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Solution structure of an ATP-binding RNA
aptamer reveals a novel fold
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ABSTRACT

In vitro selection has been used to isolate several RNA aptamers that bind specifically to biological cofactors.
A well-characterized example is the ATP-binding RNA aptamer family, which contains a conserved 11-base loop
opposite a bulged G and flanked by regions of double-stranded RNA. The nucleotides in the consensus se-
quence provide a binding pocket for ATP (or AMP), which binds with a K, in the micromolar range. Here we
present the three-dimensional solution structure of a 36-nucleotide ATP-binding RNA aptamer complexed with
AMP, determined from NMR-derived distance and dihedral angle restraints. The conserved loop and bulged
G form a novel compact, folded structure around the AMP. The backbone tracing of the loop nucleotides can
be described by a Greek zeta ({). Consecutive loop nucleotides G, A, A form a U-turn at the bottom of the {,
and interact with the AMP to form a structure similar to a GNRA tetraloop, with AMP standing in for the final A.
Two asymmetric G -G base pairs close the stems flanking the internal loop. Mutated aptamers support the ex-
istence of the tertiary interactions within the consensus nucleotides and with the AMP found in the calculated
structures.

Keywords: AMP; ATP; G-G base pair; GNRA tetraloop; in vitro selection; NMR; SELEX; 2D NMR; U-turn

INTRODUCTION : staller & Famulok, 1994). The ATP-binding aptamers
bind specifically and selectively to ATP, AMP, adeno-
RNA aptamers (Ellington & Szostak, 1990) selected for sine, and NAD* with'K;’s in the micromolar range;
binding to biological cofactors provide a starting point  there is no detectable binding to other nucleotides (Sas-
for exploring structural motifs that nucleic acids might ~ sanfar & Szostak, 1993). Here we present the three-
form in their potential RNA-world role as catalysts of ~ dimensional solution structure of a 36-nucleotide
chemical reactions. One example is the ATP-binding  ATP-binding RNA aptamer complexed with AMP. The
RNA aptamer family (Sassanfar & Szostak, 1993), which  structure was determined from NMR-derived distance
contains a conserved 11-base loop opposite a bulged G and dihedral angle restraints. The conserved loop and
and flanked by regions of double-stranded RNA (Fig.1).  bulged G form anovel compact, folded structure around
This consensus sequence has been found in two sepa-  the AMP, which we describe by a Greek zeta ({). Con-
rate in vitro selection (Ellington & Szostak, 1990; Tuerk secutive loop nucleotides G8, A9, and A10 and the
& Gold, 1990; Szostak, 1992) experiments: initially =~ AMP form a structure similar to that of a GNRA tetra-
from an RNA pool selected for binding to ATP that had ~ loop, with the AMP standing in for the final A. Two
been covalently linked to a agarose column via the C8  asymmetric G-G base pairs interact with the ligand by
position (Sassanfar & Szostak, 1993), and subsequently ~ stacking, one with the adenine part of the AMP and
in a selection for aptamers that bind to NAD* (Burg-  one with the ribose. Three nonconserved bases in the
aptamer form a linker between conserved residues that
form the binding pocket. Aptamers with single and
Reprint requests to: Juli Feigon, Department of Chemistry and Bio- -t g.base substitutions support the existence of the ter-
chemistry and Molecular Biology Institute, University of California, . : : s .
Los Angeles, California 90095, USA; e-mail: feigon@ewald.mbi.ucla,  tiary interactions within the consensus nucleotides and
edu. with the AMP.
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FIGURE 1. Sequence and proposed secondary structure of the ATP-
binding aptamer used in this study. The sequence is based on the
consensus reported by Sassanfar and Szostak (1993). Nucleotides that
were conserved in all but one of the clones are circled. Dashed lines
connecting the AMP to bases in the internal loop indicate nucleotides
for which AMP-RNA NOEs were observed.

RESULTS

Binding of AMP induces a structural change
in the internal loop

The ATP-binding aptamer in the absence of AMP folds
to form the expected double-helical stem base pairs and
UUCG tetraloop (Allain & Varani, 1995) secondary
structure (Fig. 1), but both the imino proton NMR spec-
tra that provide evidence for base pairing (Fig. 2A) and
the NMR spectra of the nonexchangeable protons (not
shown) indicate that the internal loop is largely un-
structured. For the free ATP-binding aptamer, only im-
inos from the stems and UUCG tetraloop are observed.
Upon addition of AMP, additional imino resonances
from all of the iminos in the internal loop appear; most
are in the chemical shift range normally observed for
hydrogen-bonded iminos (Fig. 2B). With the excep-
tions of G30 and G25, the corresponding N chemi-
cal shifts are also in the range normally observed for
nitrogens attached to a hydrogen-bonded imino pro-
ton. Assignments of the imino proton resonances of
the aptamer were obtained from through bond corre-
lations to the assigned aromatic H8,Hé6 resonances ob-
served in HCCNH experiments, as previously reported
(Sklendr et al., 1996).

The appearance of additional resonances from all of
the imino protons in the internal loop upon addition
of AMP in stoichiometric amounts provides initial ev-
idence for formation of a highly structured complex.
This is confirmed by analysis of the two- and three-
dimensional homo- and heteronuclear NMR spectra
used to determine the three-dimensional structure of
the ATP-binding aptamer/AMP complex. Results iden-
tical to those described above were obtained with sam-
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FIGURE 2. One-dimensional exchangeable and aromatic proton
spectrum at 500 MHz of the ATP-binding aptamer in 100 mM NaCl,
pH6.0,1°C, 1.2mM RNA (A) before and (B) after addition of a stoi-
chiometric amount of AMP. Assignments of the imino resonances
are indicated on the spectrum. The spectra were acquired at 5°C
using 11 spin-echo water suppression. For each spectrum, 128 scans
of 4,096 complex points were acquired. The FIDs were zero-filled to
16K and transformed after multiplication with a 60° shifted squared
sinebell. C: "N-filtered 1D NOE spectrum of '*C,*N-labeled AMP
complexed to unlabeled RNA at 1°C. The AMP amino resonances
and NOEs are labeled. Suppression of the solvent signal was
achieved using a waterflip back WATERGATE sequence. The spec-
trum was acquired using 28,000 scans of 4,096 complex points. The
FID was zero-filled to 16K, line-broadened by 20 Hz, and trans-
formed. The resulting spectrum shows two signals for the AMP
amino group (identified from 2D '"H-'"N correlation) and several
signals originating from NOE connectivities.

ples prepared using ATP rather than AMP. Although
Mg?** was used in the selection buffer (Sassanfar &
Szostak, 1993), it is not necessary for binding under the
NMR conditions. In order to avoid hydrolysis, we
therefore did not add Mg?* to the samples.

Identification of a slowly exchanging 2'OH

In addition to the appearance of imino resonances from
the internal loop, a surprisingly low-field-shifted,
slowly exchanging 2'OH is observed at ~9.3 ppm in
spectra in H,O (Fig. 2B). This exchangeable resonance
does not appear in any of the '"H-""N correlation spec-
tra recorded on samples containing *N-labeled RNA
or "N-labeled AMP, and therefore it can only arise
from a 2’0OH. The resonance was assigned to G30
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based on the characteristic NOE pattern exhibited in
NOESY spectra recorded from the sample in HO (Al-
lain & Varani, 1995). Although hydrogen bonding of
2'OH is generally believed to be important in a variety
of RNA structures, 2’ hydroxyl protons have rarely
been observed by NMR due primarily to rapid ex-
change with water. The best-studied example, the
2’0OH from a UUCG tetraloop (which cannot be un-
ambiguously identified in this larger aptamer RNA due
to spectral overlap), appears in the expected lower-field
region at ~6.8 ppm (Allain & Varani, 1995). The line-
width of the G30 2’OH is 25 Hz, which is comparable
to the linewidths of the imino resonances (~20-40 Hz).
Hydrogen bonding of G302'OH is consistent with the
fact that a single deoxyribose substitution at position
30 abolishes binding of ATP to the aptamer (M. Sassan-
far & J.W. Szostak, pers. comm.).

AMP HZ2
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Assignment of the RNA/AMP complex requires a
variety of '3C,">N-labeled RNA and AMP samples

The ATP-binding aptamer/AMP complex gives rea-
sonably well-resolved proton NOESY spectra in the
base-H1’ region used for standard sequential assign-
ments of nucleic acid duplexes (Fig. 3). However, un-
ambiguous assignment of the RNA required use of
13C,>N-labeled samples as well as RNAs containing
base substitutions, because (1) the RNA was of rela-
tively large size and (2) more importantly, the unknown
structure of the internal loop prevented sequential NOEs
from being distinguished a priori from long-range
NOEs. The mutated RNAs studied are given in Table 1.
Assignments for the complex were determined from
NMR spectra obtained on unlabeled, uniformly "'C,""N-
labeled, and uniformly “C,">N-A-, G-, or U/C-only la-
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FIGURE 3. Portion of a 750-MHz
NQOESY spectrum of a 1:1 AMD:
ATP-binding RNA aptamer com-
plex at 10 °C showing the base-HT'
crosspeak region. NOLEs between
the AMP and the nucleotides in
the RNA are boxed and labeled.
Some nonsequential NOEs that
arise from important tLrlian inter-
adlc:n: are: (A) G30H2'-A12L18,
(B) G11H1'-C31He, (C )CISHI—
A'IDH?., and (D) C18H1T'-G30HS.
Int;and £, 1,024 and 300 complex
points were acquired, respectively,
with 64 scans per t; increment and
States-TPPI phase cycling. The fi-
nal data matrix was 2,048 x 2,048
points and was processed with a
Gaussian filter function (LB —18,
GB 0.08 in f; and 0.14 in fy).
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TABLE 1. AMP-binding results for mutants of ATP-binding aptamer.?

Mutation Binding Conserved base
G7A + Yes
G8A + Yes
A9U ++ No
GI11A - Yes
G11C - Yes
A12G +/— Yes
C15U ++ No
G17A + Yes
C18U, G29A ++ No
G30A +/— Yes
?Binding: —, no bound form detectable; +/—, weak binding,

mostly unbound RNA; +, slightly weaker than wild-type binding;
++, comparable to wild-type binding, as assayed by NMR. [RNA] =
0.4 mM in 100 mM NaCl, pH 6.0. AMP was titrated in from equimolar
(0.4 mM) to 2-fold excess (1.2 mM), and binding was assessed by
NMR spectroscopy at T (°C) =1, 5, 10, 20 as described in the text.

beled RNA complexed to unlabeled or *C,'N-labeled
AMP. The use of labeled RNA and unlabeled AMP and
vice versa allowed selective observation of intra- and in-
termolecular RNA and AMP NOEs (Otting & Wiithrich,
1990). Assignments of the nonexchangeable resonances
of the RNA were obtained from a large number of ho-
monuclear and heteronuclear two- and three-dimen-
sional NMR experiments (reviewed in Dieckmann &
Feigon, 1994; Pardi, 1995). Ambiguities in assignment
due to overlap and/or nonsequential NOEs were largely
resolved using spectra obtained on the selective base-
labeled RNAs and the mutant RN As. With the exception
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of many of the H5’,H5” and aminos, nearly complete
'H, C, and "N assignments of the RNA nucleotides
in the loop were obtained. The assignments of the RNA
provided the greatest challenge of the structure deter-
mination, because numerous nonsequential NOEs are
observed throughout the internal loop. These assign-
ments will be discussed in detail elsewhere (ms. in prep.).

AMP has NOE contacts with many
of the bases in the internal loop

The AMP resonances for bound and unbound AMP
were readily identified from crosspeaks observed in
'H-C HMQC (Fesik & Zuiderweg, 1988) and "H-N
long-range HSQC (Sklenéf et al., 1994) recorded on a
sample containing unlabeled RNA and a slight excess of
"C,""N-labeled AMP (Fig. 4). Binding of AMP results
in a large upfield shift of the AMP H2 resonances, a
downfield shift of the AMP H8 resonances, and chem-
ical shifts of N1 and N3 similar to those seen for A in
Watson-Crick base pairs. NOE crosspeaks between the
AMP and the RNA, as well as intra-AMP crosspeaks,
are selectively observed in 2D HMQC-NOESY spectra
of 1:1 ¥C,"*N-labeled AMP:RNA aptamer sample in
D,O and H,O. Additional information on the inter-
actions between the AMP amino protons and the RNA
was obtained from a ""N-filtered one-dimensional
NOE spectrum (Fig. 2C). The AMP amino resonances
appear as a resolved pair separated by about 1 ppm,
indicating that one amino proton is hydrogen bonded.
NOEs to G7 and G8 iminos and A10HS orient the AMP
with respect to these bases. A total of 40 NOEs be-
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FIGURE 4. (A) 'H->C HMQC and (B) 'H-°N long-range HSQC spectra of a 1.5:1 AMP/ATP-binding RNA aptamer com-
plex. Signals originating from bound (b) and free (f) AMP are labeled. Both spectra were acquired at 20 °C with 1,024 and
64 complex points in f, and t;, respectively, using 64 scans per t, increment and States-TPPI phase cycling. The final data
matrix was 2,048 x 1,024 points and was processed with a 30° and 90° shifted squared sine bell filter function in fo and

f1, respectively.
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tween AMP and the RNA (Table 2) were observed to
seven of the eight conserved bases in the internal loop
as well as to A9 and C18 (Fig. 1).

NMR spectra reveal that some conserved bases
in the aptamer consensus can be mutated
and still retain binding to AMP

Aptamers containing single (or double) base mutations
(Table 1) were synthesized and studied by NMR not
only to help in obtaining unambiguous sequential as-
signments for the wild-type aptamer complex but also
to see if they provided supporting evidence for base
pair interactions prior to completing the aptamer struc-
ture calculations. For example, we originally made the
G8A and G7A mutants to identify which base inter-
acted directly with the AMP. Binding of AMP to mu-
tated RNAs was assayed first by examination of the
changes in the imino proton spectra of the aptamers
upon addition of AMP. For those mutants for which
evidence for some binding was found, 2D NOESY spec-
tra were used to assay the binding of AMP to the mutant
relative to the wild type, based on (1) the appearance
of exchange crosspeaks between bound and unbound
forms of the AMP and (2) the amount of unbound RNA
in the presence of stoichiometric amounts of AMP and
RNA. Based on the NMR spectra, all of the aptamers

TABLE 2. NMR and refinement statistics for the ATP-binding RNA
aptamer.

NMR-derived distance and dihedral angle restraints, internal loop
and flanking base pairs and AMP only (residues 6-18, 29-31, and

AMP)
Intranucleotide 64
Sequential 74
Medium-long-range 111
RNA-AMP 40
Dihedral angle 34
Total 263
Overall total for all nucleotides 425

Structure statistics

NOE violations None >0.5 A
Average residual NOE violation 0.09 A
Angle violations None >5°
Average residual angle violation 0.11°
Mean deviation from ideal covalent geometry
Bond lengths 0.012 A
Bond angles 2.57°
Impropers 1.49°

Pairwise RMSD (A) for all heavy atoms of the 10 lowest-energy
structures

All residues 2.32 + 0.42
Internal loop and AMP (residues 6-18,

29-31, AMP) 1.52 + 0.31
U-turn (residues 6-10) 1.47 = 0.51
Linker (residues 13-17) 1.29 £ 0.33
Binding pocket and AMP (residues 7, 8,

10-12, 30, AMP) 1.24 £ 0.26

T. Dieckmann et al.

containing base substitutions in nonconserved bases
showed wild-type binding to AMP. As expected, sev-
eral of the aptamers with substitutions in the conserved
guanines showed greatly decreased or no detectable
binding to AMP. However, surprisingly, three of the
five conserved guanines, including G8, which pairs
with AMP, can be individually replaced with adenine
and still form a fully bound complex with AMP in the
presence of <2-fold excess of AMP (Table 1). Analysis
of the 2D NOESY spectra clearly shows that in all three
of these cases there is no significant change in the ter-
tiary structure or interactions in the complex.

Three-dimensional structure of the ATP-binding
RNA aptamer/AMP complex is constrained by a
large number of long-range interactions

Starting structures of the ATP-binding RNA aptamer/
AMP complex were obtained by distance geometry sub-
structure embedding. Of 100 starting structures, the 22
lowest-energy structures were then refined by molec-
ular dynamics. The large number of NOE interactions
identified between the AMP and the RNA and long-
range NOEs within the RNA internal loop provide an
unusual number of tertiary constraints for a nucleic
acid structure (Table 2). The AMP has a total of 45 re-
straints, and the average number of restraints for the
internal loop nucleotides is 15, the majority of which
are internucleotide. Although a few intra-ribose NOE
distances obtained from well-resolved crosspeaks
(which in general occurred for sugar protons with un-
usual chemical shifts) were included in the structure
calculations, we did not include any data from the ma-
jority of severely overlapped sugar resonance cross-
peaks, since within experimental error these would not
affect the final structure. Within the ribose, only the
H1’-H4' distance varies by more than 0.4 A over the
entire range of sugar puckers (Wiithrich, 1986). Because
the initial structures clearly indicated that the stems
and UUCG tetraloop do not form part of the binding
domain, and the NMR data are consistent with stan-
dard A-form duplex structure, we did not attempt to
optimize them in the structure calculations. Instead,
the stem nucleotides, with the exception of the base
pairs flanking the internal loop, were restrained to
standard A-form geometry, although NOE and di-
hedral angle restraints for them were also included in
the structure calculations.

DISCUSSION

The consensus sequence of the ATP-binding
RNA aptamer forms a highly structured
binding pocket for AMP

The calculated three-dimensional structure of the ATP-
binding RNA aptamer/AMP complex reveals that the
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conserved internal loop forms an independent struc-
tural domain that is anchored by the base pairs on the
two stems (Fig. 5A). The backbone tracing of the
11-base loop looks like a Greek zeta ({), with G7
through G11 forming the bottom right-handed turn of
the {, A12 through C15 forming the large central left-
handed turn, and U16 and G17 making the little turn
at the top (Fig. 6). G8-A10 form a loop that is closed
by the G7-G11 base pair, which is stacked over the last
base pair (G6-C31) in the first stem. A13-C15 form a
continuous stack, and G17 reaches across to base pair
with G30 at the top of the {. A12 is in the interior of the
binding pocket and interacts directly with the AMP
and likely with the 270OH of G30. The AMP base is
stacked on top of the G7-G11 base pair and is hydro-
gen bonded to G8 and A12, while the AMP ribose is
stacked on the G30-G17 base pair, which lies almost
perpendicular to the G7-G11 base pair.

A U-turn forms part of the binding pocket

The G8, A9, A10, and AMP form a structure that is
similar in many ways to a GNRA tetraloop (Woese
et al., 1990; Heus & Pardi, 1991), with AMP standing
in for the A. Nucleotides G8-A10 are positioned almost
identically to those found in GNRA tetraloops, such as
the GUAA tetraloop in the crystal structure of the ham-
merhead ribozyme (Pley et al., 1994; Scott et al., 1995)
(Fig. 7). This three-base U-turn (Quigley & Rich, 1976)
motif (G/UNR) has been characterized by a turn in the
backbone between the G/U and N, stacking of the R
nucleotide beneath N, and two hydrogen bonds, one
from the 2'OH of the G/U to the N7 of R and the other
from the amino/imino proton of the G/U to the 3’ phos-
phate of the R (Jucker & Pardi, 1995). In the GNRA
loop, the G is also base paired to the A. In the ATP-
binding aptamer structure, the 2’OH of G8 is posi-
tioned so that a hydrogen bond to the A10N7 appears
likely. Further support for this hydrogen bond comes
from ribose substitution experiments. Replacement of
the G8 ribose with deoxyribose or 270 methyl greatly
decreases or abolishes binding to ATP, respectively;
this is the only other nucleotide beside G30 in which
single deoxyribose substitutions strongly affect bind-
ing (M. Sassanfar & ].W. Szostak, unpubl. data). A 2’0
methyl group would clearly be sterically blocked in the
structure. Analysis of the structures indicates that there
is also a hydrogen bond between G8N1 and the A10 3’
phosphate, as observed in the U-turn motif, although
the stacking of the AMP between A10 and G11 might
have been expected to move the position of this phos-
phate relative to the standard U-turn. The AMP is po-
sitioned next to G8, but not in the same orientation as
the base pair that is found in GNRA tetraloops. This is
not surprising, because the AMP is not constrained by
a phosphodiester linkage to the rest of the “tetraloop.”
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The nonconserved bases in the center
of the ¢ form a linker between bases
in the binding pocket

Nucleotides A12-C15 comprise the central part of the
overall {~shaped fold of the phosphodiester backbone
of the aptamer. There is a left-handed turn between
Al2 and A13, and then A13 through C15 form a contin-
uous single-strand stack. These stacked bases essentially
constitute a linker (Fig. 5D) that connects the conserved
bases G30, G17, A12, and U16 that form the back side
of the AMP-binding pocket. Nucleotides 13-15 are the
only nonconserved nucleotides in the internal loop be-
sides A9, but there is some sequence preference for A,
The propensity of the linker nucleotides to be A is con-
sistent with maximizing stacking interactions and with
the lack of direct interactions of the residues to the
AMP in the binding pocket, since A has fewer func-
tional groups than the other bases.

Ul6 is partially stacked on C15, but the base is ro-
tated away from the single-strand linker to stack un-
der G17. The G17 continues this rotation to base pair
with G30, and this base pair is stacked on the first base
pair (G29-C18) of the second stem. Thus, U16 and G17
are represented by the little turn at the top of the ¢,
which continues on into the second helix. As discussed
above, the appearance of a low-field-shifted, slowly ex-
changing 2’OH provides evidence for a hydrogen bond
of the G30 2’0OH. Based on the structures, two possi-
bilities exist for this interaction. One is a hydrogen
bond to the N7 of A12. This appears to be the most
likely interaction because A12N7 also shows a large up-
field shift of about 5 ppm relative to non-hydrogen-
bonded N7s, although in most of the structures only
the distance but not the geometry of the hydroxyl
group is correct for a hydrogen bond. The alternative
G30 2’0OH hydrogen bond to the O4’ of AMP has the
correct geometry, but the distance is too great.

AMP conformation and interactions

The AMP in the aptamer complex is in the anti confor-
mation, with a x angle of ~180° + 25°. The pseudorota-
tion angles for the majority of the AMP ribose vary
around 80° + 10°, with the center of the distribution in
the O4’-endo range. The phosphate group is not re-
strained. The pyrimidine ring of the adenine is com-
pletely buried in, while its imidazole ring is pointing
out of, the binding pocket. The C8 and N7 are accessible
from the front of the binding pocket, and the 5" phos-
phate group also lies outside (Fig. 5B). This position-
ing of the AMP within the binding pocket is consistent
with how the selection was done, because the ATP was
linked to the agarose column via the C8 (Fig. 8).
Binding of the AMP is stabilized by a number of
stacking and hydrogen-bonding interactions. As men-
tioned above, the AMP base is stacked between A10
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FIGURE 5. Stereo views of the three-dimensional structure of the ATP-binding RNA aptamer. A: Superpositions of the
10 lowest-energy structures of the entire molecule with the back of the AMP-binding pocket forward. Superposition is
of all heavy atoms of residues 6-18, 29-31, and AMP. Stem base pairs are green, the internal loop is yellow, and the AMP
is red. B: Superpositions of the five lowest-energy structures, viewed from the front of the binding pocket. C: Lowest-
energy structure of the internal loop, flanking base pairs, and AMP, viewed from the front of the AMP-binding pocket.
D: Same as C, but viewed from the side to show linker, For B-D, the stem base pairs are green; the G7-G11 and G17-G30
base pairs are yellow; A8 and A12 are purple; A9, A10, A13-U16 are cyan; and AMP is red. The AMP is displayed as a
ball-and-stick model in C and D. (Continued on facing page.)
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C

FIGURE 5. Continted.

and G11, whereas the AMP ribose is stacked against
the G30-G17 base pair. The AMP is positioned to form
a base pair with G8, in which the amino group of AMP
is hydrogen bonded to G8N3, and N1 of AMP is hy-
drogen bonded to the amino group of G8. However,

an additional or alternative hydrogen bond between
the AMP amino and the O4’ of G8 is possible in almost
all of the structures. A12 is hydrogen bonded to the N3
of AMP via its amino group. The U16 imino or carbonyl
can potentially form a hydrogen bond with the 3O or
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FIGURE 6. Schematic drawing of the ATP-binding aptamer/AMP
complex illustrating the overall fold, stacking, and base pair inter-
actions. The view shown is from the back of the binding pocket to
illustrate the { backbone tracing. The orientation shown is the same
as in Figure 5A. The U-turn is at G8-A9, the second turn is at G11-
A12-A13, C15-A13 form the linker, and U16 and G17 rotate away
from the stacked bases of the linker. All nucleotides but G30 are anti.
The backbone tracing is shown by the solid curved lines, the nucle-
otides as numbered rectangles, stacking interactions as filled rectan-
gles between nucleotides, and proposed base pair interactions as
dotted lines.

3'0OH, respectively, of the AMP. This is consistent with
the fact that U16 shows a sharp imino resonance and
would explain why U16 is a highly conserved base.
There are several possible hydrogen-bonding inter-
actions between the AMP 2’0OH and conserved bases
in the loop; the most frequent ones are G30N7, A12N1,
and G17N3.

Evidence for base pair interactions
within the binding pocket

The results of the structure calculations combined with
specific proton and nitrogen chemical shifts and NOEs
provide strong evidence for three base pairs in the ter-
tiary structure of the aptamer complex (Fig. 9). In all
of the DG/RMD structures, the G30-G17 base pair

T. Dieckmann et al.

comes out oriented to pair as shown. Weak G17 imino-
G30 imino and G17 imino-G30H8 NOEs observed in
the NOESY spectra in H,O are only consistent with
this type of pairing, and the N chemical shifts indi-
cate that G17N1 is hydrogen bonded as well. The
G7-G11 base pair also comes out as shown in the ma-
jority of the initial DG/RMD structures and in all of the
refined structures; this arrangement is also supported
by the NOE between G7 imino and G11H8 as well as
the G7N1 chemical shift that indicates that the G7 im-
ino is hydrogen bonded. Supporting evidence for a
G8- AMP base pair is provided by the pattern of NOEs
seen and the nitrogen chemical shifts. The G8 amino
protons appear as two well-resolved resonances, which
is quite unusual. NOEs are observed from the G8
amino to both the AMP amino and the H2. The amino
nitrogens of AMP and G8 are shifted in the downfield
direction consistent with hydrogen bonding, which is
consistent with the proton chemical shifts as well.

Binding of AMP to mutant aptamers supports
the proposed tertiary interactions

The binding results with the mutant aptamers (Table 1)
can be explained on the basis of the three-dimensional
structure of the wild-type aptamer. Examination of the
deduced base pairs (Fig. 9) in the wild-type complex
shows that for each aptamer in which substitution of
a conserved base still retains binding (G7A, G8A, and
G17A), the mutant A can bind in essentially the same
position as the wild-type G, albeit with the loss of some
hydrogen-bonding interactions. However, replace-
ment of the other G in each of the proposed base pairs
with an A would be sterically hindered, and consistent
with this, those mutants (G11A, G30A) do not show
appreciable binding. In the case of the G8A mutant,
the U-turn hydrogen bond from the G amino to the
A10 3’ phosphate would be abolished as well as one po-
tential hydrogen bond to the AMP, and consistent with
this, the G8A mutant binds AMP less tightly than do
G7A and G17A. Although only partial assignments for
the mutated aptamer complexes have been obtained so
far, the identified NOEs are also consistent with the
structural predictions.

Analysis of data from chemical modification,
ATP analogues, and other selections

The three-dimensional structure of the ATP-binding
RNA aptamer largely explains the reported results of
binding assays with ATP analogues (Sassanfar &
Szostak, 1993). All of the ATP analogues that did not
show binding have substitutions at positions that
would delete or sterically block hydrogen-bonding in-
teractions. The reported kethoxal modification data,
which indicate that G8, G30, and to a lesser extent G11
are protected from modification by this reagent when
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FIGURE 7. Stereo view of a superposition of the backbone G7- 9-A10-G11 and AMP (yellow and red, respectively)
and the GUAA tetraloop (green) from the crystal structure of the hammerhead ribozyme (Scott et al., 1995). The three-
base U-turns (underlined bases above) have a backbone RMSD of 1.7 A.

FIGURE 8. Space-filling representations of the ATP-binding domain, residues 6-18, 29-31, and AMP. A: View from the
front of the binding pocket (“view from the column”). B: View from the back of the binding pocket. Colors are the same
as in Figure 5B-D. The C8 atom on the AMP is striped.
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FIGURE 9. A: G17-G30 and G7-(G11 base pairs proposed to form in the complex. B: Proposed hydrogen-bonding inter-

actions between the AMP and the RNA nucleosides.

ATP is bound to the RNA aptamer, are also consistent
with the compact and extensively stacked loop struc-
ture. The higher reactivities of G6, G7, and G17 may
be attributed to their locations at the helix-loop inter-
faces, although the N1H and/or amino protons of the
bases are hydrogen bonded.

The consensus sequence for the ATP-binding RNA
aptamer was incorporated into the RNA library con-
structed for selection of ribozymes with polynucleotide
kinase activity (Lorsch & Szostak, 1994). Of the four
classes of kinases that retain ATP-binding aptamer-like
consensus sequences, we would predict that only the
Class IV kinase, which has a single A10G mutation,
should still bind ATP with near wild-type affinity. The
other three classes of kinases all have mutations that
should strongly decrease binding. This is consistent
with what is reported for binding of ATP-yS, which
was used in selection for the kinase activity.

Recently, the solution structure of an FMN/aptamer
complex was reported (Fan et al., 1996). In contrast to
the complex interactions for the AMP found in the
ATP-binding aptamer/AMP complex, the FMN binds
via a Hoogsteen-like interaction between an A of the
aptamer and the U-like moiety of the FMN that is sta-
bilized by intercalation into the RNA duplex.

Summary

The structure of the ATP-binding RNA aptamer/AMP
complex provides a rational basis for thinking about
how ribozymes could incorporate biological cofactors
to catalyze reactions. Although AMP is normally found
in RNA, the selected binding site does not incorporate
a standard Watson-Crick base pair and simple stack-
ing interactions. Rather, a complicated binding pocket

is formed that uses all of the conserved bases in the
consensus sequence.

MATERIALS AND METHODS

Sample preparation

RNA was synthesized enzymatically on a DNA template
using T7 RNA polymerase (Milligan et al., 1987) and unla-
beled NTPs and/or *C,"*N-labeled NTPs to prepared unla-
beled, base-specifically G-, A-, or U/C-labeled, or fully labeled
RNA samples. The labeled NMPs were isolated from meth-
anolotrophic bacteria that had been grown on **C-methanol
and '"N-ammonia, purified, and converted to NTPs as de-
scribed (Batey et al., 1992; Nikonowicz et al., 1992; Peterson
et al., 1994). For the base-specifically labeled samples, the la-
beled NMPs used in the enzymatic synthesis were first pu-
rified by HPLC using a semi-preparative scale C18 column
(Waters PrepPak Cartridge, 25 x 100 mm) with a water/meth-
anol gradient. Samples of the wild-type RNA aptamer used
in obtaining assignments included: (1) unlabeled RNA with
unlabeled AMP, (2) unlabeled RNA with labeled AMP, (3) un-
labeled RNA with labeled ATP, (4) labeled RNA with un-
labeled AMP, (5) G-labeled RNA with unlabeled AMP, (6)
A-labeled RNA with unlabeled AMP, and (7) C,U-labeled
RNA with unlabeled AMP in both H,O and D,0. Samples of
the mutant RNAs that bound AMP well enough to give inter-
pretable spectra (G7A, G8A, A9U, C15U, G17A, C18UG29A)
were also used to confirm assignments. NMR samples were
typically 0.5-1.6 mM in RNA, pH 6.0, 100 mM NaCl.

NMR spectroscopy

All heteronuclear NMR spectra were acquired at 500 MHz on
Bruker AMX and DRX spectrometers. Homonuclear spectra
were acquired at 500 and 750 MHz on Bruker DRX and DMX
spectrometers. Assignments of the nonexchangeable reso-
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nances were obtained by combining information from a va-
riety of heteronuclear and homonuclear NMR experiments.
The heteronuclear experiments used were 2D HCN (Sklenéf
et al.,, 1993a), "C-CT-HSQC (Santoro & King, 1992), *C- or
"N-filtered NOESY (Otting & Wiithrich, 1990), *C-selected
NOESY (Otting & Withrich, 1990), 'H-*N long-range
HSQC (Sklenét et al., 1994), 3D 'H-"*C-NOESY-HMQC
(Marion et al., 1989b), 3D 'H-""N-NOESY-HMQC (Marion
etal., 1989a), and 3D HCCH TOCSY (Bax et al., 1990; Clore
etal., 1990). Heteronuclear experiments on the base-specif-
ically labeled samples were particularly useful for assignment
and identification of NOE contacts. The homonuclear exper-
iments used were 2D and 3D NOESY (Kumar et al., 1980),
DQF-COSY (Piantini et al., 1982), ROESY (Bothner-By et al.,
1984), and TOCSY (Bax & Davis, 1985). Assignments of the
exchangeable resonances were obtained from 2D HCCNH-
TOCSY (Sklendr et al., 1996), "N-"H HSQC (Sklendr et al.,
1993b), and "*N-filtered NOESY (Otting & Wiithrich, 1990).
Water suppression was achieved by using the 11 spin-echo
(Otting & Wiithrich, 1990) or WATERGATE (Piotto et al.,
1992; Sklendr et al., 1993b) sequences. All data were processed
using the Bruker XWINNMR software and analyzed with the
assistance of AURELIA,

Structure calculations

Interproton distance restraints were obtained from NOESY
spectra of the sample in D,O at 10 °C with mixing times of
150 and 300 ms at 750 MHz, as well as 40, 80, 100, 150, 200,
250, and 300 ms at 500 MHz and in H,O at 5 °C with mixing
times of 100 and 150 ms. For the D,O NOEs, crosspeaks
were picked from the 750-MHz 300-ms NOESY, and the other
mixing times were used for confirmation and calibration of
the NOE intensity. NOE crosspeak intensities were classified
as strong (2.5 + 0.6 A), medium strong (3.0 + 0.8 A), medium
(3.5 4 0.9 A), medium weak 4.0+ 1.0 A), weak (4.5+ 1.5 A),
and very weak (5.0 + 1.8 A). An additional upper bound of
1.0 A was used for the exchangeable NOEs and in the case
of NOEs involving pseudoatoms. All lower bounds were set
to van der Waals distance. Dihedral angle restraints », and
v, for the riboses were obtained from analysis of DQF COSY
spectra; residues with a strong H1'-H2’ crosspeak were re-
strained to S-type, those with no detectable H1'-H2’ cross-
peak were restrained to N-type, and all others were left
unrestrained. (None of the residues show significant differ-
ences in linewidths of the H1' and H2' resonances, so absence
of a crosspeak is not due to linewidth.) All structure calcula-
tions were done with X-PLOR version 3.1 (Briinger, 1992).
For the internal loop, base pairs flanking the loop, and AMP,
input data for the structure calculations included only the ex-
perimentally derived restraints listed above. Although NOE
and dihedral angle restraints were included for the stem and
UUCG tetraloop, the stems (except the base pairs flanking
the internal loop) were constrained to standard A-form geom-
etry. Initially, 100 starting structures were generated using
distance geometry substructure embedding (Havel & Wiith-
rich, 1984). These structures were then subjected to simulated
annealing (25 ps at 2,000 K, followed by 15 ps of cooling to
100 K, with time steps of 1 fs). At this point the 22 lowest-
energy structures were analyzed for potential hydrogen-
bonding interactions, and weak hydrogen-bond restraints
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were introduced for those internal loop base pairs (G7-G11,
G17-G30) for which independent evidence of hydrogen
bonding (slowly exchanging protons, 'H and *N chemical
shifts) had been obtained from the NMR data. No hydrogen-
bond restraints were introduced for the AMP interactions.
These structures were then subjected to an additional round
of simulated annealing (cooling from 2,000 K to 100 K in 35 ps
with 1-fs time step). In a final molecular dynamics step, the
full van der Waals term was introduced (40 ps at 300 K with
2-fs time step). The 10 lowest-energy structures were used
in the structural analysis.

Coordinates for the structures will be deposited in the Pro-
tein Data Bank, Brookhaven National Laboratory.
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