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Preliminary crystallographic characterization of an
in vitro evolved biotin-binding RNA pseudoknot

A biotin-binding RNA pseudoknot developed through in vitro
selection has been crystallized using the hanging-drop vapor-phase
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diffusion method. The X-ray diffraction data indicate that the crystals
belong to the space group P4,22 with unit-cell parameters a = b =
552,c=627A anda = B = y = 90°. The crystals are 120 x 80 x
40 pm and V,, = 2.17 A’Da". The crystals diffract to 2.8 A.

1. Introduction

Atomic resolution structures are required for
fully understanding the structural basis for
RNA function, yet only a handful of RNA
molecules with tertiary structure have been
successfully analyzed by X-ray crystallography
(Pley et al., 1994; Scott et al., 1995; Cate et al.,
1996). The absence of bound ligands in
previously determined X-ray structures (with
the important exception of aminoacyl-tRNA
synthetases complexed with tRNAs, e.g.
Goldgur et al., 1997) has greatly limited our
understanding of how RNA structure is
coupled to molecular recognition and ulti-
mately biological function. Recent in vitro
selection (SELEX) experiments starting with
pools of random-sequence molecules have
yielded a variety of RNA with highly specific
ligand-binding activities (aptamers) and cata-
lytic activities (ribozymes) (Bock et al., 1992;
Latham et al., 1994; Lorsch & Szostak, 1994a.b;
Huizenga & Szostak, 1995; Geiger et al., 1996;
Wang et al., 1996; Burke & Gold, 1997). A
combination of factors, including small size,
efficient folding and opportunities for in vitro
phylogenetic analysis, make these RNAs ideal
model systems for correlating structure and
function at high resolution.

Several previous NMR studies of aptamers
have revealed novel base-base interactions
and wide variations in backbone conformation,
suggesting that there remains a broad range of
unelucidated tertiary structures for RNA
(Kelly et al., 1996; Jiang et al., 1996, 1997; Fan et
al., 1996; Dieckmann et al., 1996; Yang et al.,
1996). X-ray crystallography can extend our
understanding of RNA structures by adding to
the body of structural information available.
Additionally, crystallographic studies can
provide direct information about the impor-
tance of solvent cofactors, especially divalent
cations, important to structure stabilization
and molecular recognition.

The current report describes a preliminary
crystallographic analysis of an in vitro evolved
RNA selected to bind biotin, a common

enzyme cofactor used in carboxylation reac-
tions (Wilson & Szostak, 1995). Recognition by
the aptamer is highly specific in that only very
closely related ligand analogs are capable of
competing with biotin for binding. Phylo-
genetic analysis and chemical probing studies
have shown that the aptamer folds as a purine-
rich pseudoknot (Wilson et al., 1998), but have
not revealed how molecular recognition is
achieved in the complex. Pseudoknots are one
of the most common RNA tertiary-structure
motifs, also appearing within 16S ribosomal
RNA, the group I self-splicing intron and a
variety of regulatory elements in viral tran-
scripts (Matsufuji ef al., 1995; Jaeger et al., 1996;
Poot et al., 1996; Hemmings-Mieszczak et al.,
1997, Rijnbrand et al, 1997). The biotin
aptamer pseudoknot is remarkably similar to
that of the retroviral frame-shifting elements
characterized by Chen et al. (1995). NMR
experiments have suggested that the angle
between the two pseudoknot helices in these
elements may be a critical determinant of
frame-shifting efficiency, although conflicting
studies disagree as to whether the helices are,
in fact, coaxially stacked (Shen & Tinoco, 1995;
Chen et al., 1996; Du & Hoffman, 1997). High-
resolution crystallographic analysis of the
biotin aptamer pseudoknot would reveal the
constraints imposed upon folding into this
common topology. In addition, it should
explain how a ligand-binding pocket is formed
from such a simple structure.

2. Methods
2.1. RNA preparation and purification

DNA templates for transcription and the T7
promoter top-strand were synthesized on a
Millipore Expedite 8909 nucleic acid synthe-
sizer and purified by denaturing 12% poly-
acrylamide gel electrophoresis. Template and
promoter strands were pre-annealed by
heating to 338 K prior to transcription. Tran-
scription reactions were performed with
0.5 uM template strand, 0.5 uM T7 promoter
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top-strand, 5 mM of each NTP, 5 mM DTT,
35mM MgCl,, 0.015%(v/v) spermidine,
0.1%(v/v) Triton X-100, 40 mM Tris-HCl
(pH 8.1) and an optimized quantity of
recombinant T7 RNA polymerase. Tran-
scription was allowed to proceed overnight
at 298 K. Small-scale reactions (100 pl) were
performed with «-**P-UTP to facilitate
measurements of biotin-agarose-binding
efficiency. A large-scale (20 ml) transcrip-
tion reaction to provide material for crys-
tallization trials was worked up as follows.
Reaction was stopped by the addition of
solid urea to an approximate final concen-
tration of 4 M and purification was
performed immediately on a 20% 14 x 16 x
0.3 cm denaturing polyacrylamide gel, run at
75 W for 5.5 h. A single large band of RNA
visualized by UV shadowing was extracted
from gel bits by electroelution using the
Elutrap electrophoresis chamber (Schlei-
cher & Schuell) and subsequently precipi-
tated directly from TBE buffer by the
addition of 2.5 volumes of ethanol. The
resulting pellet was washed in ice-cold 70%
ethanol, lyophilized, resuspended in 1 ml
Milli-Q H,O and stored at 277 K. The final
yield determined spectrophotometrically
was approximately 16 mg.

2.2. Affinity purification

1 ml biotin agarose (Sigma) was applied
to a 1.5 ml Bio-spin column (BioRad) and
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equilibrated with 20 column volumes of
binding buffer (0.1 M KCl, 10 mM Na-
HEPES, pH 7.4, 5 mM MgCl,). RNA was
pre-equilibrated in a total volume of 1 ml
binding buffer at 338 K for 5 min (annealing
protocol) and then for 30 min at 298 K prior
to loading onto the column. After loading
with RNA, the column was washed with 15
x 1 ml binding buffer. Specifically bound
RNA was then eluted with 5 x 1 ml elution
buffer (binding buffer containing 5 mM
biotin). Elution fractions were pooled and
concentrated to S5-8mgml™' using a
Centricon 3 ultraspin column (Amicon Inc.,
Beverly, MA) and stored at 277 K until use.

2.3. Crystallization

Crystallization trials were carried out by
the hanging-drop vapor-diffusion method
using siliconized cover slips (Hampton
Research) and 24-well Linbro plates. Drops
containing 5-8 mgml~' RNA solution in
biotin elution buffer were mixed with
reservoir solution in 1:2, 2:2 and 2:1 pl RNA
solution:reservoir ratios. Drops were mixed
by pipetting and allowed to equilibrate over
1 ml reservoir at either 298 or 277 K. Initial
crystallization screens were based on an
expansion of the Doudna sparse matrix
(Doudna et al., 1993). This screen is based on
conditions used previously for the crystal-
lization of tRNA and relies primarily on
small organics as precipitating agents. Early
crystallization ~ results  with
another in vitro selected RNA
indicated that high concentra-
tions of LiCl could improve
crystallization (Sussman et al.,
|l 1998) and we prepared, in
parallel, a modified Doudna
screen in which 1 M LiCl was
added to every hanging drop and
reservoir. In addition, the
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methyl-pentanediol-based
Berger nucleic-acid miniscreen
(Berger et al., 1996) and a simple
PEG-based screen were also
tested.

2.4. X-ray analysis

10% glycerol was added to the
reservoir solution as a cryopro-
tectant. Crystals equilibrated for
several minutes in this solution
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Figure 1

Secondary structures and affinity-elution profiles of (a) the biotin
aptamer major clone and (b) AN69.1 used for crystallization trials.
Fractions 11-15 in (b) were pooled and concentrated for crystal-

lization experiments.

-
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were mounted in a 0.2 mm nylon
loop (Hampton Research) and
flash-frozen under a stream of
boiling nitrogen provided by an
MSC fixed-tube liquid-nitrogen-
based low-temperature system.
Cu Ko X-rays were produced by

a Rigaku RU-200 rotating-anode X-ray
generator with graphite monochromator
operating at 180 kV, 50 mA. Data were
collected as a series of 1° oscillation frames
on a Rigaku R-AXIS Ilc imaging-plate
detector. The crystals were exposed for
1500 s at a crystal-to-detector distance of
100 mm. Collection at 100 K eliminated
radiation-induced crystal decay.

3. Results

The original pool of biotin-binding RNAs
was dominated by a single major clone
whose pseudoknot core was interrupted by
an extended loop of 27 nucleotides. This
loop could be shortened to six nucleotides
but further deletions significantly reduced its
binding efficiency. We predicted that the
presence of such an extended unstructured
loop within this short RNA would compli-
cate crystallization attempts and thus
analyzed other minor species within the
selected pool. In contrast to the major clone,
all other biotin aptamers lack this extended
loop. Minimal domains corresponding to
each minor clone were prepared and assayed
for binding to biotin agarose. As indicated in
Fig. 1, one of these sequences (ANG69.1)
binds with an efficiency equivalent to that of
the major clone yet is defined by a minimal
structure of 31 nucleotides (five additional
nucleotides at the 5" end ensure high-effi-
ciency transcription). The crystallographic
trials presented in this study have focused on
this version of the biotin aptamer.

A fundamental problem
molecular crystallization is the tendency for
contaminants to poison crystal growth. This
problem is likely to be extreme for RNA
crystallization since chemically homo-
geneous molecules can readily adopt alter-
nate stable but misfolded conformations. To
minimize these problems, we have relied
upon purification by ligand-affinity chro-
matography with the assumption that func-
tional molecules are likely to be trapped in a
single correct conformation. This process is
especially straightforward for aptamers,
since the protocol used to isolate them from
the initial random pool may also be used to
separate folded and misfolded molecules in
a clonally pure mixture (Fig. 10). Because
the isolated RNA is obtained by competitive
elution with the ligand, the material used for
crystallization trials exists as a specific
complex of RNA aptamer together with its
ligand.

Several different sparse-matrix screens
biased towards conditions used previously
for RNA or DNA crystallization have
proven useful in previous studies (Doudna

in macro-

324 Nixetal. - RNA pseudoknot

Acta Cryst. (1999). D55, 323-325



crystallization papers

Figure 2
A 1° oscillation image of an AN69.1 crystal of dimensions 120 x 80
x 40 pm exposed for 1500 s. The arrow at the edge of the image is at
2.8 A resolution.

et al., 1993; Scott et al., 1995; Berger et al.,
1996). All of the initial screens attempted
with AN69.1 yielded crystals of poor-to-
moderate quality resulting in starburst-like
multicrystals of varying size. Conditions
containing polyethylene glycol yielded the
largest crystals and were chosen for optimi-
zation. Improved crystals were obtained
after adjusting polyethylene glycol concen-
tration, polyamine concentration and
various divalent-cation additives. Rod-
shaped crystals of dimensions 120 x 80 x
40 pm were obtained in drops set up with
4% PEG 8000, 20 mM MgCl,, 20 mM K-
HEPES (pH 7.5) and 1.0 mM spermine.
Staining with ethidium bromide or toluidine
blue confirmed that these were RNA crys-
tals. Crystals with similar morphology were
also grown in related conditions (5% PEG
4000, 20 mM potassium cacodylate buffer,
pH 6.5, 15 mM MgCl,, 1.5 mM spermine and
2 mM cobalt hexamine trichloride). Crystals
were grown at 277 K and took longer than
three months to form. To date, these crystals
have been difficult to reproduce.

A preliminary data set was
collected with an average I/o of
11 in the resolution shell to
34A, although in Fig. 2 one can
see that diffraction extends out
to 2.8 A. These results indicate
that while small, the crystals
should be useful for determi-
nation of the structure at high
resolution. A pseudoprecession
plot of unmerged data indicates
that the diffraction is aniso-
tropic, extending to beyond
30 A along the [/ axis, but to
approximately 34 A along the
symmetric £ and k axes. This
anisotropy extends beyond the
h = 0 plane to all zones. The
crystals have unit-cell para-
metersa =b =552, ¢c=62.7 A,
a =B =y =90° and may be
assigned on the basis of Laue
symmetry and  systematic
absences to space group P4,22.
Assuming a single RNA mole-
cule per asymmetric unit, V,, is
calculated to be 2.17 A®> Da~'. We are
continuing our attempts to increase the size
of the crystals and to determine whether the
anisotropy is a function of the freezing
procedure or inherent to the crystal form
itself.
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