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Common and distinctive features of GNRA tetraloops
based on a GUAA tetraloop structure at 1.4 A resolution

CARL C. CORRELL and KERREN SWINGER
Department of Biochemistry and Molecular Biology, The University of Chicago, Chicago, Illinois 60637, USA

ABSTRACT

GNRA tetraloops (N is A, C, G, or U; R is A or G) are basic building blocks of RNA structure that often interact with proteins
or other RNA structural elements. Understanding sequence-dependent structural variation among different GNRA tetraloops is
an important step toward elucidating the molecular basis of specific GNRA tetraloop recognition by proteins and RNAs. Details
of the geometry and hydration of this motif have been based on high-resolution crystallographic structures of the GRRA subset
of tetraloops; less is known about the GYRA subset (Y is C or U). We report here the structure of a GUAA tetraloop determined
to 1.4 A resolution to better define these details and any distinctive features of GYRA tetraloops. The tetraloop is part of a 27-nt
structure that mimics the universal sarcin/ricin loop from Escherichia coli 23S ribosomal RNA in which a GUAA tetraloop
replaces the conserved GAGA tetraloop. The adenosines of the GUAA tetraloop form an intermolecular contact that is a
commonplace RNA tertiary interaction called an A-minor motif. This is the first structure to reveal in great detail the geometry
and hydration of a GUAA tetraloop and an A-minor motif. Comparison of tetraloop structures shows a common backbone
geometry for each of the eight possible tetraloop sequences and suggests a common hydration. After backbone atom super-
position, equivalent bases from different tetraloops unexpectedly depart from coplanarity by as much as 48°. This variation
displaces the functional groups of tetraloops implicated in protein and RNA binding, providing a recognition feature.

Keywords: A-minor motif; conformational change; hydration; RNA motifs; RNA—-protein recognition; RNA structure; RNA

tertiary contacts; sarcin/ricin loop

INTRODUCTION

RNA hairpins are ubiquitous elements of RNA secondary
structure that are frequently capped by tetraloops with a
GNRA consensus sequence (N is A, C, G, or U; Ris A or G).
Located next to Watson—Crick (WC) helical regions or non-
WC motifs, these GNRA tetraloops are closed off by at least
one WC base pair. GNRA tetraloops help fold RNA: They
allow single-stranded RNA to fold back on itself by revers-
ing the direction of the phosphodiester backbone, and they
bring together distant regions of the ribonucleotide se-
quence by providing sites for RNA tertiary contacts. By
providing sites for protein binding, they also facilitate as-
sembly of ribonucleoprotein particles. These interactions
can involve specific recognition of GNRA tetraloops by pro-
teins (Wool et al. 1992) and by RNAs (Doherty et al. 2001;
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Nissen et al. 2001). The structural basis of this specificity is
still emerging.

Each tetraloop sequence is thought to share a common
fold based on structures of a subset of the eight possible
GNRA sequences that were determined first by NMR spec-
troscopy (Heus and Pardi 1991) and later by X-ray crystal-
lography (Pley et al. 1994b; Scott et al. 1995; Cate et al.
1996; Correll et al. 1999). The fold presents distinctive func-
tional groups to the accessible minor groove, including
those at the Watson—Crick edges of the last three bases of
the tetraloop. Complementary contacts to these functional
groups by proteins and RNAs are thought to enable specific
recognition. Specific recognition may also occur through
shape complementarity to the RNA backbone because
structural comparisons have suggested conformational dif-
ferences between GRRA tetraloops and GYRA (Y is C or U)
tetraloops (Correll et al. 1998). These comparisons have
been limited by the small number of GNRA tetraloop struc-
tures that were available (Correll et al. 1998) and by the
relatively low resolution (3 A) of the only GYRA tetraloop
structure used in the comparison—a GUAA tetraloop from
a hammerhead ribozyme (Scott et al. 1995). Similar limi-
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tations apply to structural comparisons that indicated that
all GNRA tetraloops share a common fold. Two structures
determined to better than 1.6 A resolution have defined the
details of the geometry and hydration for the GRRA sub-
class of tetraloops (Correll et al. 1999; Batey et al. 2000,
2001); less is known about the GYRA subclass of tetraloops.
It is therefore unknown if there is any sequence-dependent
structural variation among the different GNRA tetraloops
that would provide additional recognition opportunities.

To help address these questions, we have studied a GUAA
tetraloop that is part of a 27-nt RNA that mimics a universal
stem-loop structure of Escherichia coli 23S ribosomal RNA.
The GUAA tetraloop is a mutant of the conserved GAGA
tetraloop. The toxins sarcin and ricin are site-specific en-
zymes that target this GAGA tetraloop: Sarcin cleaves the
backbone on the 3'-side of G2661 (E. coli 23S RNA num-
bering is used throughout) and ricin depurinates A2660.
This stem-loop structure is therefore referred to as the sar-
cin/ricin loop (SRL). Action by either toxin disrupts bind-
ing of elongation factors (EF-Tu and EF-G) to the ribo-
some, thereby inhibiting protein synthesis. Cell death then
results from a caspase III apoptotic pathway that is triggered
by an unknown mechanism (Olmo et al. 2001). The SRL
RNA is required for protein synthesis because it is a critical
component of the binding site for EFs and possibly for
other GTPase protein factors, such as initiation factor IF2
(La Teana et al. 2001; Cameron et al. 2002). Synthetic oli-
gonucleotides (~30-mers) with the SRL nucleotide sequence
mimic the form and function of the SRL in the ribosome
(Ban et al. 2000); they have therefore served as a minimal
substrate for EF-G binding (Munishkin and Wool 1997), for
sarcin and ricin activity (Wool 1997), and for structural stud-
ies (Szewczak et al. 1993; Szewczak and Moore 1995; Correll et
al. 1998, 1999; Seggerson and Moore 1998; Rife et al. 1999).

We report here the crystal structure of a GUAA tetraloop
mutant of the SRL RNA determined to 1.4 A resolution.
Structural comparisons show that the eight GNRA tetraloop
sequences share a common backbone geometry and have an
unexpectedly large variation in the orientation of the last
three bases of the tetraloop. Interestingly, these bases are
implicated in RNA tertiary contacts and protein binding.
The lattice of the GUAA mutant crystals is stabilized by an
intermolecular contact that is an A-minor motif. This motif
is a common and stabilizing RNA tertiary contact (Doherty
et al. 2001; Nissen et al. 2001) that has been implicated in
the decoding of messenger RNA during translation (Ogle et
al. 2001). Analysis of the GUAA structure suggests a struc-
tural basis for the observed sequence preference of A-minor
interactions.

RESULTS
Structure determination and overview

Of the seven possible GNRA mutants of the SRL GAGA
tetraloop that were investigated, only the GUAA mutant
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produced data-quality crystals. Previously, the GYRA te-
traloops in the 50S subunit structure determined to 2.4 A
resolution provided the highest resolution view of this sub-
class of tetraloops. We report here the structure of the
GUAA mutant of the SRL RNA determined by molecular
replacement (see Materials and Methods; Table 1); the crys-
tal data, which extended to 1.4 A resolution, were refined to
a final Ry, of 0.205, with a conventional R of 0.162. As
expected, the structure consists of a GUAA tetraloop, a
bulged-G motif, and an A-form stem region (Fig. 1). The
stem is connected to the motifs by two water-mediated
non-WC base pairs (Correll et al. 1999). The overall fea-
tures of the tetraloop are typical: The first and fourth bases
form a G-A pair, the backbone reverses direction between
the first and the second nucleotide, and the last three bases
stack on one another.

Common and distinctive features of GNRA tetraloops

Structural comparisons of the GUAA tetraloop and the
other GNRA tetraloops show a common backbone geom-
etry and a variable base orientation (Fig. 2). The GAGA
tetraloop and the GUAA tetraloop of the SRL RNA share a
common backbone geometry; backbone atoms superim-
pose with a pairwise root mean square (rms) deviation of
0.6 A. To better characterize any sequence-dependent struc-
tural variations among different GNRA tetraloop sequences,
we compared the structures of 20 tetraloops determined by

TABLE 1. Data and refinement statistics

GUAA®
Resolution range (A) 40-1.4
Space group C2
Unit cell
a, b, c(A) 57.97,22.53, 58.47

B () 101.72

Unique reflections (fold redundancy) 14,372 (6.3)
Completeness (%) 97.9 (80.0)
ol 21.8 (2.3)
Rinerge” 0.072 (0.323)
R-factor® 0.164 (0.278)
RireeC 0.207 (0.458)
% of data used to calculate R 10
RNA atoms 582
Solvent molecules 109
R.m.s deviation from ideality

bonds (A) 0.01

angles (A) 0.028
Average B-factors (A?)

RNA 11.8

solvent 27.9

aThe numbers in parentheses are statistics for data between 1.42 A
and 1.40 A, except for fold redundancy.

PRerge = 22l = (DI/Z 2/ for all data with lfol > 3.
“R-factor = Y | 1Fopel = KIF el 1 /Z i 1Fopel
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FIGURE 1. Structural overview and lattice contacts. (A) Schematic of the RNA sequence in the
crystal structure showing the tetraloop (green), bulged-G motif (yellow), the flexible region
(blue), and the stem region (red). Gray arrows indicate the two adenosines and WC base pairs
involved in lattice contacts that mimic A-minor like interactions (Fig. 3). The sites of mutation
are underlined. (B) A ribbon drawing of the GUAA mutant structure.

X-ray crystallography to at least 2.4-A resolution (see Ma-
terials and Methods). The resolution cutoff is a compromise
between having sufficient crystallographic data to define the
tetraloop geometry and including at least one structure for
each of the eight different tetraloop sequences. GNRA te-
traloops in this set share a common backbone geometry;
backbone atoms superimpose with a pairwise rms deviation
that varies between 0.6 A and 0.9 A.

Unlike the similarities seen in the tetraloop backbone
geometries, equivalent bases in different GNRA tetraloops
depart from coplanarity by as much as 48° after backbone
atom superposition (Fig. 2A). As a result, equivalent atoms
in the last three bases of the tetraloops are displaced by as
much as 3 A. The last three bases of each tetraloop remain
stacked on one another regardless of orientation. If these
bases are nearly parallel to the bases of the closing WC pair,
we refer to them as being in the “standard orientation”;
otherwise they are referred to as being in the “altered ori-
entation.” The GUAA structure illustrates the altered ori-
entation and the GAGA of the wild-type GAGA SRL RNA
structure illustrates the standard orientation (Correll et al.
1999). Base flipping and unstacking of these last three bases,
as observed in NMR analyses (Jucker et al. 1996) and dy-
namic simulations (Sorin et al. 2002) of GNRA tetraloops,
are not observed in crystal structures. Three of the seven
GYRA tetraloop structures adopt the standard orientation

and the others adopt the altered orien-
tation. In contrast, only 2 out of 13 of
the GRRA tetraloop structures adopt the
altered orientation. Possibly, GYRA te-
traloops are more likely to vary from the
standard orientation than GRRA te-
traloops; however, additional tetraloop
structures are needed to substantiate
this trend.

The first and fourth nucleotides of the
tetraloop form an A-G base pair that is a
variant of a regular sheared pair (Fig.
2B). Several structures determined by
NMR spectroscopy have reported that
the first and fourth nucleotides of the
tetraloop form a sheared G-A base pair,
where N3 of the G contacts N6 of the A,
and N2 of the G contacts N7 of the A. In
accord with analysis of the NMR data,
the exocyclic amine (N2) of the G forms
a bifurcated hydrogen bond with the
base (N7) and the backbone (O1P) of
the A in each of the 20 crystal structures
of GNRA tetraloops. This interaction is
believed to contribute about 0.7 kcal/
mole of stabilization to the tetraloop
based on comparison of thermal dena-
turation data for unmodified tetraloops
and site-modified ones in which this
contact is absent (SantaLucia et al. 1992). In contrast, N3 of
G is too far from N6 of A to form a hydrogen bond in each
of the 20 structures surveyed (4.4 + 0.7 A). In some struc-
tures this distance is larger than 5 A, creating a cavity; in
several structures a solvent molecule is observed filling this
cavity (Fig. 2B). Interaction between the pro-R, oxygen of
the third nucleotide and the  orbitals of the first G nucleo-
tide may help stabilize GNRA tetraloop structures (Fig. 2C).
Sulfur substitution of this pro-R,, oxygen increases tetraloop
stability by ~2.9 kcal/mole compared to unmodified te-
traloops; modifications at other nonbridging oxygen atoms
in the tetraloop did not significantly change stability (Hor-
ton et al. 2000).

Consensus geometry and hydration of the
GNRA tetraloop

For tetraloops to create unique surface features for RNA
and protein recognition, one or more of the six backbone
torsion angles per nucleotide of these tetraloops must de-
viate from standard values. Torsion angles are often under-
determined because X-ray diffraction of RNA usually ex-
tends only to ~3 A resolution, and NMR spectroscopy de-
termines relatively few constraints on the backbone
geometry (Rife et al. 1999). The definition of torsion angles
is, hence, critical for establishing restraints in the refine-
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FIGURE 2. Comparison of the GUAA structure (thick lines) with
other GNRA tetraloop structures. (A) Stereodiagram of the backbone
atom superposition of 20 tetraloop structures determined to at least
2.4 A resolution (see Materials and Methods); the standard orientation
of the tetraloop bases (purple) is contrasted with the altered orienta-
tion (green). (B) Two extremes in the conformation of the base pair
between the first and the fourth nucleotide of the tetraloop. (C) Ste-
reodiagram of the superposition of the GUAA tetraloop reported here
(green) and the other tetraloop structures determined to at least 2.0 A
resolution (see Materials and Methods). The GUAA structure illus-
trates the altered orientation of the last three bases of the tetraloop
whereas the other structures illustrate the standard orientation. In the
tetraloop, the pro-R, oxygen of the third nucleotide (circled) is within
3.2 A of the first guanine base. Arrows marking solvent-mediated
hydrogen bonds are pointing toward proton acceptors. Most of the
conserved solvent sites are obligate proton acceptors (asterisks).

TABLE 2. Torsion angles

ment of RNA structures and for building accurate models.
To define the consensus geometry and hydration, we com-
pared the six structures that were determined to better than
2 A resolution; these include GAGA, GAAA, and GUAA
tetraloops (see Materials and Methods). The resolution cut-
off is necessary to adequately determine the torsion angles
and hydration of the GNRA tetraloops.

The torsion angles in GNRA tetraloops adopt predomi-
nantly A-form values (Table 2). Of the 42 possible backbone
and glycosidic torsion angles in the tetraloop and the clos-
ing WC pair, only 5 deviate greater than 36° from A-form
geometry. Each sugar in the tetraloop adopts a 3'-endo
pucker. Reversal of the loop chain direction is the result of
two torsion angle deviations in the backbone of the second
nucleotide of the tetraloop. Without additional deviation
from A-form geometry, the WC edges of the bases of the
closing pair lie ~6 A apart, precluding base-pair formation.
Deviations in three torsion angles of the 3’-closing nucleo-
tide increase the overall twist in the backbone and unstack
the fourth base of the tetraloop from the 3’-adjacent closing
base (Figs. 1B, 3A). As a consequence, the bases of the
closing pair are brought together, allowing base-pair for-
mation.

Comparison of tetraloop structures suggests common
sites of hydration (Fig. 2C). Solvent molecules, which coat
the surface of RNA molecules, sometimes act as extensions
of the RNA molecule, and can therefore play a role in rec-
ognition. These solvent molecules are considered to be
structural if their location relative to an atom of the RNA
molecule is conserved and independent of buffer conditions
and lattice environment. By this criterion 7 of the 50 solvent
molecules are structural to the tetraloop: Five line the inside
of the phosphodiester backbone turn on the major groove
side, and the remaining two contact the minor groove side
of the closing pair (see Materials and Methods). Four of the
major groove solvent molecules are obligate proton accep-
tors and adopt an unusual geometry by lying on the vertices
of a rectangle. These distinctive features may provide rec-
ognition opportunities. Both of the minor groove solvent
sites form bridges between the 2’-hydroxyl groups of the
closing WC pair and the acceptor groups on the bases.
These minor groove sites fail to provide a distinctive rec-

Nucleotide X a B v d € 4

5’ closing pair 200 + 5 (A7)° 299 + 8 (A14) 171 = 4 (-A13) 47 + 4 (A7) 81 +1(A0) 213 +4 (A1) 293 3 (A4)

G 195 + 7 (A2) 291 + 5 (A6) 177 + 3 (-A7) 49 + 4 (-A4) 80 + 2(-A2) 224 +4 (A10) 296 + 4 (A7)

N 196 + 8 (A3) 168 £ 5 (A117)¢ 140 = 8 (-A44) 54 +5 (A1) 87 +4 (A6) 231 x£6(A17) 2829 (-A11)
R 210+ 12 (A17) 298 + 6 (A13) 152 + 10 (-A32) 64 + 6 (A11) 87 + 3 (A6) 206 + 4 (-A8) 291 + 12 (-A6)
A 219 + 8 (A26) 289 + 9 (A4) 173 £ 8 (-A11) 52 + 4 (-AT1) 87 +3 (A6) 218 + 3 (A4) 296 + 8 (A1)
3’ closing pair 200 £ 5 (A7) 139 + 8 (A146) 227 =11 (A43) 188 + 9 (A135) 86 + 3(A5) 221 + 6 (A7) 298 + 8 (A1)

2Backbone torsion angles: 5'—03'-P=*O5'-PC5'-¥C4'->C3'-*03'-*P-O5'—3".
bThe delta is the amount the values differs from A-form values (Gelbin et al. 1996).

“Underlined values differ from A-form values by more than 36°.
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FIGURE 3. An interaction that mimics an A-minor motif. (A) Stereoview of the GUAA tetraloop (green) docking into the minor groove of a
symmetry related stem region (red). The asterisk marks a solvent site that is conserved in tetraloop structures. The refined models of type I (B)
and type II (C) A-minor contacts are superimposed on a 1.4 A SIGMAA-weighted 2F ~F_ electron density map. Weak C-H...O hydrogen bonds
(as reviewed in Desiraju 1996) between C2 of A2662 and N3 of G2669 (3.2 A) and between C2 of A2661 and O2 of C2652 (3.2 A) may contribute

to the stability of this A-minor interaction.

ognition opportunity because equivalent hydration is ob-
served in WC base pairs.

RNA recognition of GNRA tetraloops: A-minor motif

A lattice contact provides the first high-resolution view (1.4
A) of a tetraloop participating in what is believed to be the
most common type of RNA tertiary interaction: the A-mi-
nor motif (Doherty et al. 2001; Nissen et al. 2001). This type
of A-minor interaction was first observed as an intermo-
lecular contact between neighboring molecules in the crys-
tal structure of the hammerhead ribozyme (Pley et al.
1994a); the structure of the P4-P6 domain of group I intron
was the first to illustrate this motif as a tertiary contact
(Cate et al. 1996). A-minor contacts involve tandem aden-
osines docking into the minor groove of an RNA helix.

Ribose zippers as well as interactions between tetraloops
and tetraloop receptors are types of A-minor interactions
(Doherty et al. 2001; Nissen et al. 2001). In the crystal lattice
of the GUAA structure reported here, both adenosines from
the GUAA tetraloop of one SRL RNA molecule form an
A-minor motif by docking into the minor groove of the WC
stem region of a second, symmetry-related SRL RNA mol-
ecule (Figs. 1, 3). This contact is the most common type of
A-minor motif in which type I and type II base triples form
tertiary interactions between two adenosines and two re-
ceptor C-G base pairs (Nissen et al. 2001). Nucleotides that
flank either side of the adjacent adenosines also make direct
and solvent-mediated contacts to the backbone of the re-
ceptor, which presumably provide additional stabilization.
In the type I interaction, the adenosine makes four favor-
able hydrogen bonds to the receptor C-G base pair, span-
ning across the minor groove. Contacts to the 2'-hydroxyl
groups are energetically significant (Abramovitz et al. 1996;
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Silverman and Cech 1999; Doherty et al. 2001) and pre-
sumably guide the docking of the adenosine into the minor
groove. In the type II interaction, the adenosine makes di-
rect and solvent-mediated contacts to the receptor C-G base
pair that span only part of the way across the minor groove.
This solvent interaction was predicted but previously un-
observed due primarily to insufficient resolution; previ-
ously, the P4-P6 structure determined to 2.25 A resolution
provided the highest resolution view of these motifs. In the
type I interaction, the adenine base and the base pair of the
receptor deviate from coplanarity by 32°% in the type II
interaction, this deviation is 22°. These are typical devia-
tions that are less than the largest deviation (45°) observed
in other type I and type II base triples (Nissen et al. 2001).

Binding studies of mutant RNAs and phylogenetic co-
variation analyses indicate that type I interactions favor a
receptor C-G base pair over the other three WC base pairs
(Doherty et al. 2001; Nissen et al. 2001). Analysis of the
A-minor motif found in the GUAA mutant structure sug-
gests that the molecular basis of sequence preference of type
I interactions hinges on one hydrogen bond (Pley et al.
1994a). The most striking difference among the functional
groups presented to the minor groove by the four WC base
pairs is the presence of the exocyclic amine (N2) of guanine
in G-C and C-G base pairs and its absence in U-A and A-U
base pairs. The type I interaction has a hydrogen bond
between the N3 of the adenine base and the N2 of the
guanine base in the receptor C-G base pair (Fig. 3B). Loss of
this hydrogen bond involving N2 may explain why recep-
tors with U-A and A-U base pairs are less common than G-C
and C-G base pairs. Based on sequence-specific contacts
between synthetic polyamide polymers and the minor
groove of DNA (Kielkopf et al. 1998; Dervan and Burli
1999), type I discrimination between G-C and C-G base
pairs is believed to rely on recognition of a subtler differ-
ence: the orientation of the proton donor group of the
exocyclic amine found in these 2 base pairs (see below). The
resolution of the GUAA structure is insufficient to identify
the position of hydrogen atoms; however, it is possible to
calculate their positions according to well-established geo-
metric criteria using the program X-PLOR (Brunger 1992).
In the type I interaction shown, the angle between the N3
and the N2-proton bond is ~170°, whereas the equivalent
angle for a receptor G-C base pair, assuming an isosteric
substitution of a G-C base pair for a C-G base pair, is ~124°.
In a survey of equivalent hydrogen bonds, the most prob-
able angles lie near 180° and angles less than 141° are not
observed (Llamas Saiz and Foces-Foces 1990), in accord
with the underlying energetic preference for a linear geom-
etry. An energetic preference for a linear hydrogen bond
with the exocyclic amine (N2) of the receptor base pair
may, therefore, discriminate C-G base pairs from G-C base
pairs. Type II interactions also have a phylogenetic prefer-
ence for receptors with C-G base pairs. Unlike type I inter-
actions, there appears to be little energetic (Doherty et al.
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2001) or structural rationale to explain the sequence pref-
erence of type II interactions.

DISCUSSION

An important step toward deciphering the molecular basis
by which proteins and RNA receptors recognize specific
GNRA tetraloops is to define the distinctive and common
structural features of this basic building block of RNA struc-
ture. To our knowledge, this is the first study to verify by
structural comparisons that all eight tetraloop sequences
fold into a common backbone geometry. These compari-
sons have also been used to define the consensus backbone
geometry and hydration of the GNRA tetraloop. Common
features of GNRA tetraloops include a shared backbone
geometry, several structural solvent molecules, and two un-
stacked bases: the 5’-side of the second base and the 3'-side
of the fourth base (Figs. 1B, 2; Table 2). Protein and RNA
contacts to common features are important to discriminate
GNRA tetraloops from other elements of RNA structure
and to guide the docking of sequence specific contacts. For-
mation of complementary contacts to features in the minor
groove of GNRA tetraloops provides the most direct route
to sequence-specific recognition; the A-minor interaction is
a relevant example. The tetraloop minor groove presents
distinctive functional groups on Watson—Crick edges of the
second, third, and fourth bases of the tetraloop, which per-
mit direct sequence specific recognition by proteins or
RNAs. Variation in the orientation of the last three bases of
the tetraloop offers another option for specific recognition
by displacing the distinctive functional groups presented to
the minor groove. Differences in the docking geometry be-
tween the tetraloop and the receptor (Doherty et al. 2001;
Nissen et al. 2001) and the variation in the orientation of
the tetraloop bases presumably allows for a larger repertoire
of RNA receptors.

Specific recognition between a GNRA tetraloop and an
RNA receptor involves A-minor interactions and is accom-
panied by minimal conformational adaptation. Comple-
mentary minor groove contacts between the receptor and
the distinctive functional groups of GNRA tetraloops are
thought to mediate specific recognition (Pley et al. 1994a;
Doherty et al. 2001; Nissen et al. 2001). These specific con-
tacts are guided by tetraloop contacts to the backbone of the
receptor RNA helix (Fig. 3A). Recognition of the minor
groove of A-form helices is challenging because the acces-
sible functional groups at the edge of the base pairs present
few features to discriminate between the four possible WC
base pairs. Protein recognition of the DNA minor groove is
believed to occur via indirect strategies, such as sequence-
dependent distortability. The only well-documented case of
sequence-specific direct recognition of the minor groove is
between DNA and synthetic polyamide polymers (Dervan
and Burli 1999). Like the type I interactions, G-C base pairs
are thought to be distinguished from C-G base pairs by
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preference for a linear hydrogen bond to the exocyclic
amine (N2) of the G base (Kielkopf et al. 1998). Polyamide
polymers and adenosines are more rigid than protein side-
chains. Possibly, these rigid keys—adenosines and polyam-
ides—are better able to unlock the subtleties displayed in
the minor groove than the more adaptable protein moiety.

Unlike A-minor interactions, conformational adaptation
by the protein, the RNA, or both is a hallmark of protein—
RNA complex formation (Williamson 2000). Sarcin and
ricin (Wool et al. 1992) are different enzymes that typify
protein recognition of a specific GNRA tetraloop. These
enzymes are toxins that target a conserved GAGA tetraloop
in ribosomes. Structural studies of complexes between the
sarcin homolog restrictocin and substrate analogs indicate
that this toxin binds to a base-flipped form of the tetraloop
portion of the SRL RNA. This bound form of the substrate
positions the nucleophile for in-line attack on the scissile
bond and is believed to be a prerequisite for cleavage (Yang
et al. 2001). Structural studies also suggest that in order for
the active site of ricin to gain access to the scissile bond, the
tetraloop unfolds (Weston et al. 1994; Yang et al. 2001);
however, the structure of this unfolded form is unknown. It
is also unclear if EF-G or EF-Tu binds to the canonical form
or an altered form of the SRL RNA. These studies indicate
that proteins may recognize unfolded tetraloop substrates.

There is a growing consensus that most GNRA tetraloop
molecules (~80%) fold into a canonical structure described
by NMR and X-ray analyses (Fig. 2; Table 2). The remain-
der of these molecules (~20%) adopt one or more different
noncanonical conformations; molecular dynamic simula-
tions suggest that tetraloop bases are flipped and restacked
relative to those in the canonical tetraloop structure (Jucker
et al. 1996; Sorin et al. 2002). It is unknown whether pro-
teins—such as sarcin and ricin—induce the unfolding of
GNRA tetraloops or merely bind to a preexisting unfolded
form. NMR data indicate a mixed population of sugar
puckers for positions two, three, and four of the tetraloop
(Szewczak and Moore 1995; Jucker et al. 1996; Seggerson
and Moore 1998). Each sugar in the canonical structure
adopts a 3'-endo conformation, whereas noncanonical te-
traloops appear to adopt 2’-endo puckers. Fluorescence
studies indicate that the bases of the noncanonical te-
traloops stack in a different manner than those of canonical
tetraloops, but these noncanonical structures are inacces-
sible to NMR structure determination due to fast exchange
(Menger et al. 2000).

The structural analyses reported here are a comprehen-
sive reexamination of GNRA tetraloop geometry, hydration,
and recognition. Structural comparisons have been used to
define a consensus backbone geometry and hydration,
which are common tetraloop features. We have also shown
that the last three bases of GNRA tetraloops vary in orien-
tation. This unexpectedly large variation results in signifi-
cant displacement of distinctive functional groups in the
minor groove recognition surface of tetraloops. We there-

fore expect that this variation may provide proteins and
RNAs with an additional recognition strategy. A lattice con-
tact forms the most common type of A-minor contact, con-
sisting of a tandem type I and a type II base triple. The
GUAA structure provides new details of the geometry and
hydration of this motif. We show that sequence preference
for type I interactions is likely to depend on the orientation
of a single hydrogen bond.

MATERIALS AND METHODS

RNA synthesis, crystallization, and data collection

The GUAA oligoribonucleotide (27-mer) in the crystal was syn-
thesized at the Yale Keck Microchemical Facility; it was depro-
tected with triethylamine trihydrofluoride and purified by gel elec-
trophoresis. The 27-mer reproduced the nucleotides at positions
2647-2673 in E. coli 23S RNA r(UGCUCCUAGUACGUAAG
GACCGGAGUG) with the A2660U and G2661A mutations un-
derlined. Before crystallization trials, the concentration of the
RNA was adjusted to ~2.5 mg mL™" in 1.0 mM Na-EDTA, 10 mM
Tris (pH 8.0) and annealed by heating for 10 min at 55°C then
slowly cooling to 24°C. Crystals of the annealed RNA grew in 1-3
days by vapor diffusion at 19°C in drops having 2 uL of the
annealed RNA, 1 pL of well solution, and 0.3 pL of microseed,
derived from crushed wild-type crystals (Correll et al. 1999). The
well solution contained 3.0-3.2 M (NH,),SO, and buffer M (50
mM K-MOPS (pH 7.0), 10 mM MgCl,, 10 mM MnCl,). The
crystals grew as clusters of triangular plates. To separate the clus-
ters into single crystals, ~0.3 mL of 2.0 M (NH,) ,SO, and buffer
M were added to the drop. After ~2 min, when the clusters sepa-
rated, the single crystals (150 X 100 X ~5 um?, approximate size)
were stored in stabilizer solution, which had 3.5 M (NH,),SO, and
buffer M. Microseeds were prepared by crushing a crystal in sta-
bilizer solution.

The diffraction data were collected at the Structural Biology
Center (SBC) beamline 19-ID at the Advanced Photon Source
using a 3 X 3 charge-coupled device detector and 1° oscillations.
Before collection of diffraction data at low temperature, the crys-
tals were soaked for 3-5 min in a stabilizing solution that had 15%
(w/v) xylitol and were then frozen in propane. Data were inte-
grated and scaled with HKL-2000 (Otwinowski and Minor 1997).

Structure determination and refinement

The GUAA mutant structure was determined by molecular re-
placement and refined initially with CNS (Brunger et al. 1998)
using an E. coli SRL RNA structure as a search model (Correll et
al. 1999). After Patterson correlation refinement, a direct rotation
search produced a 6.3 o peak; a subsequent translation search
produced a 2 o peak. Although the height of the translation peaks
only modestly exceeded that of the next highest peak, the solution
led directly to the refined structure. Refinement was continued
with SHELX-97 (Sheldrick and Schneider 1997) to fit individual
anisotropic thermal parameters, which were tightly restrained to
avoid overfitting the data. Models of the structure were built with
the program O (Jones et al. 1991) and figures where generated
with RIBBONS (Carson 1991).

www.rnajournal.org 361


http://www.rnajournal.org

Downloaded from www.rnajournal.org on February 15, 2006

Correll and Swinger

Base-stacking interactions, which frequently stabilize RNA crys-
tal lattices, are unusual in the GUAA mutant structure because the
SRL RNAs stack stem to stem about a crystallographic twofold axis
that passes through two atoms in the terminal G-U wobble base
pair (C6 of U2697 and N1 of G2673). Each molecule about the
twofold axis contributes 1 nt to the wobble pair and the nucleotide
that could form the intramolecular closing pair is disordered.
Therefore, the occupancy of the closing pair is 0.5.

Structures used for comparison

Twenty tetraloop structures were used for comparison: the 1.4 A
GUAA tetraloop structure; the 2.4 A structure of the 50S subunit
of the ribosome, containing at least one of each tetraloop, totaling
12 examples (Klein et al. 2001); a 1.52 A GAAA structure (Batey et
al. 2001); a 2.25 A GAAA tetraloop (Juneau et al. 2001); a GAGA
1.11 A tetraloop (Correll et al. 1999); a 2.3 A GGAA tetraloop
(Hainzl et al. 2002); a 1.75 A GAGA tetraloop, three independent
copies in the asymmetric unit cell (M. Lubbers, Y. Chan, I. Wool,
and C. Correll, unpubl.). One of the tetraloops in the 50S subunit
structure is in the 55 rRNA (89-94); the remaining 11 tetraloops
are in the 23S rRNA (468-473, 576-581, 690-695, 804—809, 1326—
1331, 1862-1867, 2248-2253, 2411-2416, 2629-2634, 2695-2700,
2876-2881). Tetraloops that contain a bulged nucleotide between
the fourth and the 3’-adjacent nucleotide were not included. The
following Protein Data Bank (PDB) entries were used: 1JJ2, 1HQI,
1HR?2, 483D, 1LNG. For analysis of hydration, we used five of the
six structures that were determined to 2.0 A or higher resolution.
Only two of the three molecules in the asymmetric unit of the
1.75 A GAGA structure were used because the third copy deviates
significantly from the other five tetraloop structures shown in
Figure 2C. After superimposing the backbone atoms of the te-
traloops, solvent sites were considered structural if a cluster of at
least four solvent molecules existed in which no two atoms in the
cluster were farther than 0.8 A apart.

Coordinate accession codes

Coordinates and structure factors for the GUAA structure were
deposited with the PDB as entry number 1MSY.
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