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Structure, Recognition and Adaptive Binding in RNA
Aptamer Complexes

Dinshaw J. Patel*, Asif K. Suri, Feng Jiang, Licong Jiang, Pei Fan
R. Ajay Kumar and Sylvie Nonin
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Biophysics Program, Memorial
Sloan-Kettering Cancer Center
New York, NY 10021, USA

Novel features of RNA structure, recognition and discrimination have
been recently elucidated through the solution structural characterizion of
RNA aptamers that bind cofactors, aminoglycoside antibiotics, amino
acids and peptides with high affinity and specificity. This review presents
the solution structures of RNA aptamer complexes with adenosine mono-
phosphate, flavin mononucleotide, arginine/citrulline and tobramycin
together with an example of hydrogen exchange measurements of the
base-pair kinetics for the AMP-RNA aptamer complex. A comparative
analysis of the structures of these RNA aptamer complexes yields the
principles, patterns and diversity associated with RNA architecture,

molecular recognition and adaptive binding associated with complex

formation.
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Introduction

The coding, information transfer and catalytic
activities associated with RNA makes it unique
amongst biological macromolecules (reviewed by
Gesteland & Atkins, 1993). RNA adopts a range of
folding topologies reflecting its functional diversity
associated with its participation in an array of bio-
logical phenomena (reviewed by Nagai & Mattaj,
1994). Structural studies have offered an opportu-
nity to characterize the complex architectural scaf-
folds adopted by RNA molecules and the details of
ligand binding sites associated with catalytic
activity. The structural characterization of ligand-
RNA aptamer complexes represents a promising
approach to broaden this knowledge data base
through identification of new patterns of RNA
folding and recognition. This approach is based on
in vitro selection and evolution techniques
(Ellington & Szostak, 1990; Tuerk & Gold, 1990;
Robertson & Joyce, 1990) that identify RNA apta-
mers from random sequence RNA libraries that
target ligands ranging from cofactors to peptides,
proteins and saccharides (reviewed by Joyce, 1994;
Gold et al., 1995; Lorsch & Szostak, 1996). RNA
aptamers selected in this manner have exhibited

discrimination; NMR based solution structures

binding affinities in the pM to nM range and the
ability to discriminate between a targeted ligand
and its closely related counterparts.

Many of these RNA aptamers are in the 30 to 50-
mer range which puts their ligand complexes well
within the capabilities of solution structure deter-
mination by heteronuclear multidimensional nu-
clear magnetic resonance (NMR) methodologies
(Varani & Tinoco, 1991; Moore, 1995; Pardi, 1995;
Dieckmann & Feigon, 1994) on uniformly *C,'*N-
labeled RNA (Batey et al, 1992; Nikonowicz
et al.;1992). Further, the RNA conformations are
frozen in defined compact conformations when
bound to high affinity ligands resulting in nar-
rower NMR resonances characterized by readily
interpretable NMR spectral parameters. Recently,
NMR approaches have been successfully applied
to solve the solution structures of a range of
ligand-RNA aptamer complexes that include the
cofactors ATP (Jiang et al., 1996a; Dieckmann et al.,
1996) and FMN (Fan et al., 1996), the amino acids
L-arginine and L-citrulline (Yang et al., 1996), the
aminoglycoside antibiotic tobramycin (Jiang et al.,
1997b) and the basic peptide from the HIV-1 Rev
protein (Ye et al., 1996).



RNA Aptamer Complexes

This review focuses on the solution structures of
RNA aptamer complexes with cofactors, amino
acids, aminoglycoside antibiotics and peptides (see
also earlier minireview by Feigon et al., 1996). In
addition, it outlines the results and implications of
more recent NMR based hydrogen exchange
measurements on the AMP-RNA aptamer com-
plex.

AMP-RNA aptamer complex

Sassanfar & Szostak (1993) applied the in vitro
selection approach to identify an RNA secondary
fold (Figure 1(a)) that exhibits pM affinity for ATP
attached to an affinity column through its C®
base position. The consensus segment identified
amongst the isolated RNA aptamer sequences was
restricted to an asymmetric internal loop contain-
ing an 11-residue purine rich segment (G7 to G17,
Figure 1(a)) positioned opposite a single guanine
(G34, Figure 1(a)) suggesting that this motif consti-
tutes the ATP binding site. This RNA aptamer fold
also binds AMP but discriminates against the other
three nucleoside triphosphates. This ATP rich bind-
ing motif in turn has been used by Lorsch &
Szostak (1994b) to engineer ribozymes with poly-
nucleotide kinase activity. Our group (Jiang et al.,
1996a) and Feigon’s laboratory (Dieckmann et al.,
1996) have reported on the NMR based solution
structure of the AMP-RNA aptamer complex using
somewhat different stem segments which flank the
asymmetric internal loop. The contributions from
the two laboratories are in agreement on the key
conclusions related to the RNA folding topology of
the AMP binding site and the intermolecular
hydrogen bonding and stacking alignments associ-
ated with molecular recognition. In additon, our
group (Nonin et al., 1997) has extended these struc-
tural studies to hydrogen exchange measurements
of the resolved imino protons of the stem and loop
segments in the complex.

The imino proton NMR spectra (Jiang et al.,
1996b) of the free 40-mer RNA aptamer and its 1:1
AMP complex in 10 mM phosphate containing
H,O solution (pH 6.7) at 0°C are plotted in
Figure 1(b) and (c), respectively. The spectrum of
the free RNA aptamer exhibits guanine and uracil
imino protons from the stems in contrast to the
asymmetric internal loop imino protons which
exhibit broad overlapped resonances at 10.5 ppm
in the 40-mer sequence (Figure 1(b)). By contrast,
ten additional narrow exchangeable protons are
observed between 9.5 and 14.5 ppm on AMP-RNA
aptamer complex formation (Figure 1(c)). Further,
the exchangeable protons in the complex are suffi-
ciently narrow and well resolved to undertake a
heteronuclear multidimensional NMR characteriz-
ation of the complex. Exchangeable and non-
exchangeable proton assignments have been suc-
cessfully undertaken on complexes containing
either uniformly '*C,'®N-labeled RNA aptamer or
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Figure 1. (a) Sequence and numbering system of the
AMP-binding 40-mer RNA aptamer. Imino proton NMR
spectra (8.8 to 14.8 ppm) of (b) the free RNA aptamer
and (c) the AMP-RNA aptamer complex (*20% excess
AMP) in 10 mM sodium phosphate containing H,O sol-
ution at pH 6.7 and 0°C. The asterisks in (c) identify
additional exchangeable resonances which appeared
upon addition of AMP. The imino proton resonance
assignments are indicated above the spectra. The
additional guanine imino and amino proton resonances
and a 2-OH proton resonance of the asymmetric
internal loop that appear on complex formation are
designated by numbers in bold face. (Reproduced from
Jiang et al. (1996b) with permission of Biochemistry.)

uniformly *C,'°N-labeled AMP. The assignment of
guanine imino protons in the asymmetric internal
loop and their correlation to their non-exchange-
able proton counterparts in the two studies (Jiang
et al., 1996a; Dieckmann et al., 1996) was achieved
by a combination of specific ['°N]-guanine (Jiang
et al. 1997a), specific inosine (Jiang et al., 1997a)
and specific adenine (Dieckmann et al., 1996) sub-
stitution for individual guanine residues in the
asymmetric internal loop and following utilization
of through bond relay correlation methods (Fiala



et al., 1996; Sklenar et al., 1996; Simorre et al., 1996).
In addition, a narrow exchangeable proton is
detected at 9.34 ppm (Figure 1(c)) which has been
assigned to the 2’-OH of G34 in the spectrum of
the complex. Both groups (Jiang et al., 1996a;
Dieckmann et al., 1996) used a combination of
NMR and molecular dynamics to solve the sol-
ution structure of the AMP-RNA aptamer complex
with the computations guided by ~45 intermolecu-
lar restraints. There was no bias in the starting
RNA fold of the asymmetric internal loop in the
complex since the computations were initiated
using distance geometry protocols in both studies.
The pairwise root mean square deviation (r.m.s.d.)
values for the well defined core (residues G6-A12,
U16-U18, A33-C35 for the asymmetric internal
loop sequence in Figure 1(a) and AMP) amongst
the distance refined structures of the complex are
in the ~2.0 A range.

The folding topology of the AMP binding site
reported from our laboratory (Jiang et al., 1996a) is
shown in Figure 2(a). The two helical stems span-
ning the asymmetric internal loop AMP-binding
site are aligned in an approximate orthogonal
(*106°) alignment. The 11-residue purine rich seg-
ment forms an S-shaped fold with the 5-portion
(G7 to A12) involved primarily in AMP complex
formation while the 3'-portion (A13 to G17) forms
a scaffold which closes one face of the binding
pocket (Figure 2(b)). The purine ring of AMP is
intercalated between the purine rings of A10 and
G11 and positioned in an in-plane alignment oppo-
site G8 in the solution structure of the complex
(Figure 3(a)). The G7 to G11 segment in the com-
plex adopts a fold (Figure 3(a)) reminiscent of a
GNRA (N is any base and R is a purine) hairpin
loop closed by a base-pair (Woese et al., 1990; Heus
& Pardi, 1991; Pley et al., 1994). There is extensive
stacking amongst the purine rings in this G7-(G8-
A9-A10-AMP)-G11 segment except for the G8-A9
step which is involved in chain reversal
(Figure 3(a)). In essence, the leftward stem is
extended through stacking with the G7-G11 mis-
match pair and further into the loop along the G7-
G8 and G11-AMP-A10-A9 segments (Figure 3(a)).

This pattern of stacking between adjacent pur-
ines is broken in a striking manner for the G11-
Al12 and A12-A13 steps where the purines are
aligned in mutually orthogonal planes in the sol-
ution structure of the complex (Figure 3(b)). The
A12 residue forms the innermost core of the com-
plex and its orthogonal alignment relative to G11
reflects A12 being part of the stacking extension of
the rightward stem while G11 is part of the stack-
ing extension of the leftward stem. Both G11 and
A12 residues adopt C2'-endo pucker geometries in
the complex. The Al3 residue forms part of the
stacked Al13 to G17 segment, forming a scaffold
(residues A13 to U16 in yellow and G17 in orange
in Figure 2(b)) that prevents entry of the AMP
ligand from that face into the binding pocket.

The G34 residue, positioned opposite the 11-resi-
due purine rich segment within the asymmetric

Figure 2. Ribbon representation of the solution structure
of the AMP-RNA aptamer complex. The bound AMP is
shown in a stick representation in white. The RNA rib-
bon is colored to distinguish key residues. The left stem
(G1 to G6 and C35 to C40) and the right stem-hairpin
loop (U18 to A33) are colored cyan and green, respect-
ively. The G7-G11 and G17-G34 mismatch pairs are
colored orange. Residues G8 to A10, which together with
the bound AMP, constitute the GNRA-like structrual
motif are colored magenta. Resisue A12 is colored rusty
red. Less well-structured residues A13 to U16 are colored
yellow. The bound AMP molecule is shown in white.
(a) The entire complex. The two helical stems make an
angle of 106(+9)° with the ATP-binding loop folding into
two distinct hairpins. The insert shows a GRASP view
(Nicholls et al., 1991) of the binding of the AMP in the
RNA pocket. The RNA accessible surface measured with
a probe of radius 1.4 A around the bound AMP is shaded
for curvature with convex and concave surfaces colored
green and grey, respectively. The bound AMP in a stick
representation is colored blue. (b) A close up view of
AMP bound within the folded asymmetric internal loop
in the complex. The phosphorus atom of the bound AMP
is colored red. (Reproduced from Jiang et al. (1996a) with
permission from Nature for (a) and from Jiang et al.
(1996b) with permission from Biochemistry for (b).)



Figure 3. (a) The GNRA-like structural motif with phosphate oxygen atoms removed for clarity. Residues G8-A9-A10
(in magenta) and the base of AMP (in white) constitute the GNRA-like structural motif in the complex. A G7-G11
reversed Hoogsteen mismatch pair (in orange) closes the GNRA-like motif. (b) The purine stacked core of the AMP-
binding motif with some atoms omitted for clarity. Residues AMP (in white) and G11 (in orange) stack on the left-
ward stem (in cyan) while residues A12 (in rusty red) and G34 (in orange) stack on the rightward stem (in green).
Broken lines indicate the hydrogen bonds from A12 to the N* of AMP and the sugar 2'-OH of G34. Note the orthog-
onal alignment of the G11 and Al2 purine rings and the A12 and A13 purine rings. (c) The G7(anti)-G11(anti)
reversed Hoogsteen and G17(anti)-G34(syn) Hoogsteen mismatch pairs (in orange) form at the junctions of the stems
and the AMP-binding loop. Broken lines indicate hydrogen bonds within the G-G mismatches. (d) The G8- AMP mis-
match pairing within the G8-A9-A10-AMP GNRA-like structural motif. Pairing involves the Watson-Crick edge of
AMP and the minor groove edge of G8 stabilized by two hydrogen bonds. In addition, a hydrogen bond forms
between the exocyclic amino proton of A12 and the N* of AMP. Note that views (a) to (d) represent small modifi-

cations of the corresponding views containing chirality errors published by Jiang et al. (1996a).

internal loop, adopts a syn glycosidic bond and
C2-endo sugar pucker in the AMP-RNA aptamer
complex (Figure 3(b)). The planes of adjacent G34
and C35 residues are orthogonal to each other and
are spatially separated by intervening Al2 and
G11 residues in the complex (Figure 3(b)). This
reflects the extension of the rightward stem
through formation of the G17-G34 mismatch
(Figure 3(c)) with the syn G34 residue sandwiched
between anti A12 and anti A33 residues in the com-
plex (Figure 3(b)). The 2’-OH proton of G34 is both
narrow and downfield shifted (9.34 ppm) in the
AMP-RNA aptamer complex (Figure 1(c)). This
reflects its burial in the internal core of the com-
plex, its hydrogen-bonding to the N’ of A12 and

its in-plane positioning relative to the purine rings
of G11 and A12 in the complex (Figure 3(b)).

Two G-G mismatches are observed in the AMP-
RNA aptamer complex and found to exhibit dis-
tinct alignments (Figure 3(c)). The G7-G11 mis-
match is of the reverse Hoogsteen type with the
Watson-Crick edge of anti G7 pairing with the
Hoogsteen edge of anti G11 through two hydrogen
bonds (Figure 3(c)). The G17-G34 mismatch is of
the Hoogsteen type with the Watson-Crick edge of
anti G17 pairing with the Hoogsteen edge of syn
G34 through two hydrogen bonds (Figure 3(c)).

Proteins are known to contain a hydrophobic
core involving packing of hydrophobic side-chains
in the interior of the globular fold. Much less is



understood of what constitutes the core of RNA
tertiary structures with the focus to date on the
potential role of divalent ions in stabilizing the
core domain. The AMP-RNA aptamer solution
structure provides insights into this question since
its core contains stacked purines aligned in three
mutually orthogonal planes (Figure 3(b)). This pat-
tern of purine stacking alignments constituting the
core of the complex provides a plausible expla-
nation for the invariant concentration of purines in
the active site asymmetric internal loop of the
AMP-RNA aptamer complex.

Molecular recognition between AMP and the
RNA aptamer occurs through a G-A mismatch
alignment (Figure 3(d)). The Watson-Crick edge of
AMP aligns with the minor groove edge of G8
through formation of two intermolecular hydrogen
bonds and to the exocyclic amino group of Al12
through formation of one intermolecular hydrogen
bond (Figure 3(d)). The donor functionality at the
N°® amino position and the acceptor functionalities
at the N' and N° ring nitrogen positions of AMP
are involved in intermolecular hydrogen bonding
on complex formation (Figure 3(d)). By contrast,
the N” position which is adjacent to the C® position
that was covalently linked to the affinity column
during the selection experiments does not partici-
pate in intermolecular hydrogen bond formation
(Figure 3(d)). This G-A pairing alignment in the
AMP-RNA aptamer complex (Figure 3(d)) is dis-
tinct from the sheared G-A mismatch alignment
proposed previously for GNRA hairpin loops
based on modeling studies (Westhof et al., 1989;
Jaeger et al., 1994) and observed experimentally in
solution (Heus & Pardi, 1991) and crystalline (Pley
et al., 1994) states.

The ribose ring of the AMP aligns against the
G17-G34 mismatch and U18-A33 Watson-Crick
base-pairs positioned along the minor groove edge
of the right helical segment in the complex
(Figure 2b). The 2’- and 3'-ribose hydroxyls of
AMP can form intermolecular hydrogen bonds
with the minor groove of the extended right helical
segment in the complex. The phosphate group of
AMP is directed away from the RNA and exposed
to solvent. The RNA aptamer contacts about 50%
of the surface area of the bound AMP ligand in the
complex.

The solution structure of the AMP-RNA aptamer
complex (Jiang et al., 1996a; Dieckmann et al., 1996)
outlines a range of unique features associated with
RNA folding and molecular recognition. Sequence
and structure specific targeting of this RNA apta-
mer involves a combination of mismatch pairing
and stacking interactions in order to generate an
intercalation cavity that involves an extremely
stable GNRA-like hairpin fold with molecular rec-
ognition associated with formation of a novel G-A
mismatch alignment. A key principle that emerges
is the identification of a purine ring stacked core
associated with the binding site in the AMP-RNA
aptamer complex. A common pattern observed in
the complex is associated with the extension of the

left and right helical stems through G-G mismatch
formation and additional base stacking into the
core of the complex. The diversity of interactions is
reflected in the distinct pairing alignments adopted
by the G7-G11 and G17-G34 mismatches in the
complex. The phosphate group of AMP is exposed
and available for catalysis permitting the rational
design of ribozymes where the availability of a
high energy phosphodiester bond is paramount for
driving catalysis.

The structural studies on the AMP-RNA aptamer
complex have been complemented in our labora-
tory by monitoring the exchange characteristics
(reviewed by Gueron & Leroy, 1995) of the well
resolved imino protons in the NMR spectra of the
free 40-mer RNA aptamer (Figure 1(b)) and its
AMP complex (Figure 1(c)) (Nonin et al., 1997). The
imino proton exchange kinetics have been moni-
tored as a function of pH (Figure 4(a)) and added
ammonia catalyst (Figure 4(b)) to measure the
apparent base-pair dissociation constants (a Ky) of
the Watson-Crick and mismatched base-pairs
along with the solvent accessibility of the unpaired
imino protons in the complex. These a Ky values at
individual pairs in the free RNA aptamer and the
AMP-RNA aptamer complex are summarized
graphically in Figure 4(c). These data establish that
complex formation stabilizes the o Ky values for
bases within the AMP-binding asymmetric internal
loop and also for the two base-pairs of the stem
segments on either side of the binding site. Thus,
the o K4 value for the G6-C35 base-pair is 5 x 1072
in the free duplex and decreases to 3.6 x 1077 in
the complex (Figure 4(c)). The a K4 values span the
range 1072 to 1077 for the mismatch base-pairs in
the asymmetric internal loop of the AMP-RNA
aptamer complex. Thus, the o K4 values within the
G17-G34 mismatch pair as monitored by the imino
protons of G17 (hydrogen-bonded to O° of G34
within the mismatch pair) and G34 (directed out-
wards towards the phosphate oxygen of Al4) are
4.3 x 1077 and 1.6 x 1072, respectively in the AMP-
RNA aptamer complex (Figure 4(c)). The proton
exchange and base-pair kinetics characteristics are
consistent with the published solution structures of
the AMP-RNA aptamer complex (Jiang et al.,
1996a; Dieckmann et al., 1996). The kinetic studies
also establish that the conformation of the asym-
metric internal loop in the complex is most likely
stabilized by four additional hydrogen bonds
involving the imino protons of G8, G11, U16 and
G34 (Nonin et al, 1997) that could be readily
accomodated with minor adjustment in the pub-
lished solution structure of the complex.

The structural (Jiang et al., 1996a; Dieckmann
et al., 1996) and hydrogen exchange (Nonin et al.,
1997) measurements establish that complex for-
mation between AMP and its RNA aptamer
involves adaptive binding. Thus, the imino protons
in the asymmetric internal loop exhibit broad
rapidly exchanging resonances centered between
10 and 1l1ppm in the free RNA aptamer
(Figure 1(b)) in striking contrast to the complex
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Figure 4. Exchange times of imino protons of G17 and
G34 of the G17-G34 mismatch pair in the asymmetric
internal loop of the AMP-RNA aptamer complex as a
function of (a) pH and (b) the inverse of the ammonia
concentration in H,O at 15°C. Also shown is the corre-
sponding data for rG monomer under the same con-
ditions. Circles and squares relate to data collected with
one and four equivalents of AMP bound per RNA apta-
mer, respectively. (c) Plot of the apparent dissociation
constant (o K,) values (circles and triangles) and the
protection factors (squares) as a function of the base or
base-pair position in the free RNA aptamer (open sym-
bols) and in the AMP-RNA aptamer complex (filled
symbols). o Ky values derived from the measurement of
exchange times from poorly resolved imino proton res-
onances are represented by bracketed symbols. The o K4
values of internal stem Watson-Crick base-pairs exhibit
values similar to those reported previously for B-DNA.
The two base-pairs flanking either side of the AMP-bind-
ing asymmetric internal loop are stabilized on complex
formation. The o K, values of imino protons involved in
pairing within the mismatch pairs fall in the same range
as the corresponding values of stem Watson-Crick pairs
with the values of G7 and G17 amongst the most stable
in the complex. (Reproduced from Nonin et al. (1997)
with permission from the J. Mol. Biol.)

(Figure 1(c)) where the same imino protons exhibit
narrow signals, are dispersed in chemical shift and

exhibit low o K; values, three of which are
amongst the lowest in the entire AMP-RNA apta-
mer complex. Thus, an apparently unstructured
asymmetric internal loop in the free RNA aptamer
becomes highly structured on complex formation
with bound AMP which targets this site.

FMN-RNA aptamer complex

Oxidation-reduction reactions can be mediated
by the cofactor flavin mononucleotide (FMN)
(Figure 5(a)) when bound as a prosthetic group in
flavoproteins. Redox reactions catalyzed by these
enzymes are mediated by the isoalloxazine ring of
FMN which serves as a transient carrier of a pair
of hydrogen atoms abstracted from substrates. The
previous research on FMN-protein complexes has
now been extended to FMN-RNA complexes
through the application of in wvitro selection
methods that have identified RNA aptamers that
bind this cofactor with high affinity and specificity
(Burgstaller & Famulok, 1994; Lauhon & Szostak,
1995). These efforts have been directed towards the
eventual characterization of ribozymes with
diverse redox catalytic activities.

The FMN-RNA aptamer complex identified by
Burgstaller & Famulok (1994) contains a consensus
purine rich asymmetric internal loop with six resi-
dues 5'-A-G-G-N-U-A-3' (where N can be any resi-
due) positioned opposite five residues 5-G-A-A-G-
G-3' across the loop. Solution structure studies
undertaken in our laboratory on the complex of
FMN with its high affinity (0.5 uM) 35-mer RNA
aptamer sequence (Figure 5(b)) have defined the
RNA fold at the FMN binding site and the prin-
ciples associated with FMN-RNA recognition (Fan
et al., 1996).

The imino proton NMR spectra (9.5 to 14.5 ppm)
of the RNA aptamer and its 1:1 FMN complex in
150 mM NaCl, 4 mM Mg*" containing H,O sol-
ution at (pH 6.5) and 5°C are plotted in Figure 5(c)
and (d), respectively. The imino proton spectrum
of the complex is exceptionally well resolved with
eight additional exchangeable resonances observa-
ble on complex formation (Figure 5d). The
exchangeable and non-exhangeable resonances in
the complex have been assigned from homonuclear
and heteronuclear NMR studies on FMN com-
plexes with unlabeled and uniformly '*C,'*N-
labeled RNA aptamers. The imino and FMN
exchangeable proton assignments listed over the
spectrum of the complex are based in part on ino-
sine for guanine substitution experiments and
establish that all guanine imino protons except G27
(which exhibits rapid exchange) within the asym-
metric internal loop give well resolved resonances
in the spectrum of the complex (Figure 5(d)). The
analysis of the NMR data yielded distance
restraints between RNA protons across the asym-
metric internal loop with the largest number cen-
tered between the G24-A25 and G10-Ul12-A13
segments in the complex. A total of 18 intermolecu-
lar distance restraints were identified between the
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Figure 5. (a) Chemical formula and numbering system
of the isoalloxazine ring of flavin mononucleotide
(FMN). (b) Sequence and numbering of the FMN-bind-
ing 35-mer RNA aptamer. Imino proton NMR spectra
(9.0 to 15.0 ppm) of (c) the free RNA aptamer and (d)
the 1:1 FMN-RNA aptamer comg)lex in 150 mM NaCl,
10 mM phosphate and 5 mM Mg** containing H,O sol-
ution at pH 6.5 and 5°C. The imino proton resonance
assignments are indicated above the spectra. RNA apta-
mer imino protons that appear on FMN complex for-
mation are marked by asterisks in (d) and assignments
are labeled in bold face. (Reproduced from Fan et al.
(1996) with permission from the J. Mol. Biol.)

isoalloxazine chromophore of FMN and RNA resi-
dues G9, G10 and U12 on one side and A25, A26
and G27 on the opposite side of the asymmetric
internal loop in the complex. Structure calculations
were initiated from different asymmetric internal
loop conformations with the FMN molecule placed
in randomized orientations at the center of masses
of each RNA molecule. The distance refined struc-
tures of the FMIN-RNA aptamer complex exhibited

pairwise r.m.s.d. values of ~1.25 A for the asym-
metric internal loop RNA binding site (residues A8
to Al3 excluding A1l and G24 to G28 ) and FMN,
which represents the core of the complex.

The folding toppology of the FMN binding site
in the asymmetic internal loop of the RNA aptamer
for one representative refined structure of the com-
plex is plotted in Figure 6(a). The FMN binding
site is generated by zippering up the asymmetric
internal loop through base mismatch and triple for-
mation with intercalation of the isoalloxazine chro-
mophore of FMN between a G-G mismatch and a
G-U-A triple (Figure 6(a)). The flanking stem
regions and zippered-up internal loop form a con-
tinuous helix except for the non-conserved All
residue which loops out of the helix to facilitate
formation of the G10-U12-A25 base triple in the
complex (Figure 6(a)).

The separation between strands is widened at
the FMN binding site due to formation of anti puri-
ne-anti purine A8-G28 and G9-G27 mismatch
pairs and the G10-U12-A25 base triple. This facili-
tates insertion of the isoalloxazine ring into the
helix with its long axis parallel to the long axis of
the flanking G9-G27 mismatch pair resulting in
stabilizing stacking interactions (Figure 6(a)). Bind-
ing specificity is associated with formation of two
intermolecular hydrogen-bonds between the uracil-
like edge of the isoalloxazine ring and the Hoogs-
teen edge of anti A26 in the complex (Figure 6(b)).
The side-chain of FMN, which is poorly defined in
the refined structures, is positioned in the minor
groove.

The G10-U12-A25 base triple (Figure 6(c)) was
an unexpected feature observed in the solution
structure of the FMN-RNA aptamer complex. Resi-
dues G10 and A25 on opposite sides of the asym-
metric internal loop are too far apart to hydrogen
bond in the solution structure of the complex. The
U12 residue acts as a hydrogen bonding bridge
between G10 and A25 resulting in base triple for-
mation (Figure 6(c)). The participation of G10 and
U12 residues in the G10-U12-A25 base triple is
facilitated by the looping out of the intervening
non-conserved All residue into the major groove
of the RNA helix (Figure 6(a)). The U12-A25 align-
ment is of the reversed Hoogsteen type stabilized
by two hydrogen bonds while the U12-G10 inter-
action is stabilized by a single hydrogen bond with
the Watson-Crick edge of GI10 interacting in
addition with the backbone phosphate oxygen
atoms of the G24-A25 step (Figure 6(c)). The
FMN-A26 recognition pair is positioned over the
G10-U12-A25 base triple platform with extensive
stacking between A25 and A26, as well as between
G10 and U12 with the isoalloxazine ring of FMN
in the complex.

The zippering-up of the asymmetric internal
loop about the FMN molecule in the complex is
achieved through formation of two types of G-A
mismatches at both loop-stem junctions. The
A8-G28 mispair involves alignment through the
Watson-Crick edges of both purines (Figure 6(d))



Figure 6. Views of segments of one representative refined structure of the FMN-RNA aptamer complex. The base
mismatches and looped out base are colored cyan, the base triple is colored magenta, the backbone is colored
orange and the bound isoalloxazine ring of FMN is colored yellow. (a) View looking into the minor groove of the
FMN-bound internal loop segment (A8 to Al3 and G24 to G28) in the complex. (b) The A26(anti)-FMN alignment
stabilized by two hydrogen bonds involving the Hoogsteen edge of A26. (c) The G10-U12-A25 triple involving a
reversed Hoogsteen U12(anti)- A25(anti) mispair and G10(anti) pairing with U12 and the phosphate oxygen atoms
at the G24-A25 step. (d) The AS8(anti)-G28(anti) mismatch pair involving a pair of hydrogen bonds between the
Watson-Crick edges of A8 and G28. (e) The Al3(anti)-G24(anti) sheared mismatch pair involving a pair of hydro-
gen bonds between the major groove edge of A13 and the minor groove edge of G24. (Reproduced from Fan et al.

(1996) with permission from the J. Mol. Biol.)

while the A13-G24 mispair is of the sheared type
(Li et al., 1991; Heus & Pardi, 1991) and involves
alignment of the minor groove edge of guanine
and the major groove edge of adenine (Figure 6(e)).

L-Arginine/L-citrulline-RNA aptamer complexes
and ligand discrimination

The molecular basis associated with the ability
of RNA aptamers to discriminate between closely
related ligands has been probed by structural stu-
dies of RNA aptamers that bind L-citrulline
(Figure 7(a)) and L-arginine (Figure 7(b)) with high
affinity and specificity. Initially, in vitro selection
studies identified an L-citrulline-binding RNA
aptamer (Figure 6(c)) which was subsequently

mutagenized and following further selection
evolved into an L-arginine-binding RNA aptamer
(Figure 6(d)) (Famulok, 1994). The two RNA apta-
mers contained similar secondary structure folds
defined by two base-pair separated asymmetric
internal loops flanked at either end by stem seg-
ments. The conserved residues span the G9 to G14
(except A11l) and C28 to C39 (except U36) seg-
ments on opposing strands centered about the lar-
ger asymmetric internal loop within each 33-mer
RNA aptamer. The L-arginine- and L-citrulline-
binding RNA aptamers which differed solely at
three nucleotide positions bound their cognate
amino acids with 10 uM affinity and without
detectable affinity for their non-cognate counter-
parts. A common ligand binding site centered
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Figure 7. Chemical formula and numbering system of
(a) L-citrulline and (b) L-arginine. Sequence and number-
ing of (c) the L-citrulline-binding RNA aptamer and (d)
the L-arginine-binding RNA aptamer.

about the larger asymmetric internal loop was
identified from chemical and enzymatic footprint-
ing experiments (Burgstaller ef al., 1995).

The solution structures of the L-citrulline-RNA
aptamer and L-arginine-RNA aptamer complexes
have been determined following a combined
NMR-molecular dynamics study (Yang et al., 1996).
The unambiguous assignment of exchangeable and
nonexchangeable protons in the L-arginine- and
L-citrulline-binding RNA aptamer complexes with
their pair of asymmetric internal loops poses a con-
siderable challenge (Yang et al., 1996), similar to
the one faced in the related studies of the AMP-
RNA aptamer complex (Jiang et al, 1996a;
Dieckmann et al, 1996). This problem was
approached by studying complexes containing
unlabeled ligand and uniformly "N-labeled RNA
aptamers and through comparitive analysis of the

NMR spectral characteristics of the L-arginine- and
L-citrulline-RNA aptamer complexes. A set of
exchangeable and non-exchangeable proton assign-
ments have been reported for both complexes
(Yang et al., 1996). These assignments need confir-
mation along the lines of single residue isotope
labeling and base substitution approaches (Jiang
et al., 1997a), the application of relay methods to
correlate exchangeable protons with their non-
exchangeable counterparts (Fiala et al, 1996;
Sklenar et al., 1996; Simorre et al., 1996), as well as
the collection and analysis of multinuclear multidi-
mensional NMR data sets (Pardi, 1995) on both
complexes. Structure determinations were based
on ~50 long range distance restraints between the
RNA aptamer protons and =16 intermolecular
restraints for both L-arginine- and L-citrulline-RNA
aptamer complexes. The computations were also
guided by four intermolecular hydrogen-bonding
restraints for the rL-arginine-RNA aptamer com-
plex and six intermolecular hydrogen-bonding
restraints for the L-citrulline-RNA aptamer complex
at later stages of the calculations (Yang et al., 1996).
The average pairwise r.m.s.d. values amongst dis-
tance refined structures were 0.63 A for base atoms
and 1.20 A for backbone atoms of the RNA binding
site segment spanning residues G9 to G14 and C28
to C39 in the L-citrulline-RNA aptamer complex.
Similar average pairwise r.m.s.d. values were also
observed for the L-arginine-RNA aptamer complex
(Yang et al., 1996).

The smaller asymmetric internal loop zippers up
with continuous stacking involving adjacent right-
ward and central stem segments through for-
mation of a bridging A7(anti)-G38(anti) mismatch
involving alignment of Watson-Crick edges and
was facilitated through looping out of A8 and G9
residues on complex formation. The central helical
stem is extended through formation of a G12(anti)-
-G35(syn) mismatch pair involving alignment of
the Watson-Crick edge of G12 and the Hoogsteen
edge of G35 in both complexes. Additional stack-
ing alignments relate the leftward stem terminating
in the G14-C28 base-pair and the extended cen-
tral/rightward stems terminating in the G12-G35
mismatch pair and involve continuous stacking
between the C28, A/G29, G9 and All residues
and between the G14, C/U13 and G12 residues.

The ligand binding site in both complexes
involves participation primarily by RNA aptamer
residues G12, C/U13, A/G29, G30 (syn), G/U31,
A33 and G35 (syn) of the larger asymmetric
internal loop. The aliphatic side-chains of the argi-
nine and citrulline ligands stack over a platform
generated by the G12-G35 mismatch and the G9
base in both complexes. Recognition of L-arginine
by its RNA aptamer containing ligand-specific
C13, A29 and G31 residues involves intermolecular
hydrogen bond formation, specifically involving
side-chain NH,(1) and NH(g) protons of the ligand
and acceptor atoms along the major groove edges
of G30 and G31 and the Watson-Crick edge of C13
in the complex (Figure 8(a)). Recognition of



Figure 8. One representative refined structure of the
binding pocket in (a) the L-arginine-RNA aptamer com-
plex and (b) the L-citrulline-RNA aptamer complex. The
amino acids are shown in yellow, the bases of the bind-
ing pocket common to both RNA aptamers (G9, G12,
G30, A33 and G35) are shown in orange and the ligand
specific bases of the binding pocket characteristic of
each RNA aptamer (C/U13, A/G29 and G/U31) are
shown in cyan. Intermolecular hydrogen bonds are
shown by broken white lines. (Adapted from coordi-
nates in Yang et al. (1996).)

L-citrulline by its RNA aptamer containing ligand-
specific U13, G29 and U31 residues involves inter-
molecular hydrogen bond formation involving
side-chain NH,(n) and NH(e) protons and carbo-
nyl () oxygen of the ligand and polar functional-
ities on the Watson-Crick edges of U13, G29 and
U31 in the complex (Figure 8(b)). The discrimi-
nation between L-arginine and L-citrulline can be
readily rationalized since donor NH,(n) protons on
L-arginine which hydrogen bond to the acceptor
atoms at N° of C13, O° and N7 of G30 and O° of
G31 on its RNA aptamer (Figure 8(a)) are replaced
by the acceptor carbonyl (g) oxygen functionality
on L-citrulline which hydrogen bonds to the donor
atoms at N'H of U13 and N?H, of G29 on its RNA
aptamer (Figure 8(b)).

The amino acid side-chains of L-arginine and
L-citrulline constitute the core of their RNA aptamer
complexes with the folded RNA surrounding the
bound ligands. Molecular recognition and discrimi-

nation are associated with defined intermolecular
hydrogen bonding alignments in the L-arginine
and L-citrulline-RNA aptamer complexes. The
L-arginine and L-citrulline ligands were covalently
linked to the column through their peptide amine
groups (Famulok, 1994) and it is therefore not sur-
prising that the peptide functionalites are accessi-
ble to solvent in the solution structures of both
RNA aptamer complexes (Yang et al., 1996). Both
complexes represent examples of adaptive binding
since chemical footprinting (Burgstaller et al., 1995)
and the NMR parameters (Yang et al., 1996) estab-
lish substantial conformational changes in the
RNA aptamers on complex formation.

Tobramycin-RNA aptamer complex

Aminoglycoside antibiotics are amino-modified
saccharide containing antimicrobial agents which
came into clinical prominence because of their abil-
ity to block protein synthesis. They can bind to a
variety of RNA targets with sequence specificity
ranging from functional sites on 16 S ribosomal
RNA (Moazed & Noller, 1987; Recht et al., 1996), to
catalytic group I intron RNAs (von Ahsen et al,,
1991), the hammerhead ribozyme (Clouet-d’Orval
et al., 1995) and the Rev protein binding site on the
Rev response element of HIV-1 RNA (Zapp et al,,
1993). The aminoglycoside antibiotics are polyca-
tionic at neutral pH and it appears likely that ionic
interactions make potentially important contri-
butions to the binding affinity associated with
complex formation with the RNA polyanion
(Clouet-d’Orval et al., 1995).

The binding affinities of aminoglycoside anti-
biotics to their biological target RNAs are in the
puM range. This has stimulated efforts to identify
RNA aptamers under highly stringent selection
conditions in order to increase the binding affinity
into the nM range while retaining binding selectiv-
ity (Wang & Rando, 1995; Lato et al., 1995; Wallis
et al., 1995). One such system involves the amino-
glycoside antibiotic tobramycin (Figure 9(a)) which
binds to a bulge containing stem-hairpin loop
RNA aptamer (Figure 9(b)) with nM affinity
(Wang & Rando, 1995).

Our understanding of the structural basis for
aminoglycoside antibiotic-RNA recognition has
taken a significant step forward following publi-
cation of the solution structure of paromomycin
bound to a 27-nucleotide RNA containing the A-
site of Escherichia coli 16 S ribosomal RNA from the
Puglisi laboratory (Fourmy et al., 1996) and the sol-
ution structure of the tobramycin-RNA aptamer
complex from our laboratory (Jiang et al., 1997b).
The high resolution structure of the paramomycin-
27-mer ribosomal RNA complex provides a wealth
of information on the intermolecular contacts that
account for the specificity of complex formation.
Specifically, several OH and charged NH, groups
on the paramomycin form intermolecular hydro-
gen bonds to base edges, sugar ring oxygen atoms
and backbone phosphates to anchor the aminogly-
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Figure 9. (a) Chemical formula and numbering
system of tobramycin. The amino protons are posi-
tively charged through protonation at neutral pH.
(b) Sequence and numbering system of the tobramycin-
binding 27-mer RNA aptamer. Imino proton NMR spec-
tra (8.5 to 15.5 ppm) of (c) the free RNA aptamer and
(d) the 1:1 tobramycin-RNA aptamer complex in 10 mM
phosphate containing H,O buffer at pH 6.8 and 5°C.
The imino proton assignments are indicated over the
spectra. (Reproduced from Jiang et al. (1997b) with per-
mission from Chem. Biol.)

coside antibiotic within its RNA major groove
binding pocket created through A-A mismatch
and A bulge formation (Fourmy et al., 1996). This
structure explains in molecular terms the wealth of
biochemical data that has identified key positions
on the antibiotic and conserved residues on the
RNA that are critical for complex formation.

We outline below the structural features of the
tobramycin-RNA aptamer complex in some detail,
which despite being solved to lower resolution,
better fits the thematic focus of this review on
RNA aptamer complexes. Formation of the tobra-
mycin-RNA aptamer complex can be readily moni-
tored by recording the imino proton spectra (9.0 to
15.0 ppm) of the free RNA aptamer (Figure 9(c))
and the 1:1 complex (Figure 9d) in 10 mM phos-
phate containing H,O solution (pH 6.8) at 5°C. The
RNA aptamer (Figure 9(b)) contains a six residue
U-U-A-G-C-U hairpin loop and an A bulge separ-
ated by two base-pairs. The Ull, Ul2 and U16
imino protons narrow significantly and shift on
complex formation as does the U10 imino proton
of the loop closing U10-A17 base-pair (Figure 9(c)
and (d)). In addition, a narrow exchangeable pro-
ton is detected at 9.36 ppm (Figure 9(d)) which has
been assigned to the 2’-OH proton of Ul2 in the
spectrum of the complex. The exceptional quality
of the NMR spectra of the tobramycin-RNA apta-
mer complex (Figure 9(d)) has permitted a detailed
heteronuclear multidimensional NMR characteriz-
ation of the complex Containing unlabeled tobra-
mycin and uniformly C,“N-labeled RNA
aptamer (Jiang et al., 1997b). It was possible to
extensively assign the exchangeable and non-
exchangeable RNA protons in the key G8 to C20
segment of the RNA aptamer, as well as all the
non-exchangeable and a few exchangeable OH and
NH, tobramycin protons in the complex. An unfor-
tunate limitation was the degeneracy of the chemi-
cal shifts of several tobramycin protons in the
complex which could not be overcome in the
absence of an isotopically labeled sample of the
aminoglycoside antibiotic. This limited the number
of intermolecular distance restraints to 34 to guide
the molecular dynamics calculations on the tobra-
mycin-RNA aptamer complex. The tobramycin-
RNA aptamer complex was solved (Jiang et al.,
1997b) using a computational procedure similar to
the one used to solve the FMN-RNA aptamer com-
plex (Fan et al, 1996). The resulting distance
refined structures exhibited pairwise r.m.s.d.
values of 2.0 A for the A7 to U21 (excluding C15)
RNA aptamer segment and tobramycin which
reduced to ~1.25 A for the G9 to C18 (excluding
C15) RNA aptamer segment and tobramycin. The
somewhat higher r.m.s.d. values for this complex
reflect a limited spread in the alignment of the
bound tobramycin on its RNA aptamer binding
site and was the result of our inability to use the
maximum number of intermolecular restraints due
to overlap amongst tobramycin protons in the
complex.

A representative refined structure of the tobra-
mycin-RNA aptamer complex, spanning the A7 to
U21 segment of the RNA aptamer, is shown in
Figure 10(a). Tobramycin is positioned within the
major groove spanning the hairpin loop-stem junc-
tion segment of the RNA aptamer. The amino
sugar rings II and III are directed towards the hair-
pin loop and the bulged adenine residue, respect-



Figure 10. Views of segments of one representative refined structure of the tobramycin-RNA aptamer complex. The
stacked bases are colored cyan, the C15 and A19 bases are colored magenta, the backbone is colored orange and the
tobramycin is colored yellow. (a) A view looking into the major groove of the core of the complex (A7 to U21 and
tobramycin). (b) A more detailed view of the molecular recognition interface between tobramycin and the RNA apta-
mer. (c) View looking down the major groove with tobramycin in yellow represented in a space filling surface. Note
the position of C15 in magenta which acts as a flap over the bound tobramycin. (d) Surface view looking into the
binding channel from the major groove and its occupancy in the complex. The RNA aptamer surface representation
is displayed using GRASP (Nicholls et al., 1991) with concave and convex surfaces shown in green and grey, respect-
ively. The bound tobramycin in yellow is shown in a stick representation. The position of the C15 base which acts as
a flap to close the binding site is indicated by a magenta colored arrow. (Reproduced (Jiang et al., 1997b) with per-

mission from Chem. Biol.)

ively while the aliphatic non-sugar ring I is cen-
tered about the U10-A17 base-pair in the complex
(Figure 10(b)). The RNA binding site spans an
unpaired base (U12), a mismatch pair (U11-U16),
two Watson-Crick pairs (G9-C18 and U10-A17)
and the looped out C15 base which orients itself as
a flap over ring IIl of tobramycin in the complex
(Figure 10(a) and (b)). The potential stacking
between G9-C18 and C8-G20 base-pairs that flank

the bulge site is perturbed as a consequence of the
bulged A19 base being displaced partially into the
major groove in the complex (Figure 10(a)).

All three tobramycin rings adopt a chair confor-
mation in the complex with an average of 52% of
the surface area of tobramycin being buried on
complex formation. Tobramycin rings III and I
interact in an approximately face down orientation
with the floor of the major groove. By contrast,



tobramycin ring II lies partially in the major groove
with its 2'-NH, group directed into this groove.
There appears to be shape complementarity
between the interacting tobramycin surface and
the floor of the major groove in its RNA binding
pocket as visualized in a view looking down the
major groove of the complex (Figure 10(c)).

The U11-U12-A13-G14-U16 segment of the hair-
pin loop is the best defined domain of the RNA
aptamer in the complex. The Ull and U16 bases
form a defined U-U mismatch pair involving one
of two possible Wobble alignments. The Ul2 base
is not paired but its imino proton can hydrogen
bond to the backbone phosphate oxygen at the
G14-C15 step in the complex. Chain reversal occurs
at A13 and the conformation is stabilized through
extensive stacking between the purine rings of A13
and G14 supplemented by a hydrogen bond
between the 2'-OH of U12 and the N7 of G14 in the
complex. This folding pattern for the U12-A13-G14
segment of the hairpin loop in the tobramycin-
RNA aptamer complex is strikingly similar to the
corresponding three residues in the anticodon and
TYC hairpin loops which form U-turns in yeast
tRNA™e (Kim et al., 1974; Robertus et al., 1974).
Even more striking, is the similarity between the
global features of the six nucleotide U-U-A-G-C-U
segment of the hairpin loop of the tobramycin-
RNA aptamer complex and a conserved hexanu-
cleotide hairpin loop in ribosomal RNA (Huang
et al., 1996; Fountain et al., 1996).

The looped out C15 residue plays a key role in
generating the tobramycin binding site since sugar
ring III and to a lesser extent non-sugar ring I are
sandwiched between the C15 base and the floor of
the major groove in the complex. This is best visu-
alized in a GRASP (Nicholls ef al., 1991) view of
the entire complex (Figure 10(d)) where the tobra-
mycin is binding in a channel generated between
the plane of the C15 base (magenta arrow,
Figure 10(d)) and the floor of the major groove.
The encapsulation of amino sugar ring III is
reflected in a large number of intermolecular NOEs
between protons on this ring and the base protons
of C15 in the complex.

There is a spread in the relative alignment of the
A19 bulge residue which adopts a conformation
intermediate between stacked and looped out
alignments amongst the refined structures of the
complex. This in turn effects the relative orien-
tation of the stem segments that flank the bulged
adenine amongst the refined structures in the com-
plex. A larger propeller twist is observed for the
flanking G8-C20 base-pair in one direction relative
to the flanking G9-C18 base-pair in the other direc-
tion in the complex.

Tobramycin was also shown to bind with high
specificity and affinity to RNA aptamer analogs
where the G8-C20 base-pair was replaced by the
I8-C20 or A8-U20 base-pairs, the Al19 bulge resi-
due was replaced by G19, the G14 loop residue
was replaced by A14 and the C15 flap residue was
replaced by A15 (Jiang et al., 1997b). Our solution

structure of the tobramycin-RNA aptamer complex
provides novel global insights into the molecular
recognition features associated with high affinity
sequence specific binding of aminoglycoside anti-
biotics to their RNA targets. The RNA major
groove width at the binding site is defined, in part,
by the conformation of the bulged A19 residue
and, in part, by the pyrimidine U11-U16 mismatch
and the sharp turn at the U12-A13-G14 segment in
the complex. The sequence and orientation of resi-
dues encompassing the binding site (G9-Cl18,
U10-A17, U11.-U16 pairs and U12-phosphate
alignment) define the heteroatom functionalities
along the base edges that line the floor of the
major groove and which are targeted by the bound
tobramycin. An unexpected feature of the solution
structure of the complex was the establishment of
a looped out C15 base which forms a flap over the
binding site in the complex. The current resolution
does not provide answers to whether specific inter-
molecular contacts exist between hydroxyl and
protonated amine protons on the tobramycin and
backbone phosphates, 2-OH groups and major
groove functional edges on the RNA aptamer in
the tobramycin-RNA aptamer complex (Jiang et al.,
1997b). Current efforts underway to define the sol-
ution structure of a related tobramycin-RNA apta-
mer complex with a different stem-loop junctional
sequence (Wang & Rando, 1995) could provide the
missing details associated with intermolecular con-
tacts provided that the structure can be solved to
higher resolution.

Peptide/protein-RNA aptamer complexes

There are now several RNA aptamers that have
been identified based on their ability to target pro-
teins with high affinity and specificity (reviewed
by Gold et al., 1995). The structural characterization
of these protein-RNA aptamer complexes rep-
resents a future challenge both to the crystallo-
graphic and NMR communities. A recently
reported solution structural characterization of a
17-mer HIV-1 Rev peptide bound to a 35-mer Rev
response element (RRE) RNA aptamer target (nM
binding affinity) from our laboratory (Ye et al.,
1996) represents an important step towards the
goal of protein-RNA aptamer structure determi-
nation. The solution structure of the Rev peptide-
RRE RNA aptamer complex (Ye et al., 1996) and a
companion contribution on the Rev peptide-RRE
RNA stem loop IIB complex (Battiste et al., 1996)
establish that the Rev peptide adopts an a-helical
fold along its entire length and binds in the
widened major groove of the RRE RNA target site.
The RNA binding pocket in these complexes
adopts a unique fold defined by base mismatches,
looped out bases, and in the case of the RNA apta-
mer complex, a U-(A-U) base triple. Both peptide
and RNA undergo adaptive conformational tran-
sitions on complex formation. These structures are
striking in that an isolated o-helix binds deep
within the major groove of the RNA without the



need for additional structural domains to stabilize
the complex. The details of the Rev peptide-RRE
RNA aptamer complex (Ye et al., 1996) are not
included in this review since this subject matter is
part of a recently written companion review
submitted to this journal (Patel ef al., 1998) that
compares the structures of regulatory immuno-
deficiency viral Tat (binds as a B-hairpin) and Rev
(binds as an a-helix) peptides bound to their RNA
targets with high affinity and specificity.

Principles, Patterns and Diversity

The growing data base of solution structures of
RNA aptamer complexes provides new insights
into the principles, patterns and diversity associ-
ated with nucleic acid architecture, as well as the
intermolecular interactions that contribute to
ligand recognition and discrimination by RNA
motifs in solution.

Intercalative recognition of
planar chromophores

The AMP and FMN ligands contain planar chro-
mophores and their respective RNA aptamer bind-
ing site architectures involve intercalative stacking
of the chromophores between either purine bases
as observed for the AMP-RNA aptamer complex
(Figure 3(a)) (Jiang et al., 1996a; Dieckmann et al.,
1996) or between base-pairs/triples as observed for
the FMN-RNA aptamer complex (Figure 6(a)) (Fan
et al., 1996). Specificity is associated with a pair of
in-plane intermolecular hydrogen bonds between
the chromophore and one of the edges of a base
residue positioned opposite it such as observed
with the minor groove edge of guanine in the
AMP-RNA aptamer complex (Figure 3(d)) (Jiang
et al.,, 1996a; Dieckmann et al., 1996) and the
Hoogsteen edge of adenine in the FMN-RNA apta-
mer complex (Figure 6(b)) (Fan et al., 1996).

A novel feature of the FMN-RNA aptamer com-
plex is the extensive stacking between the interca-
lated isoalloxazine chromophore of FMN and a
G-(U-A) base triple platform at the binding site
(Fan et al., 1996). It remains to be established
whether this observation will turn out to be gener-
al in that base triples provide the extended surface
area to maximally stack with large aromatic chro-
mophores in RNA aptamer complexes.

Encapsulative recognition of amino
acid ligands

The amino acids L-arginine and L-citrulline lack
aromatic chromophores and hence their binding
sites involve pockets where the non-polar methyl-
ene segments of the side-chains are positioned over
platforms generated by alignments of purine bases
(Figure 8). Molecular recognition involves intermo-
lecular hydrogen bonds contributed by polar edges
of multiple bases that surround the RNA binding
pocket (Yang et al., 1996).

Encapsulative recognition of amino acids by
nucleic acid folds has been observed recently for a
DNA aptamer complex in our laboratory (Lin &
Patel, 1996). In this case, L-argininamide is encap-
sulated within the DNA hairpin loop with the
binding cavity generated by the tip of the loop
folding back onto the stem in the complex. In
addition, the amino acid is sandwiched between
mismatch and regular base-pairs that form within
the loop on complex formation, with binding speci-
ficity attributed to the formation of intermolecular
hydrogen bonds between the guanidinium group
on the L-argininamide and the Watson-Crick edge
of a loop cytidine residue (Lin & Patel, 1996). It is
noteworthy that salt bridges were not detected
between the guanidinium group of the charged
amino acid side-chain and the backbone phos-
phates in either the L-arginine-RNA aptamer (Yang
et al., 1996) or the L-argininamide-DNA aptamer
(Lin & Patel, 1996) complexes.

Bases that close the binding cavity play an
important role in the encapsulation of ligands
within nucleic acid folds. Thus, rings II and III of
tobramycin are sandwiched between the floor of
the RNA major groove and a looped out cytidine
residue that acts as a flap over the bound antibiotic
in the tobramycin-RNA aptamer complex
(Figure 10(d)) (Jiang et al., 1997b). An adenine base
forms a similar flap in the L-argininamide-DNA
aptamer complex (Lin & Patel, 1996) and contrib-
utes to the encapsulation of the amino acid within
the DNA fold. One face of a binding site can also
be closed by an array of stacked bases as observed
for the encompassing residues A13 to Ul6 that
blocks cofactor entry from one face in the AMP-
RNA aptamer complex (Jiang et al, 1996a;
Dieckmann et al., 1996).

Discrimination between related amino
acid ligands

RNA aptamers discriminate between closely
related ligands through formation of defined
donor-acceptor intermolecular hydrogen bonding
alignments. This feature was best characterized by
the arrangement of acceptor atoms on the RNA
scaffold that target the donor NH,(n) protons of
the L-arginine side-chain in the L-arginine-RNA
aptamer complex (Figure 8(a)) which contrasts
with the arrangement of donor atoms on the RNA
scaffold that target the acceptor carbonyl (g) oxy-
gen on the L-citrulline side-chain in the L-citrulline-
RNA aptamer complex (Figure 8(b)) (Yang et al.,
1996).

Theophylline (1,3-dimethylxanthine) and caffeine
(1,3,7-trimethylxanthine) are closely related
xanthine analogs that differ by a single methyl
group. An RNA aptamer has been identified that
binds theophylline with 0.1 uM affinity and dis-
criminates by a factor of 10* against caffeine
(Jenison et al., 1994). Structural studies currently
underway in the Pardi laboratory should provide a
molecular explanation for the theophylline-binding



RNA aptamer’s ability to discriminate between
these two closely related xanthine analogs.

Stacking alignments within the core of an
RNA fold

There is a preponderence of purine bases at the
binding sites of cofactor-RNA aptamer complexes
(Figures 1(a) and 5(b)) and these purines tend to
participate in base stacking interactions when not
involved in mismatch or triple formation. Indeed,
such stacking interactions between purine planes
as observed in the AMP-RNA aptamer complex
(Figure 3(b)) (Jiang et al., 1996a; Dieckmann et al.,
1996) can constitute the core of folded RNA archi-
tectures. It is striking that three mutually orthog-
onal arrays of stacked bases/base-pairs converge
into the core of the AMP-RNA aptamer complex
(Figure 3(b)).

The stacked core can also be centered about the
bound ligand as in the case of the intercalated iso-
alloxazine ring in the FMN-RNA aptamer complex
(Fan et al., 1996). Here, the asymmetric internal
bubble of the free RNA aptamer (Figure 5(b)) zip-
pers up through mismatch and base triple for-
mation to form a continuous stacked helix
(Figure 6(a)) that links up with adjacent stem
regions in the FMN-RNA aptamer complex.

Diversity of RNA architecture

The majority of nucleotides adopt C3'-endo sugar
puckers and anti glycosidic bonds in the RNA
aptamer complexes studied to date. However,
there are exceptions with syn guanines observed in
both the AMP-RNA aptamer (Jiang et al., 1996a;
Dieckmann et al., 1996) and L-arginine/L-citrulline-
RNA aptamer (Yang et al., 1996) complexes. Gener-
ally, the syn guanines participate in G(syn)-G(anti)
mismatch pair formation and extend existing heli-
cal stems in the RNA aptamers associated with
complex formation. It is too early to predict
whether examples will emerge of guanine, adenine
and cytosine residues adopting syn alignments,
and with what frequency, within folds of RNA
aptamer complexes. The C2-endo sugar pucker
conformation has also been occassionally observed
in RNA aptamer complexes at sites of abrupt chain
reversal and where bases are looped out of the
helix. Examples of C2'-endo sugar puckers can be
found in the AMP-RNA aptamer (Jiang ef al,
1996a; Dieckmann et al., 1996) and the HIV-1 Rev
peptide-RRE RNA (Battiste et al., 1996; Ye et al.,
1996) complexes.

RNA differs from DNA in having a OH group at
the the 2’ position of the sugar ring. Generally,
sugar hydroxyls exchange rapidly with solvent
water and, if observable, resonate at 6.8 ppm
(Allain & Varani, 1995). The observation of a
narrow slowly exchanging 2-OH proton at
934 ppm in the AMP-RNA aptamer complex
(Figure 1(c)) (Jiang et al., 1996a; Dieckmann et al.,
1996) and at 9.36 ppm in the tobramycin-RNA

aptamer complex (Figure 9(d)) (Jiang et al., 1997b)
were received with considerable surprise in our
laboratory. These narrow downfield-shifted 2'-OH
protons are buried from solvent, participate in
hydrogen bond formation and are positioned in
the planes of one or more purine rings in the com-
plex.

Diversity of mismatch and triple
pairing alignments

The RNA aptamer complexes utilize a diverse
array of mismatches and triples to generate the
RNA binding pockets in the complex. Thus, a
range of G-G and G-A mismatches have been
identified in the various RNA aptamer complexes
whose structures have been solved to date. The
G-G mismatch alignments include pairing of the
Watson-Crick edges of anti guanines as observed
in the FMN-RNA aptamer complex (Fan et al,,
1996), pairing of the Watson-Crick and Hoogsteen
edges of anti guanines in a reverse pair (Figure 3(c))
as observed in the AMP-RNA aptamer (Jiang et al.,
1996a; Dieckmann ef al., 1996), and the pairing of
Watson-Crick and Hoogsteen edges of anti and syn
guanines, respectively (Figure 3(c)) as observed in
the AMP-RNA aptamer (Jiang et al, 1996a;
Dieckmann et al., 1996) and L-arginine/L-citrulline-
RNA aptamer (Yang et al., 1996) complexes. The
corresponding G-A mismatch alignments include
pairing of the Watson-Crick edges of anti guanines
and adenines (Figure 6(d)) as observed in the
FMN-RNA aptamer (Fan et al., 1996), L-arginine/L-
citrulline-RNA aptamer (Yang et al., 1996) and
HIV-1 Rev peptide-RRE RNA aptamer (Battiste
et al., 1996; Ye et al., 1996) complexes and pairing
of the minor groove edge of anti guanine and the
major groove edge of anti adenine to form a
sheared mispair (Figure 6(e)) as observed in the
FMN-RNA aptamer complex (Fan et al., 1996). In
addition, G-A mispair formation involving the
Watson-Crick edge of anti AMP ligand and the
minor groove edge of anti guanine (Figure 3(d))
are associated with specific recognition of the
bound ligand in the AMP-RNA aptamer complex
(Jiang et al., 1996a; Dieckmann et al., 1996).

The U-(A-U) base triple that involves pairing of
the Watson-Crick edge of the uracil and the major
groove edge of the Watson-Crick A-U base-pair
has been observed in both the HIV-1 Rev-RRE
RNA aptamer (Ye et al., 1996) and BIV Tat-TAR
(Ye et al., 1995) complexes. The uracil base of the
U-(A-U) base triple is positioned in the major
groove along with the bound peptide in these pep-
tide-RNA complexes. The triple-forming uracil’s
role is to buttress the helix, locally align the phos-
phodiester backbone and act as a scaffold for posi-
tioning amino acid side-chains of the peptide in its
vicinity. The G-(U-A) triple serves a different role
in the FMN-RNA aptamer complex (Fan et al.,
1996). Here, the uracil in the G-(U-A) triple acts as
a bridge to span the guanine and adenine residues
on partner strands across the asymmetric internal



loop. Further, the G-(U-A) triple serves as a plat-
form within the intercalative binding site resulting
in extensive stacking between this triple and the
bound isoalloxazine ring in the complex. Clearly,
there are most likely a range of base triple align-
ments in folded RNA and novel base triples should
emerge following solution of additional RNA apta-
mer complexes.

Groove dimensions and recognition

The major groove appears to be the target of
both aminoglycoside antibiotics (Fourmy et al.,
1996; Jiang et al., 1997b) and peptides (Battiste et al.,
1996; Ye et al., 1995, 1996; Puglisi et al., 1995) that
bind RNA. The major groove is narrow in A-form
RNA and needs to be widened in order to accomo-
date the bound ligand on complex formation.
Helix interruptions such as mismatches and bulges
have been shown to widen the major groove of
RNA and provide accessibility of bound ligands to
its very deep interior (Weeks & Crothers, 1993).
Thus, it is not surprising that mismatches and
looped out bases, together with base triples are a
common feature of the major groove binding sites
of RNA aptamer complexes. It is less clear whether
the RNA minor groove will also accomodate
bound ligands and additional structures of ligand-
RNA complexes will need to be solved to address
this issue.

Adaptive binding

The bulges and internal loops of free RNA apta-
mers generally adopt partially structured and often
interconverting conformations in solution. This is
reflected in the observation of broad exchangeable
proton resonances centered about ~10.7 ppm for
guanine and uracil imino protons located at bulge
and loop sites (Figures 1(b) and 5(c)). By contrast,
the same segments adopt defined secondary and
tertiary RNA folds on formation of high affinity
and specificity ligand-RNA aptamer complexes.
The bulge and loop imino protons are narrower at
the complex level and are dispersed over a much
wider spectral range that extends several ppm
downfield of ~10 ppm (Figures 1(c) and 5(d)).
Such transitions associated with complex formation
are accompanied by the formation of base-pair
mismatches and triples that extend existing Wat-
son-Crick stem segments. The adaptive transitions
reflect the need to generate an RNA binding pocket
on complex formation.

Adaptive binding is not necessarily restricted to
the RNA aptamer alone in its complexes with high
affinity and specificity ligands. Thus, both the pep-
tide and the RNA undergo adaptive conformation-
al changes on formation of the HIV-1 Rev peptide-
RRE RNA complex in solution (Battiste et al., 1996;
Ye et al., 1996). A related adaptive transition of
both components has also been observed on for-
mation of the BIV Tat peptide-TAR RNA complex
in solution (Puglisi et al., 1995; Ye et al., 1995).

Folding motifs common to RNA aptamers and
natural RNA sequences

Several of the RNA folds identified in ligand-
RNA aptamer complexes exhibit structural features
that are common to natural RNA folds reported in
the literature. Thus, it is quite remarkable that the
non-covalently bound AMP becomes part of a
GNRA-like hairpin loop closed by a G-G mismatch
pair in the solution structure of the AMP-RNA
aptamer complex (Figure 3(a)) (Jiang et al., 1996a;
Dieckmann et al., 1996). The backbone torsion
angles for the G8-A9-A10 segment in the AMP-
RNA aptamer complex (Jiang et al., 1996a;
Dieckmann et al., 1996) are very similar to what
has been published for GNRA hairpin loops both
in solution (Heus & Pardi, 1991) and in the crystal-
line state (Pley et al., 1994).

It is of interest that internal loops closed by a
sheared G- A pair (Figure 6(e)) stacked adjacent to
a reversed Hoogsteen U-A pair (Figure 6(c)) as
observed in the solution structure of the FMN-
RNA aptamer complex (Fan et al., 1996) have been
reported previously for NMR based solution struc-
tures of the internal loop E in eukaryotic 5 S RNA
(Wimberly et al., 1993) and the sarcin-ricin hairpin
loop of 28 S ribosomal RNA (Szewczak et al,
1993). In addition, it has been proposed that a
bulged out guanine may form a base triple with
the reversed-Hoogsteen U-A pair in the solution
structure of the internal loop E in eukaryotic 5 S
RNA (Wimberly et al., 1993). Thus, the structural
motif formed through pairing alignments within
the internal loop closing (G10-U12-A13)-(G24-A25)
segment in the FMN-RNA aptamer complex exhi-
bits striking similarities to internal and hairpin
loops evolved through evolutionary selection in
natural RNA systems.

This point is reiterated in the remarkable simi-
larity in the global fold of the hairpin loop in the
tobramycin-RNA aptamer complex (Jiang et al.,
1997b) and a conserved hexanucleotide loop in
ribosomal RNA (Huang et al., 1996; Fountain et al.,
1996).

Future Prospects

The solution structures of ligand-RNA aptamer
complex outlined above represent the first contri-
butions of structural biology to a field with signifi-
cant therapeutic potential. Ample opportunities
exist for additional structure-function correlations
in the RNA aptamer field and a few potential chal-
lenges are outlined below.

Binding affinity, specificity and in vivo stability
of RNA aptamers

The second generation of RNA aptamers have
been designed to contain base and sugar ring
modifications that have the potential to increase
binding affinities/specificites and in vivo stability.
These modifications range from 1-pentenyl substi-



tution at the pyrimidine base 5 position (Latham
et al., 1994) to 2'-NH, (Green et al., 1995) and 2'-F
(Pagratis et al., 1997) substitution of the sugar ring
of RNA aptamers. The 2'-F substituted RNA apta-
mers are of special interest because of their unu-
sual thermostabilities, unusually high binding
affinities (in the pM range) and nuclease resistance.

An alternate route around the problem of weak
affinities would be to cross-link the ligand to the
RNA aptamer. This has indeed been accomplished
in the case of HIV-1 Rev protein which has been
covalently linked to its selected RNA aptamer tar-
get (Jensen et al., 1995). There are significant advan-
tages to the NMR based structural characterization
of such covalent ligand-RNA aptamer complexes
since such an approach circumverts issues related
to the potential broadening of spectra due to unfa-
vorable complex dissociation kinetics.

RNA aptamers targeted to transition
state analogs

Solution structures of ligand-RNA aptamer com-
plexes characterized to date are limited to ligands
in their ground state. However, several examples
have been reported of RNA aptamers that target
transition state analogs with high affinity and
specificity (Morris et al., 1994; Prudent et al., 1994;
Conn et al., 1996). The most recent example is of a
35-mer stem-loop RNA aptamer that catalyzes the
insertion of Cu(ll) into mesoporphyrin IX and
serves as a transition state analog of the corre-
sponding mesoporphyrin metalation with Fe(II)
catalyzed by human ferrochelatase (Conn, et al.,
1996). Structural studies of RNA aptamers bound
to transition state analogs could provide critical
insights into the molecular basis of RNA catalysis.

Mirror image RNA aptamers

More recently, the issue of chiral specificity has
been addressed by in vitro selection studies using
RNA libraries containing either the natural D-
nucleotides or their mirror image L-nucleotide
counterparts (KluSmann et al., 1996; Nolte et al.,
1996). Thus, a D-RNA aptamer was identified that
targeted L-adenosine along with its L-RNA counter-
part that bound D-adenosine. Reciprocal chiral
specificity was evident in the observed ~10* ligand
discrimination in this series. Comparative structur-
al studies of such mirror image related ligand-
RNA aptamer complexes are of pharmacological
importance since the L-RNA aptamers displayed
extraordinary stability in human serum under con-
ditions where their natural D-RNA aptamer
counterparts were rapidly degraded by nucleases.

Pseudoknot and G-quartet RNA aptamer
folding motifs

The solution structures of ligand-RNA aptamer
complexes reported to date are limited to RNA
sequences whose secondary structures contain mis-

matches, bulges and asymmetric internal loops.
However, ligand-RNA aptamer complexes have
been reported where the RNA secondary structure
has the potential to form either pseudoknots
(Tuerk et al, 1992, Lorsch & Szostak, 1994a;
Binkley et al., 1995; Ringquist et al., 1995) or G-
quartets (Lin et al., 1994; Lauhon & Szostak, 1995).
It is conceivable that the pseudoknot and G-quartet
RNA folds in these aptamer complexes will be
stabilized by the bound ligands and hence be
amenable to detailed structural characterization.
Such studies should provide an opportunity to
expand on the existing knowledge base of the
RNA structure of pseudoknots (Puglisi et al., 1991)
and G-quartets (Cheong & Moore, 1992) and, in
addition, provide insights into the recognition of
these higher order RNA architectures.

Structure determination of larger RNA
aptamer complexes

In principle, both NMR spectroscopy and X-ray
crystallography should be the methods of choice
for structure determination of RNA aptamer com-
plexes to high resolution. Surprisingly, NMR has
provided all the structures of complexes that
involve adaptive transitions in the RNA aptamers
associated with complex formation. These struc-
tures have involved complexes with small ligands
ranging from cofactors to antibiotics to peptides
targeting RNA sequences up to 40-mers in length.
There are uncertainties as to the molecular weight
limits attainable by NMR for studies of RNA apta-
mer complexes. There has been one example of an
NMR based structure of a protein-RNA complex
reported to date (Allain et al., 1996) and more
examples are likely to emerge in the future. The
ability to uniformly '°C,"’N-label both the protein
and/or RNA components should greatly help to
overcome resonance assignment ambiguities in lar-
ger RNA aptamer complexes through simplifica-
tion of experimental data sets based on spectral
editing approaches of data dispersed in multiple
dimensions. It is conceivable that RNA aptamers
containing more than 50 residues will require selec-
tive *C,®N-labeling of specific residues and/or
segments to overcome issues of spectral overlap, as
well as uniform *H labeling (60 to 80%) to narrow
residual proton line widths in larger RNA aptamer
complexes. Clearly, X-ray crystallography will also
contribute to the structural characterization of
higher molecular weight systems such as protein-
RNA aptamer complexes.

Coordinates deposition

The deposited coordinates of the RNA aptamer
complexes discussed in this review have the fol-
lowing accession numbers and can be retrieved
from the Brookhaven protein data bank: AMP-
RNA aptamer complex (Jiang et al., 1996a), lam0;
AMP-RNA aptamer complex (Dieckmann et al.,
1996), 1raw; FMN-RNA aptamer complex



(Fan et al., 1996), 1fmn; L-arginine-RNA aptamer
(Yang et al., 1996), 1kod; L-citrulline-RNA aptamer
(Yang et al., 1996), 1koc; Tobramycin-RNA aptamer
(Jiang et al., 1997b), 1tob; HIV-1 Rev peptide-RRE
RNA aptamer (Ye et al., 1996), 1ull.
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