37, C29-G36 and possibly G30-U35. A
regardless whether the amino acid is present since protections froseudoknot structure was also the critical recognition element in the
chemical modification at Watson—Crick positions of stem 3 areyanocobalamine aptamer isolated by Lorsch and Szagjaklis
identical in presence and absence-afginine. Only the positions pseudoknot bound to cyanocobalamine with valukg 100 nM.

G49 and U53 which are likely to be paired, because of the U to CThe relatively high percentage of Watson—Crick pairing found in
mutation in clone ag.04, are weakly modified. Among the unpairedbne ag.06 and other clones (data not shown) might be the result of
base positions in the multibranched loop region only A27, A3Jur applied selection scheme involving heat denaturation/renatura-
A41, G61, A62 and G63 are accessible to modification in thiion; those sequences which fold back into a defined secondary
absence of arginine. In the presence of the amino acid, attucture within the relatively short renaturation period of 15 min
adenosine residues (A27, A31, A41 and A62) in the multibranchegere preferentially enriched compared to other potentially tight
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: Figure 5. Specificity ofL-arginine recognition.A) Chemical structures of
ligands used for the specificity determinatids) Elution of ag.06 from a 4
mM L-arginine agarose (red) and from a 4 mMrginine agarose (blue).
Figure 4. Refined secondary structure of clone ag.8.Ghemical probing Cumulative output c.p.m. are expressed as the percentage of the input c.p.m.

and footprinting of the secondary structure of ag.06 RNA with DMS, kethoxal () Affinity elution of ag.06 RNA from ac-arginine column by-arginine and
competition by arginine analogues. Competitive affinity elution was performed

and CMCT. A and G indicate the dideoxy sequencing lanes, K the primer =~ - 27 L -
extension of unmodified RNA. Chemical protection analysis was performed in with 12.5 mM solutions af-arginine (red)p-arginine (blue), agmatine (green)
the free RNA (-) and in the presence (+)afrginine (Arg). The regions andL-homoarginine (yellow). The column volume was 0.17 ml of swollen
corresponding to residues C28C29G30 and U35G36G37, respectively, whictf{9ar0Se:

are not accessible to chemical probing and presumably base pair to form a

pseudoknot structure, are indicated by a green BamRR¢fined secondary

structure of ag.06 RNA as proposed from the chemical modification analysis. . . .

The constant regions which belong to the primer binding sites are representddinding specificity of ag.06

schematically. The reactivity of nucleotides in the free RNA is summarized by . . .
the coloured labels (blue triangle, DMS-modified; red circle, kethoxal AS €xpected, binding of clone ag.06 to the non-cognate amino acid
modified; yellow square, CMCT modified). The size of the label reflects the L-Citrulline was not detectable, consistent with the negative

_degree of modification. Ba_lse_ positions Wh_iCh are protected from modificationselection againg;t.citru"ine_ To test the Speciﬁcity of clone ag.06
inthe comp_lex are shown in light blue. Residues C28C29G30 and U35G36G3fy, L-arginine, we examined the binding affinity of this clone to
are shown in green. .. .. . .
several arginine analoguesarginine, agmatine andhomoargi-
nine (Fig.5A). Figure 5B shows the result of a binding assay
performed with 4 mi\b-arginine agarose and 4 miarginine
binding molecules which have slower folding kinetics. This isgarose, respectively. After a 7 ml buffer wash, cparding to
supported by the finding that the folding proposed for all RNA85 column volumes, 65% of the total input clone ag.06 RNA still
suggest a significantly higher content of G-C base pairs than A-Ubmund to the-arginine column. From thearginine column this
G-U base pairs. For example, clone ag.01 contains 22 G-C pairRNA elutes in the void volume which means thatkpef the
A-U pairs and 7 G-U pairs (data not shown), which means that 7%8.06 RNA fop-arginine is at best 4.0 mM. With the solutiGn
of all bases in this clone are base paired. of 330 nM fon_-arginine recognition, ag.06 discriminates at least
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12 000-fold between the andL-enantiomer of arginine. This is selection for high-affinity binding automatically results in highly
the highest factor of discrimination between similar ligands apecific binding 42). The results presented here confirm these
enantiomers by an RNA molecule known to date. Other RNAuggestions; although we did not select for enantioselective binding,
aptamers with similar discrimination factors are knoti).(For  the tight binding RNA aptamer ag.06 bingarginine with higher
example, an aptamer isolated for theophylline recognitioanantio- and ligand selectivity than other RNA aptamers with lower
discriminates theophylline from caffeine with a 10 000-foldbinding affinity to their cognate ligands2-15).

difference in the binding affinity2@). The enantioselectivity of

the ag.06 RNA corresponds to a difference in the relative bindifgP!e 2-Affinity elution of L-arginine-bound ag.06 RNA with different

energies £4AG) of 30 kJ-mail (7.2 kcal-motl). Several other @r9inine analogues

RNA aptamers have been isolated that can discriminate between .
L- and p-amino acids 12-15) although with relatively poor -92nd Percent of total input RNA

discrimination factors. eluted fromL-arginine column
Figure 5C shows elution profiles of clone ag.06 bound t0' arginine 64.1

L-arginine agarose. Affinity elutions with 12.5 mM solutions of .arginine 6.3

different arginine analogues were performed after an extensivgymatine 7.3

buffer wash. Only the-arginine affinity elution was capable of -homoarginine 1.6

eluting most of the RNA off the column within 12 column volumes,
whereas)-arginine agmatine mhomoarginine were inactive. The The concentration afarginine on the column was 4ihol/ml of swollen agarose

results of the affinity elutions are quantified in Table (4.0 mM) as determined by derivatization in the presendeldébelled argi-
nine. Affinity elution was performed with 12.5 mM solutions of ligands in binding

buffer over 12 column volumes (2.0 ml) at ambient temperature within 15 min
Table 1. Summary of the modified positions in clone ag.06 in the presence of incubation.
and absence afarginine

Base Modified Modified CONCLUSION

iti in free RNA [ | . . . .
position miee N comprex An RNA molecule (‘aptamer’) which binds tightly and highly
A25 + - specifically toL-arginine in solution has been isolated by applying
A26 ++ - a modifiedin vitro selection scheme. A series of arginine binding
A27 - _ sequences was selected, which do not share primary sequence

relationships to each other. This demonstrates that the tight and

c28 - - specific molecular recognition of arginine can be achieved by
C29 - - many different RNA sequences. One of the selected RNA aptamers
G30 + + was shown to exhibit the highest factor of discrimination between
31 - two low molecular weight enantiomersandp-arginine, reported

to date. The relative binding energies faandp-arginine binding
G33 - - differ by 30 kJ.mat! (7.2 kcal.mol) and correspond to a 12
000-fold difference in th&y values. Binding to other arginine

G36 + +
G37 + . analogues, such as agmatine andomoarginine cannot be
- - detected. The secondary structure of the tight bindenginine

G38 t + aptamer was refined by chemical modification analysis for the
G40 _ _ complex and the free RNA. This analysis revealed the formation

of a compact pseudoknot structure. In the free RNA, all unpaired
A4l ++ - . ; o . .

adenosine residues within the core region which forms the
G49 + + pseudoknot are accessible to modification with DMS, whereas
A50 ++ ++ these positions are protected in the complex. This suggests that
A1 - - these residues might be involved in a direct contact to the bound

amino acid, or in the formation of tertiary interactions induced by
G52 + +* the ligand. The specificity of the isolated RNA aptamer for
us3 + + L-arginine might indicate that every substituent carried by the
G61 " " amino acid is directly contacting the RNA.

The high specificity obtained for the molecular recognition of

A62 + - L-arginine by the ag.06 RNA aptamer raises the question whether
G63 ++ ++ such highly specialized motifs can be expected to play a role in

complexes between arginine-rich peptides or proteins and RNA.
++, Indicates a high degree modification; +, indicates a medium degree &S recently pointed out by Sundquit, the interactions in the
modification,+, indicates a low degree of modification; —, indicates protectiorfull length HIV-1 Tat—protein—TAR complex cannot be mimicked
from modification. by arginine alone, but high resolution NMR analyses3(l)
have allowed to relate structural differences observed in the free

The elution data performed with the arginine analogues alAR—RNA and the Tat—-TAR complex to individual arginine
consistent with the clone ag.06 RNA being highly specific foresidues. Analogously, the identification and characterization of
L-arginine recognition. In a recent publication it has been argued tRANA (43) or RNA motifs such as the one described here will help
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to give new insights into the principles of RNA—protein and8 Tan,R.Y., Chen,L., Buettner,J.A., Hudson,D. and Fraenkel,A.D. (1993)

RNA-ligand interactions.
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