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A Semiconserved Residue Inhibits Complex Formation by Stabilizing Interactions
in the Free State of a Theophylline-Binding RNA
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ABSTRACT: The theophylline-binding RNA aptamer contains a 15 nucleotide motif that is required for
high-affinity ligand binding. One residue within this RNA motif is only semiconserved and can be an A
or C. This residue, C27, was disordered in the previously determined three-dimensional structure of the
complex, suggesting that it is dynamic in solutio®®C Relaxation measurements are reported here,
demonstrating that C27 is highly dynamic in the otherwise well-ordered RiN@ophylline complex. A
synthetic complex with an abasic residue at position 27 was found to exhibit wild-type binding affinity
(Kg ~ 0.2uM), indicating that the base of residue 27 is not directly involved with theophylline binding.
Surprisingly, the U27 and G27 RNAs were found to bind theophylline with low affiktyvalues> 4

uM). NMR spectroscopy on the U27 RNA revealed the presence of an A7-U27 base pair in the free
RNA that prevents formation of a critical base-platform structural motif and therefore blocks theophylline
binding. Similarly, a protonated A7HC27 base pair forms in the absence of theophylline at low pH,
which explains the unusual pH dependence of theophylline binding of the C27 RNA aptamer. Thus the
weak binding for various nucleotides at position 27 arises not from unfavorable interactions in the RNA
theophylline complex but instead from stable interactions in the free state of the RNA that inhibit
theophylline binding.

A major challenge in interpreting the results of in vitro the molecule. Thus any three-dimensional model or structure
selection experiments for nucleic acids is trying to understand is most valuable when combined with mutational, biochemi-
how sequence variations affect the function or structure of cal, and thermodynamic experiments that probe the activity
the molecule. For selections that have extensive sequencef the RNA.
variation, the comparative analysis approach has proven The theophylline-binding RNA aptames)(was identified
extremely robust in determining the secondary structure of by the SELEX procedure 10, 1) for in vitro selection of
RNAs (1, 2). Thermodynamic folding algorithms can also  fynctional RNAs. The results of this selection were unusual
be used to model secondary structures of RNA, but thesepecause only a single family of sequences was observed.
programs do not generally identify a unique fold for the RNA  Thjs is very different from most selections for protein
(3). Interactive modeling and computational methods have pinding, where a variety of high-affinity RNA motifs are
been used to generate three-dimensional models of RNASjgentified @, 12-15). Furthermore, only one nucleotide in
based on their primary structure, chemical probing, and the consensus sequence of the theophylline-binding RNA
phylogenetic data4-7). In the past one had to rely showed any sequence variation, with this residue being only
primarily on these theoretical approaches to model the three-gn A or C ©). The secondary structure of an RNA hairpin
dimensional structure of RNA, but recently there has been ¢ontaining the consensus theophylline-binding motif (boxed
by X-ray or NMR techniques8). This growth in the  strycture of this RNA-theophylline complex was recently
structural database for RNA not only has increased the getermined by solution NMR spectroscopy6). An im-
number of knowr) RNA folding motifs but also has improv_ed portant feature of this RNA motif its ability to bind
our understanding of how these motifs assemble into theophylline with high affinity Kq of ~0.2—0.8 M), while

biologipally active global structures. However, it is important simultaneously discriminating against the highly similar
to realize that the three-dimensional structure alone does notyglecule caffeineq). The Kq of this RNA aptamer for
necessarily lead to a clear understanding of the function of caffeine is ~4 mM, which is a remarkable level of
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A Y 0 15 and transcription was performed with eitdé€/*>N-labeled
s |A A Al @ or unlabeled NTPs20). The 3C/**N-labeled NTPs were
i’ @"’3 f '@ (': (‘: "C' \i’ ‘9 A prepared from rRNA extracted froEscherichia coligrown
CUGGE GG cag A on minimal medium containing 99% enriché&tC-glucose
3~ i 15 i i i
G © U C|20 A and™N-ammonium sulfate as described previoudl§)( The
A uc RNA transcripts were resolved by denaturing PAGE, and
B 5 U - full-length RNAs were eluted from gel slices by crushing
s L |A A A | 15 and soaking. The heterogeneous length RNA transcripts
@A‘(f@@ cc GCGAGCS were processed in trans by a hammerhead ribozyme to
:‘c &Q é é ('; é é éé & (L‘ ' remove the 3terminal sequence B CAGGUCX:-3'). The
8 |G € 25U Cl20 oS homogeneous length RNA shown in Figure 1A was then
A uc separated from the hammerhead ribozyme and the short 3
Cc 06 terminal sequence by a second denaturing PAGE. The
CH, & theophylline-binding RNAs were further purified by DEAE-
i)jt )—Hs Sephacel anion-exchange chromatography to remove con-
05 Ns” NS taminants associated with the PAGE purification. RNAs
CIH3 were then dialyzed extensively in the appropriate NMR

Ficure 1: Sequence and secondary structure of the theophylline-
binding RNAs are illustrated for the (A) hairpin and (B) duplex

buffer using a Centricon-3 concentrator (Amicon); either 20
mM sodium phosphate (pH 6.8), 30 mM sodium chloride,

constructs. The boxed region encompasses the theophyliine-bindinggnd 2.0 mM magnesium chloride or 20 mM sodium

motif identified in the in vitro selectiorf). The residues in boldface

succinated, (pH = 5.5), 30 mM sodium chloride, and 2.0

type are absolutely required for theophylline binding and the mmM magnesium chloride. Theophylline (Figure 1C) was

residues in outlined type are not conserved or, in the case of position
27, are semiconserved. (C) The covalent structure of theophylline

is shown.

added to form a 1:1 complex as required.
Samples used in the determination of equilibrium binding
constants for mutant theophylline-binding RNAs were syn-

discrimination because caffeine differs from theophylline thesized by in vitro transcription as described above or were
only by the addition of a single methyl group at the N7 generated by solid-phase synthesis as indicated. Synthetic
position. This level of specificity is 10-fold better than that RNAs were prepared in two separate pieces that were then
exhibited by a monoclonal antibody used for the same annealed to reconstitute the theophylline-binding core motif

purpose 17).
The only nonconserved residue in the theophylline-binding
motif is residue 27 that can be an A or a C. Equilibrium

constants measured for theophylline binding to a set of RNAs
containing various nucleotides at position 27 demonstrated

that this position was important for the ligand binding activity
of this aptamer. The previously determined three-dimen-
sional structures of the RNAtheophylline complex revealed

a high degree of disorder for nucleotide CZj.( These

results suggested that this residue in the core of the

theophylline binding pocket was dynamic in solution. To
directly characterize the dynamic properties of the RNE,
NMR relaxation experiments were performed here on iso-
topically labeled RNA-theophylline complexes containing
A or C residues at position 27. Surprisingly, it was also
found that whereas the ligand binding of the A27 RNA was
relatively insensitive to pH, the binding of the C27 RNA
was adversely affected at pKH6.5. These thermodynamic
and NMR studies are used in combination with the three-
dimensional structure to define the structural and functional

basis for the observed sequence variation in this theophylline-

binding RNA aptamer.

EXPERIMENTAL PROCEDURES
RNA Preparation.All theophylline-binding RNA samples

shown in Figure 1B. Mutant RNAs were prepared with ribo-
C, deoxy-C, or deoxy-abasic (dSpacer, Glen Research Inc.)
nucleotides at position 27. RNAs were generated {0l
scale) using 20-TBDMS-protected phosphoramidites (Glen
Research) on an ABI oligonucleotide synthesiZd)( Each
RNA was removed from the solid support and the bases were
deprotected (N4 of cytidines were acetyl-protected) by a 10
min incubation at 63C in 40% methylamine. RNAs were
dried and resuspended in 2x0 of an anhydrous TEA
HF/NMP solution as describe@l) and incubated at 65C
for 1.5 h to remove the'20-TBDMS protecting group. Fully
deprotected synthetic RNAs were desalted on a size-
exclusion NAP25 column (Pharmacia) and then purified by
anion-exchange chromatography on a Waters HPLC system
with a Dionex NucleoPac PA-100 column maintained at 88
°C. Purified RNAs were desalted in a Centricon-3 concen-
trator and then dialyzed into binding buffer (see below).
NMR SpectroscopyAll NMR data were collected on a
500 MHz Varian Inova spectrometer equipped wathxis,
pulsed-field gradients. One-dimensioriél spectra were
collected in 90% HO/10%2H,0 at 15°C using an 11-echo
pulse sequence to suppress the solvent resonaare A
total of 2048 complex points were collected with a spectral
width of 12 000 Hz and with the excitation maximum at 12.8
ppm to optimally excite the imino proton region of the
spectrum. Two-dimensional3C'H) HSQC-WATER-

used in the NMR spectroscopy experiments were generatedGATE (23—25) spectra were acquired in 90%®l at 5°C

by in vitro transcription with T7 RNA polymeraség, 19.
Single-stranded DNA templates containing a T7 promoter

at several pH values. A total of 512 complex points were
collected in the'H dimension ;) with a 6000 Hz spectral

and the desired theophylline-binding RNA sequence were width, and 256 complex points were collected in fR€
generated by solid-phase synthesis. A synthetic ssDNA (18dimension {;) with a spectral width of 7500 Hz, resulting

nucleotides) complementary to the T7 promoter region of

in a 7 hacquisition time. The aromatitd,'3C cross-peaks

the template was added to create a double-stranded promotenyere folded in the indirect dimension by setting the carbon
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carrier to 86 ppm during the incremented delay and use of
a half-dwell for the initialt; value @6). The carbon carrier

Table 1: Binding Affinities of Position 27 Mutants of the
Theophylline-Binding RNA

was set to 114 ppm at all other times during the pulse
sequence. The time domain data were zero-filled to 1024

nucleotide at

and 512 complex points for proton and carbon, respectively.
Carbon Ty, values were measured with a 2B3°G,H)
nonconstant time version of a previously described pulse
sequenced7). Separate 2D spectra were collected for 0, 4,
8, 16, 20, 32, 40, 48, 60, and 80 ¥C spin-lock times
with a 2.1 kHz spin-lock field. The 8 and 48 ms spin-lock
time points were collected twice to estimate the error in signal
intensity for individual measurements. A total of 512

position 27 Kg? (uM)

HairpirP

C 0.4

A 0.8

G >4

u > 20
Duplex

ribo-C 0.2

deoxy-C 0.2

deoxy-abasic 0.1

complex*H points were collected with a spectral width of
6000 Hz and 128 complex points were collected over 5000
Hz in the3C dimension. The carbon carrier was set to 95
ppm, which is between the Cand C5 regions of thé&’*C
spectrum, or at 145 ppm for thk, measurements for the
C8 resonances in the A27 RNAheophylline complex. The
time domain data for each 2D experiment were zero-filled
to 1024 and 256 points in théH and 3C dimensions,

a Dissociation constants were measured at@%n 50 mM HEPES,
pH 7.3, 100 MM NacCl, and 5.0 mM Mgg&by the equilibrium filtration
method 0). Results are the average of three independent determinations
except for the G27 and U27 RNA hairpins, which are single point
determinations due to the lower affinity of these RNAThe K4 values
for the hairpin were measured witfC-labeled theophylline (0.2M)
and various RNA concentrations (0:650 uM). ¢ The K4 values for
the duplex were measured witH-labeled theophylline (0.02M) and
various RNA concentrations (0.68.0 uM).

respectively. Thé3CH cross-peaks were manually picked
in the 0 ms spin-lock time spectrum and the same “footprints”
were used to integrate the cross-peaks in all 2D spectra.
Volumes were normalized to the peak volume in the 0 ms
spin-lock time spectrum and thig, times were determined
by fitting to an exponential decay. All of the NMR data
were processed using the Felix 95.0 software package
(Biosym Technologies).

Equilibrium Binding ExperimentsThe equilibrium bind-
ing constants were measured wific- or 3H-labeled theo-
phylline by the equilibrium filtration method®j. Either 0.2
uM 1“C-labeled theophylline or 0.02M 3H-labeled theo-
phylline was combined with various concentrations of RNA
(0.05-10uM), heated to 63C for 5 min, and then allowed
to cool slowly to 25°C in binding buffer; 100 mM HEPES
(pH 7.3), 50 mM NacCl, and 5.0 mM Mggl The annealed
complex (150uL) was added to a Microcon-10 (Amicon)
concentrator and spun at 130009 for 4 min. The fraction of
theophylline bound was calculated at each RNA concentra-
tion by scintillation counting of a 2L aliquot from each
side of the concentrator membrane. Data were fit to a
guadratic binding equation for a 1:1 complex as previously
describedZ8). The pH dependences of theophylline binding
to the C27 and A27 RNA hairpins were measured with 0.2
uM ¥C-theophylline at 0.%M RNA from pH 5.0 to 8.0 in
100 mM MES, 50 mM NacCl, and 5.0 mM Mggl

RESULTS

Kg Measurements for Theophyllin®@NA ComplexesThe
in vitro selection for theophylline-binding RNAs identified
a conserved core motif (Figure 1), but position 27 within
this core was found to vary between A and C resid@®s (
The equilibrium constants for the C27, A27, G27, and U27
RNA hairpin constructs binding to theophylline were mea-
sured by equilibrium filtration and results are reported in
Table 1. Binding constants were also measured for the RNA
duplex constructs (Figure 1B) containing a C, deoxy-C, or
deoxy-abasic nucleotide at position 27 as illustrated in Figure
2 and thes&q values are also given in Table 1. Surprisingly,
the ribo-C, deoxy-C, and deoxy-abasic position 27 mutants
all bind theophylline with equivalent affinities, within the
error of the measurements.
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Ficure 2: Binding curves for the position 27 mutants of the
theophylline-binding RNA employing the duplex construct in Figure
1B. The fraction of theophylline bound as a function of RNA
concentration at 28C, pH = 7.5, is plotted for the ribo-C{),
deoxy-C (@), and deoxy-abasica) RNAs.
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Ficure 3: Fraction of theophylline bound as a function of pH,
plotted for A27 @) and C27 Q) theophylline-binding RNAs. The
fraction of theophylline bound was determined at Z5 by the
equilibrium filtration method as described under Experimental
Procedures. These data show the unusual pH dependence of
theophylline binding for the C27 RNA (see text).

pH Dependence of Theophylline Bindinghe C27 and
A27 RNAs bind theophylline at pk- 7.3 with the samé&g
values (0.4-0.8 uM) within the error of the measurements
(Table 1). However, the C27 and A27 theophylline-binding
RNAs exhibit very different pH dependences for ligand
binding (Figure 3). Theophylline binding by the A27 RNA
is relatively unaffected until the pH drops below5.5,
whereas binding to the C27 RNA is inhibited below pi.5.
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FiGure 5: TheT,, 13C relaxation curves, plotted for some of the
C1' resonances In the RNAtheophylline complex. Two-dimen-
sional ¢3C, *H) NMR experiments employing &C spin-lock were
used to measure tfig, values 27). Peak volumes were normalized
to the 0 mixing time point and are plotted versus ¥ spin-lock
time. The very slow relaxation of the C27 G&sonance indicates
that this residue is highly dynamic relative to the other residues in
the RNA—-theophylline complex. Similar results were obtained for
the C4 and C5 resonances of residue C27 and for residue 27 in
the A27 RNA (see Table 2).

155.0 150.0 145.0 140.0 135.0
13C (ppm)

85 80 75 70

1H (ppm
) ) (ppm) Table 2: CarborT,, Relaxation Times for the C27 RNAand A27
FIGURE 4: Aromatic region of the 2DCH) HSQC spectra of RNA—Theophylline Complexés

the C27 theophylline-binding RNA in the absence of ligand at 5

°C at two different pH values. (A) At pH= 6.8, the A7 C2 T, (Ms)
resonance is shifted upfie_ld f_rom_ the other (_22 resonances andisin residue Cc1 c4 C5/C8
intermediate exchange, indicating that this adenine is at least Ca 14 (17
partially protonated at this pH20). (B) At pH = 5.5, the C2 U6 19 (23 21( )
resonance for A7 is a single peak, indicating that this adenine is Ccs (23) (21)
now fully protonated at this pH. In addition, a second adenine is c11 18 (22) ((27))
now in slow exchange between protonated and unprotonated forms G14 18
at this pH (vertical line). The C2 resonances of the adenine residues Al8 22) 22)
in the GAAA tetraloop (A15, A16, and A17) were not protonated G19 (24)
under these conditions and were easily assigned by comparison with C20 15 (24)
the spectra of the RNAtheophylline complexX6). c22 23(27)
_ _ u23 25 (30) (34) 23 (26)
Two-dimensional ?C'H) HSQC spectra of the C27 u24 24 (27) 16 (24)
theophylline-binding RNA were collected in the absence of G25 (20)
ligand at pH 6.8 and 5.5 and the aromatic regions of these G26 18 (29) (24)
A . CIA27 38 (39) 52 (47) 42 (53)
spectra are compared in Figure 4. Several adenine C2 gog 14 (24)
resonances are shifted significantly upfield at low pH, which us2 27 (23)
is diagnostic of protonated A residues in the core of the C33 (28) 25

theophylline-binding RNAZ9). Three of the seven adenine aThe Ty, relaxation times for well-resolved cross-peaks were
residues (A15, A16, and A17) in the C27 theophylline- measured at 23C as described in the text. The values for the C27
binding RNA were readily assigned because they reside in RNA—theophylline complex are listed without parentheses, and the
the GAAA tetraloop and do not change chemical shift values for the A27 RNAtheophylline complex are given in parentheses.
between the free and bound states of the RNA. At pH 6.8,
A7 in the theophylline-binding core of the RNA was found This difference in relaxation times indicates that residue C27
to be in intermediate exchange between a protonated ands reorienting rapidly relative to the other RNA residues in
unprotonated state (Figure 4A). Upon reducing the pH to the complex80-32). The'*C Ty, relaxation times for some
5.5, this A7 C2 resonance sharpens as it becomes completelpf the well-resolved C4and C5 resonances were also
protonated. At this pH another adenine residue in the core measured and thg, times for C27 were again substantially
is in slow exchange between a protonated and unprotonatedonger than residues on the rest of the RNA (Table 2).
state as evidenced by the presence of two C2 resonances adnfortunately we are not able to measure t#@ relaxation
shown in Figure 4B. These data provide strong evidence times for the theophylline ligand because it is Ha-labeled.
for N1-protonated adenine residues in the core of the However the Clof U6, which is in the U6-U23-A28 triple
theophylline-binding RNA in the absence of ligand at low that forms the floor of the theophylline binding pock8j,(
pH. has aT,, relaxation time similar to those measured for the
13C Relaxation Measurement#\s shown in Figure 5, the  residues in the stems, consistent with the binding pocket
Ty, relaxation times for various carbon resonances in C27 having similar dynamics to the helical regions of the RNA.
are much longer than those measured for any other residueThe protonT; and T, relaxation times were measured by
The ribose Clcarbon of C27 has &, of 38 ms, compared  nonselective 1D inversion recovery and CPMG sgécho
to the C1 resonances of residues in other regions of the pulse sequences3Z?), respectively, on the C27 RNA
RNA, which all haveTy, values of 14-25 ms (see Table 2).  theophylline complex at 25C (not shown). These data also
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chemical shift of the peak at 13.7 ppm indicage U imino
A o proton in a WatsorCrick base pair33), and both intra-

G2 G1a and inter-base pair NOEs (not shown) confirm the formation
2z of this A7-U27 base pair. The weak resonance at 11.2 ppm
has not been unambiguously assigned but may represent a
small population of the U27 theophylline-binding RNA in
which U6 is engaged in a non-Watse@rick interaction
with A28.

DISCUSSION

The theophylline-binding RNA motif consists of 14
S P S I P TR cons_erved re5|due_s (boxed region of Figure 1) and one
1H (ppm) semiconserved residue at position 27 that can be an A or C
FIGURE 6: One-dimensionalH NMR spectra of the (A) U27 and  (9). There are several possibilities why G or U residues were
(B) C27 theophylline-binding RNAs acquired in the absence of not observed in any of the theophylline-binding RNA
ligand at 15°C (pH 6.8). A new peak at 13.7 ppm in the U27 aptamers. Nucleotides are conserved in order to maintain a
RNA spectrum (relative to the spectrum of the C27 RNA) arises gpacific interaction required for structure or function or to

ifaotr;\]i;hlgll\lrmn'(l)'r?em;?r%\?vfiﬁgil'a\iveh;iu:)gggri]g]eirsl; EX;%\I’IIVIIFQSSOOI’{\;?(?G eliminate unfavorable electrostatic or steric interactions in

that shifts slightly between the U27 and C27 RNAs. the RNA. For example, there is an amino group on the
major-groove face of the base at residue 27 in both the C27

support the conclusion that residue 27 is highly dynamic and A27 RNAs, and this amino group could form a specific
within the RNA—theophylline complex. Th&C T,, relax- hydrogen bond required for ligand binding. The absence of
ation times were also measured for some well-resolved a hydrogen-bond donor on the major-groove face of G and
resonances in th&C/*N-labeled A27 RNA-theophylline U might therefore lower binding affinity due to the loss of
complex (see Table 2). Similar to the C27 RNA, tR€ an important intermolecular interaction. However, there are
Ty, relaxation times for A27 in this RNA were substantially examples where neither maintaining a specific interaction
longer than the relaxation times measured in other residues.nor eliminating an unfavorable interaction appears to explain
NMR of the U27 Theophylline-Binding RNAhe theo- the observed sequence variatioB4)( In such cases certain
phylline-binding RNA wih a U atposition 27 has &y of nucleotides may stabilize an alternate inactive conformation
>20 uM (Table 1) at pH 7.5, which is>50-fold weaker of the free RNA, therefore inhibiting formation of the active
binding than the wild-type C27 RNA. Because U27 resides species 35). A goal of this study was to understand how
in a symmetrical internal loop across from A7 (Figure 1), it various nucleotides at position 27 affect theophylline binding
is possible that these two residues can form a Wat§ick in this RNA aptamer.
base pair. To look for evidence for this base pair, the U27 The three-dimensional structure of the theophylline-
theophylline-binding RNA was analyzed by 1D and 2D binding RNA was recently determined by solution NMR and
NMR spectroscopy. The 1D imino proton spectra of the revealed a well-ordered binding pocket for theophyllih®)
C27 and U27 theophylline-binding RNAs in the absence of Many of the core nucleotides form multiple interlocking
ligand are plotted in Figure 6. The imino proton resonances interactions, which helps explain why these residues were
in the stem and hairpin loop regions of the free U27 RNA so highly conserved in the in vitro selectidttf. A striking
were assigned by NOE connectivities and by comparison result illustrated in Figure 7 is that residue C27 is completely
with the complete resonance assignments of the C27-RNA disordered in the ensemble of structures calculated from the
theophylline complexq). The only significant differences NMR data. No internucleotide NOEs were observed for
between the spectra of the U27 (Figure 6A) and C27 (Figure protons on residue C27 and this absence of distance
6B) RNAs are the appearance of a new resonance at 13.7constraints is consistent with this residue being highly
ppm (U27), a downfield shift for the resonance at 13.0 ppm dynamic in solution 16). However, theabsenceof NOEs
(G26), and a new very weak resonance at 11.2 ppm. Thebetween residue C27 and the rest of the RNA does not

C
E %)
N

Ficure 7: Stereoview of the ligand-binding core of the RN#heophylline complexX6). One hundred structures were calculated by using

the NMR-derived structural data as constraints, and the 10 lowest energy structures from this calculation were selected as a representative
family. The position of C27 in each member of this family is shown relative to the other residues in the core of the refined average
structure. The observed disorder for C27 is consistent with this residue being highly dynamic in thetliRdphylline complex. The
theophylline is depicted in ball-and-stick representation.
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directly demonstrate unusual dynamics for this residtf€. ez [Coki[ 625 | [€21] [cok:[ G255 |
relaxation measurements provide a means for directly probing — == -— -_— - -
: . L :: [ THEO |
rapid (subnanosecond) motions in biomolecul@8—32); = “
therefore Ty, 1°C relaxation times were measured for various [ a7 H*::[cz —— :[ThED }-[U2d]
carbons in the RNAtheophylline complex. As illustrated - - i -— e —
in Figure 5 and Table 2, th&, 13C relaxation time for the [Uel-[ A28 ] - [ue}-Uzs;: a2s |
' . . . . - - o -
CY' on residue 27 is much longer than the relaxation times 5. A5 T am ]

for other C1resonances in the RNAheophylline complex, FIGURE 8: Schematic representation of the structural interactions
This long relaxation time indicates that this'€H1’ vector in the free state of the RNA that mediate the pH dependence of

is reorienting much more rapidly than other-& vectors ligand binding of the C27 theophylline-binding RNA. At low pH,

in the molecule, directly demonstrating the dynamic nature an A7H*-C27 base pair (left) blocks formation of the A7-C8 base-
of C27. TheTl,, 13C relaxation times for the C4&nd C5 platform motif that caps the theophylline-binding site (right).
resonances are also much longer than the relaxation times

for well-resolved resonances of other residues in the complexand therefore block the theophylline-binding site. This
(Table 2). Figure 7 clearly shows that the base of C27 is hypothesis provides a rationale for why G and U residues
disordered in the solution structures, which is confirmed by Wwere not observed at position 27; U27 could form a Watson
the T, relaxation time for the C5 resonance. What is rather Crick base pair with A7, aha G atposition 27 could form
surprising is that the both the base (C5) and sugat é8d & wobble 88) or sheared39, 49 GA pair to block formation
C4) carbons have long relaxation times, demonstrating that of the binding pocket.

all these G-H vectors are quite dynamic. Thus the backbone The NMR data in Figure 6 on the U27 theophylline-
of this nucleotide could be undergoing a crankshaft-type binding RNA support this model where an A7-U27 base pair
motion 36), which would allow a single nucleotide to change in the free RNA blocks formation of the ligand-binding
its orientation without affecting the conformation of neigh- pocket. Comparison of the 1D spectra for the U27 and C27
boring residues. In the original selection both C and A RNAs reveals an additional resonance (13.7 ppm) in the free
nucleotides were observed at residue 27; therefore, we alscstate of the U27 theophylline-binding RNA, which is
measuredT;, °C relaxation times in the A27 RNA assigned to the imino proton of U27. This A7-U27 base
theophylline complex. Similar to the data for C27, A27 also pair likely affects the conformation and environment of the
has longer relaxation times than other residues in the RNA, C8-G26 pair above (Figure 1), because the G26 imino proton
again demonstrating that the sugar and base at 27 are highlyesonance is slightly downfield in the U27 RNA when
dynamic (see Table 2). Thus, even though the adenine bas&ompared to the C27 RNA (Figure 6). These results support
has much greater propensity for forming stacking interactions the model in which interactions between G27 or U27 and
than a cytidine, the base and sugar of A27 in the RNA A7 across the symmetric internal loop (Figure 1) stabilize
theophylline complex are much more dynamic than any other the free state of the theophylline-binding RNA and therefore
residue in the RNA. decrease the binding affinity of these aptamers.

The dynamic nature of residue 27 supports the hypothesis The inhibitory role of the A7-N27 interaction is further
that this nucleotide is not important for theophylline binding. supported by the unusual pH dependence of the C27 RNA.
To directly test this prediction, the equilibrium constants for Recent studies have demonstrated that some A-C “mis-
theophylline binding were measured for RNAs with different matches” in internal loops in RNA actually form protonated
nucleotides at position 27. Figure 2 shows the equilibrium AH*-C base pairs39, 41, 42. These protonated base pairs
filtration measurements for RNAs containing ribo-C, deoxy- have been shown to bridge the junction between a helical
C, and deoxy-abasic nucleotides at residue 27, with the stem and an internal loop in several RNR8(41, 42. The
calculated equilibrium constants given in Table 1. It is secondary structure model for the C27 RNA aptamer in
especially striking that the abasic RNA binds theophylline Figure 1, shows that an A7HC27 base pair could form at
with the same affinity as the other RNAs, because this meansthe junction of a two base pair stem and the lower internal
that the base of residue 27 is not directly involved with loop of this RNA. To test for formation of this ATHC27
theophylline binding. These results predict that any base base pair, equilibrium filtration experiments were performed
should be readily accommodated at position 27 in the RNA on the C27 and A27 RNAs as a function of pH as shown in
theophylline complex. This surprising result is in conflict Figure 3. The pH dependences for the C27 and A27 RNAs
with the results of the in vitro selection, where G and U show that whereas theophylline binding to the C27 RNA
residues were not observed at position 27. The measuredaptamer is inhibited below 6.5, binding to the A27 RNA is
Kq values for the U27 and G27 RNAs confirm that these only disrupted below pH 5.5. This difference indicates that
RNAs bind theophylline with lower affinities than the C27 some group in the C27 RNA is being protonated at a higher
and A27 RNAs (Table 1). This then raises the possibility pH than in the A27 RNA, indicating that this group has a
that contacts made by position 27 in the free state of the higher K, in the C27 than the A27 RNA. We have pre-
RNA are inhibiting ligand binding. Residue 27 is directly viously shown how3C NMR can be used to identify adenine
across from the conserved A7 in the symmetric internal loop residues with elevatedas (29). An adenine residue with
of the theophylline-binding RNA (Figure 1). A7 is a critical a protonated N1, such as in an A€ base pair, exhibits a
residue in the RNArtheophylline complex because it forms C2 resonance that is shifted upfield by 8.2 p@8)( The
a base-platform37) with C8 to create the roof of the ligand- 2D (*3C,*H) HSQC spectra of the C27 theophylline-binding
binding pocket as shown in Figure 716). A stable RNA at pH 6.8 and 5.5 provide direct evidence for proto-
interaction between A7 and the nucleotide at position 27 nation of the N1 on A7 (see Figure 4), most likely arising
would preclude formation of the A7-C8 base-platform motif from formation of an A7H-C27 base pair. Figure 8 shows
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a schematic representation of how protonation of A7 at low
pH could lead to formation of this A7HC27 pair, which
stabilizes the internal loop and blocks theophylline binding.
These NMR data therefore support a model in which an
ATH"-C27 base pair prevents formation of the ligand-binding
pocket, resulting in the observed pH dependence of the
theophylline-binding activity of the C27 RNA.

CONCLUSION

The NMR and equilibrium binding data presented here
indicate that interactions between residues 7 and 27 in the
free state of the theophylline-binding RNA maotif affect the
ligand-binding activity of this aptamer. This important role
for residue 27 is surprising becau$€ relaxation measure-
ments show that this residue is highly dynamic in the RNA
theophylline complex. Furthermore, it was demonstrated that
the base of residue 27 is not involved in any inter- or
intramolecular interactions in the complex because an RNA
with an abasic residue at this position exhibits wild-type
binding affinity. The unusual pH dependence of the C27
RNA arises from formation of a protonated ATHC27 in
the free RNA, which inhibits formation of the RNA
theophylline complex. Since residue A7 is required for
formation of the critical base-platform motif with C8 to help
create the theophylline-binding sitdg), formation of an
A7HT-C27 base pair in the absence of theophylline explains
the unusual pH dependence of the ligand binding of the C27
RNA. Thus the effects of residue 27 on ligand binding are
mediated from the free state of the RNA. When interpreting
the effects of nucleotide substitutions on the equilibrium
binding constant of a complex, it is tempting to assume that
the observed changes arise from loss of a specific interaction
or a steric clash in theoundform of the complex. These
results for residue 27 in the theophylline-binding RNA
aptamer provide a striking reminder that tfree state of
the species patrticipating in the complex also contributes to
the binding energy and must therefore be considered in the
interpretation of any mutational analysis.
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