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The solution structure of the conserved 690 hairpin from Escherichia coli
16 S tRNA was determined by NMR spectroscopy. The 690 loop is
located at the surface of the 30 S subunit in the platform region and has
been implicated in interactions with P-site bound tRNA, E-site mRNA,
S11 binding, IF3 binding, and in RNA-RNA interactions with the 790
loop of 16 S rRNA and domain IV of 23 S rRNA. The structure reveals a
novel sheared type G690-U697 base-pair with a single hydrogen bond
from the G690 amino to U697-04. G691 and A696 also form a sheared
pair and U692 forms a U-turn with an H-bond to the A695 non-bridging
phosphate oxygen. The sheared pairs and U-turn result in the continuous
single-stranded stacking of five residues from 6693 to U697 with their
Watson-Crick functional groups exposed in the minor groove. The overall
fold of the 690 hairpin is similar to the anticodon loop of tRNA. The
structure provides an explanation for chemical protection patterns in the
loop upon interaction with tRNA, the 50 S subunit, and S11. In vivo gen-
etic studies demonstrate the functional importance of the motifs observed
in the solution structure of the 690 hairpin.
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Introduction

An impressive amount of structural information
on the ribosome has recently become available.
Crystal structures of the 70 S ribosome (Cate et al.,
1999), individual subunits (Ban et al., 1999, 2000;
Clemons et al.,, 1999; Schluenzen et al.,, 2000;
Wimberly et al., 2000), and rRNA-protein com-
plexes (Agalarov et al., 2000; Nikulin et al., 2000)
and three-dimensional cryo-electron microscopy
(Frank & Agrawal, 2000; Mueller et al., 2000) are
being solved at increasingly higher resolution. In
addition, NMR has provided atomic-resolution
structures of ribosomal proteins (Berglund et al.,
1997; Jaishree et al., 1996; Markus et al., 1998), fac-
tors (Battiste et al., 2000; Hard et al., 2000), and sev-
eral rTRNA pieces (Dallas & Moore, 1997; Fountain
et al, 1996; Fourmy et al., 1998; Heus & Pardi,
1991; Huang et al., 1996; Szewczak & Moore, 1995).

tPaper I in this series is Morosyuk et al. (2000).
E-mail address of the corresponding author:
jsl@chem.wayne.edu
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Here, we present the NMR solution structure of
the 690 hairpin of Escherichia coli 16 S TRNA. The
690 loop terminates helix 23b in the central domain
of the 16 S rRNA and is highly conserved in all
three phylogenetic domains (Morosyuk et al., 2000,
2001; Van de Peer et al., 1999). It is located in the
platform region of the small subunit and protrudes
into the subunit interface with its minor groove
nucleotides available for interactions (Cate ef al.,
1999; Clemons et al., 1999; Merryman et al., 1999b).
The 690 loop and the adjacent internal loop are
protected from chemical modification by proteins
S11 and IF3 (Agalarov & Williamson, 2000;
Moazed et al., 1995; Muralikrishna & Wickstrom,
1989; Powers & Noller, 1995; Wickstrom et al.,
1986). These data are consistent with the placement
of the 690 loop in the 30 S platform, since IF3 and
511 have also been localized at the small subunit
platform by electron microscopy and neutron dif-
fraction (McCutcheon et al., 1999; Pon et al., 1982;
Stoffler-Meilicke & Stoffler, 1987). The 690 loop has
also been implicated in subunit association based
on the hydroxyl radical protection of the loop
nucleotides (Merryman ef al., 1999b). The 70 S ribo-
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some crystal structure shows that the 690 loop
forms one of the RNA-RNA bridges (bridge B?)
with the large subunit (Cate et al., 1999). Footprint-
ing studies indicate that protein S11 protects helix
23b, which suggests a possible interaction between
S11 and the 690 loop (Mueller et al., 1997; Powers
& Noller, 1995; Stern et al., 1988). Figure 1(a)
shows sites of chemical protection and crosslinking
of the 690 loop. The 690 loop may also interact
with P-site bound tRNA as evidenced by protec-
tion from chemical modification by P-site bound
tRNA (Moazed & Noller, 1986, 1990), cleavage by
hydroxyl radicals generated from the modified
3" end of the tRNA anticodon stem loops at the
P-site (Joseph & Noller, 1996; Joseph et al., 1997),
and cross links to tRNA (Doring et al., 1994;
Osswald et al., 1995; Rinke-Appel et al., 1995). Loop
nucleotides G693 and A694 effect binding of the
antibiotics pactamycin and edeine, which inhibit
initiation of protein synthesis (Egebjerg & Garrett,
1991; Mankin, 1997; Oehler et al., 1997; Woodcock
et al., 1991). The A694G mutation confers pacta-
mycin resistance (Mankin, 1997), suggesting that
the 690 hairpin loop may be involved in pactamy-
cin binding. Tetracycline derivatives with tethered
photo-activated moieties crosslink to positions
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Figure 1. (a) Patterns of the base-specific and

hydroxyl radical protection of the 690 hairpin in E. coli
16 S rRNA. Positions 687 and 700 are not paired in the
wild-type sequence, but are a part of the adjacent
internal loop. Filled circles (@) indicate sites of the
phosphate backbone that are protected from hydroxyl
radical cleavage upon association with the 50 S subunits
(Merryman et al., 1999b). Open circles (O) indicate
sites of hydroxyl radical footprinting of ribosomal
protein S11 (Powers & Noller, 1995). Filled squares (M)
indicate base-specific footprinting of S11 (Stern et al.,
1988). Bold letter t (t) indicates nucleotides crosslinked
and/or protected from chemical modifications by P-site
bound tRNA (Doring et al.,, 1994; Joseph et al., 1997;
Moazed & Noller, 1986, 1990; Osswald et al., 1995;
Rinke-Appel et al., 1995). Filled triangles (A) indicate
nucleotides implicated in antibiotic binding (Egebjerg &
Garrett, 1991; Mankin, 1997; Oehler et al., 1997;
Woodcock et al., 1991). Bold letter m (m) indicates the
site of crosslinking to mRNA (Wollenzien et al., 1991).
(b) The 14 nucleotide sequence used in structural stu-
dies. The boxed nucleotides were mutated to facilitate
isotope labeling by in vitro transcription and to thermo-
dynamically stabilize the stem to minimize fraying
artifacts.

G693, G1300 and G1338 of 16 S rRNA, suggesting
that these residues form a tetracycline-binding site
on the 30 S subunit (Oehler et al., 1997).

Here, we present the NMR solution structure of
the 690 loop. The structure reveals novel hydrogen
bonding and stacking interactions in the loop. The
loop architecture explains the reactivity of the 690
loop nucleotides toward chemical probes and pro-
vides insight into the function of the 690 loop.
Analysis of alternative functional 690 loop
sequences using instant evolution (see the accom-
panying paper, Morosyuk et al.,, 2001) indicates
that the structural motifs observed in the NMR
structure are important for ribosome function
in vivo.

Results

Sequence design

The sequence of the loop and stem of the
14 nucleotide RNA hairpin (14mer) studied by
NMR (Figure 1(b)) is identical with residues 688
through 699 of E. coli 16 S rRNA, with the excep-
tion of an extra G-C base-pair added to stabilize
the stem of the hairpin. We recently demonstrated
that pairing between residues 688 to 699 and
between 689 to 698 is important for ribosome func-
tion (Morosyuk et al., 2000). NMR studies were
also performed on a 31 nucleotide RNA with the
wild-type E. coli sequence of residues 680 to 710 of
16 S TRNA (wt31lmer) (Morosyuk et al., 2000). It
was found that the wt31mer has the same charac-
teristic imino-proton chemical shifts and NOEs as
the 14mer model of the 690 hairpin and therefore
both molecules form the same hairpin structure.
Therefore, addition of an extra G-C pair at the end
of the 690 hairpin stem does not appear to affect
the loop conformation.

Assignment of the base and H1’ protons

Initial assignments of the base H6/HS8 and sugar
H1" and H2’ resonances were made based upon 2D
NOESY, DQF-COSY and TOCSY experiments of
the unlabeled 14mer RNA sample. Adenine H2
chemical shift assignments were confirmed by the
long T, relaxation time of the H2 protons as well
as natural abundance (**C, 'H) HMQC (data not
shown) (Varani & Tinoco, 1991). The sequential 2D
NOESY walk is shown in Figure 2. At 500 ms mix-
ing time, the base to H1' NOE connectivity is con-
tinuous throughout the helix and loop residues
except for a missing U692-H1' to G693-H8
cross-peak. Assignments of G693, A694, and A695,
however, were initially perplexing due to the con-
nectivity pathway break between U692 and G693,
unusual cross-peaks from U692-H1' to A694-H8
and A695-HS8, and the atypical upfield shift of the
A695-H1’ resonance at 4.74 ppm. Unambiguous
assignment of these residues was accomplished
using a uniformly '*C,'°N-labeled 14mer sample
and heteronuclear NMR techniques. A 2D HccH-
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Figure 2. Base H8/H6 to H1'/H5 region of the 2D 2H,0 NOESY collected at 15°C and 500 ms mixing time.
The sequential walk is shown by arrows. Note the key non-sequential NOEs from A695-H8 to U692-H1’ and from
A694-HS8 to U692-H1' that are characteristic of a U-turn (Stallings & Moore, 1997). Also note the shifted A695-H1" at
4.74 ppm, which indicates that A695-H1’ is stacked on the A694 base. Intense cross-peaks are observed between
adenine (n) H2 to (n + 1) H1’ for residues A694, A695, and A696.

TOCSY experiment allowed assignment of the H2
and H8 of each adenine (Marino et al., 1994). The
3D HMQC-NOESY confirmed H1" and H2 assign-
ments. All three adenine H2 protons showed
strong NOE cross-peaks with H1" of the (n+ 1)
residue in the sequence indicating continuous
stacking of the loop bases from A694 to U697
(Figure 2). Non-sequential NOEs from U692-H1’ to
A694-H8 and A695-H8 provided information
about the loop tertiary structure (Figure 2).

Assignment of the phosphorus sugar proton
and carbon resonances

The sugar proton and carbon resonances were
assigned using 2D and 3D heteronuclear NMR
techniques on a uniformly '°C,'"°N-labeled 14mer
RNA molecule (Nikonowicz & Pardi, 1992, 1993;
Pardi, 1995). 3D HMQC-NOESY, and 2D and 3D
hCCH-TOCSY were used to assign sugar and base
carbon atoms. Next, 2D slices through the carbon
chemical shifts were used to assign and confirm

the sugar protons from 3D HCcH-COSY, 3D
HCcH-TOCSY, and 2D 3'P-decoupled DQF-COSY
experiments. Phosphorus resonance assignments
were made by the *'P, '"H HETCOR shown in
Figure 3.

Assignment of the solvent-exchangeable
protons

Imino proton resonances were assigned from 1D
NOE difference spectra and 2D NOESY with
WATERGATE solvent suppression (Morosyuk
et al., 2000). In addition, G and U imino protons
were distinguished by their attached >N chemical
shifts by natural abundance 'H,'°N-gradient-
HMQC (data not shown) (Szewczak et al., 1993).
At low temperature, all five imino protons from
the loop nucleotides were observed in the
10-12 ppm region of the 1D 'H NMR spectra
(Figure 4), including two resonances at 11.45 ppm
from overlapped U692 and U697 imino proton
peaks. The U692 imino proton resonance was
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Figure 3. 2D 3'P-'H HETCOR spectrum. Two shifted *'P resonance were observed for A694 and G693 residues at
—2.69 and —3.08, respectively, indicating an unusual magnetic environment or trans conformation of o and/or { tor-
sion angles. *'P-H4’ four-bond coupling was observed for all residues except A696 and A695 indicating that the other
residues are in a “W”" conformation (Altona, 1982). P to H5 and H5"” J-couplings are very weak, indicating three-
bond J-coupling less than 3 Hz and therefore indicating B dihedral angles close to 180°.

distinguished from the U697 resonance based upon
weak NOEs from the sharp U692 imino proton to
A694-HS8 and A695-HS (Figure 5). This is consistent
with the 2D 2H,O NOESY data (Figure 2), which
show non-sequential NOEs from U692-H1' to
A694-H8 and A695-HS8. Therefore, the sharp reson-
ance at 11.45 ppm is from U692 imino proton and
the broadened shoulder peak at ~11.46 ppm is
from the U697 imino proton. These assignments
are also consistent with the weak NOEs from the
stem G698 imino proton at 13.05 ppm to peaks at
11.46 and 10.78 ppm that are assigned to U697 and
G690 (Figure 5) (Morosyuk et al., 2000). Note the
absence in Figure 5 of an NOE between G690 and
U697. This indicates that G690 and U697 do not
form a wobble structure.

The imino protons of G691 and G693 were
assigned based upon key NOEs to non-exchange-
able protons. G691-H1 shows NOEs to A695-HS8
and A696-H8 (Figure 5). The G693-H1 at 10.3 ppm
is observed in the 1D NMR spectrum (Figure 4,
bottom), but is not observed in the 2D H,O
NOESY spectrum due to broadening from solvent
exchange. In the 1D NOE difference spectrum
(Figure 4, top), irradiation of the broad G693 imino
resonance results in a strong NOE to the A694-H2
resonance at 8.14 ppm and a medium NOE to

A694-H1" at 6.1 ppm. These data indicate that
G693 is stacked upon A694.

Torsion angles

In the short mixing time NOESY spectra, all resi-
dues show weak intra-residue NOEs from H8/H6
to H1’ (Figure 2) and strong NOEs from H8/H6 to
H3'. Therefore, all bases in the 690 loop are in the
anti conformation. For all residues, very weak or
no H1' to H2' cross-peaks were observed in the
DQEF-COSY spectrum. Therefore, Jy 1 couplings
are less than 2 Hz, which indicates C3'-endo sugar
puckers for all residues (Hall, 1995; Varani et al.,
1996). The H1'-H2' J-couplings were accurately
measured by 2D and 3D HCcH E-COSY (Schwalbe
et al., 1994).

Backbone dihedral angles involving phosphorus,
o, B, & and { were determined primarily from the
2D (*'P, 'H) HETCOR experiment (Figure 3). *'P
chemical shifts for 11 out of 13 residues were
found in the narrow region between —3.5 and —3.9
ppm. Nonetheless, unambiguous assignment for
all *'P resonances was possible because of the
excellent dispersion of the H3' resonances. *'P
chemical shifts for G693 and A694 are at —2.69 and
—3.08 ppm, respectively, indicating an unusual



NMR Structure of the 690 loop of 16 S rRNA

201

A694H2

G693 G693 amino
— A694H1’
A694H8
v -

EIIII[llllllTTY‘T\ll‘\lll‘YT

i4 13 12 11 10 9 8 7 ppm

TTYTTT T I T I

AR R R R R R AR RN R A R R RN AR AR RE SRR RN

14.5 13.5 12.5 11.5 10.5 ppm

Figure 4. Top, 1D NOE difference NMR spectrum at
1°C of the 690 hairpin for G693. Several NOEs are
observed (labeled) that resulted from selective
irradiation of the G693 resonance (arrow). These novel
NOEs were crucial in establishing the fold of the hair-
pin. Bottom, Imino proton region of the 690 hairpin.
Loop resonances are observed between 10 and 12 ppm.
The U697 imino resonance at 11.46 ppm is broadened
due to solvent exchange and forms a shoulder next to
the sharp U692 peak. The 17 Hz linewidth of the U692
peak suggests it is hydrogen bonded, consistent with a
U-turn conformation.

magnetic environment or the formation of the
unusual frans conformation of o and/or { torsion
angles for these residues (Gorenstein, 1984). There-
fore, o and { torsion angles were restrained in the
calculations to a range of 0(£120)° for all residues
with the exception of G693, A694, and A695,
which were unrestrained (see Materials and
Methods). Three-bond P-H3" J-couplings of
8-12 Hz were measured for all residues, which
indicates € angles of —155(£30)°. In addition, intra-
residue four-bond phosphorus to H4' cross-?eaks
were observed for all residues in the *P-'H
HETCOR of the 14mer (Figure 3) except for A695
and A696. These four-bond couplings indicate a
“W” shaped conformation between P and H#4'
atoms and therefore trans B and gauche™ y angles
(Altona, 1982; Lankhorst ef al., 1984). Therefore,
restraints of 180 (+ 30)° for B and 60 (+20)° for y
were assigned for all residues except A695 and
A696, which were unrestrained. These restraints
are supported by weak intra-residue P to H5 and
H5"” J-couplings and by weak NOEs from base
H6/HS to H5 and H5".

The H3'-H4' splitting observed in the DQF-
COSY cross-peak for A695 is 16 Hz due to the
active coupling of ~8 Hz and passive H4'-H5'/
H5” coupling of ~8 Hz that is characteristic of
trans or gauche™ y conformers. Therefore, the A695
v was left unrestrained. A695 vy in the trans or
gauche conformation is also consistent with the
strong NOEs observed from A695-H8 to A695-H5’
and A695-H5” in 2D 2H,O0 NOESY (data not

Table 1. NMR distance and dihedral angle constraints

Hydrogen bond restraints? 9
Total NOE distance restraints 193
Intra-residue 53
Inter-residue 140
Mean NOES per residue 13.8
Dihedral angle restraints 72
Mean dihedrals per residue 5.1
Total restraints 314
Total restraints per residue 224
Total number of atoms 455
Total dihedral angles 93
All-atom RMSD (A) 0.68

2 Each G:C base-pair in the stem was constrained by three
hydrogen bonds.

shown). All 15 of the final structures (see below)
have A695 v in the trans conformation.

Structure calculations

Non-exchangeable inter-proton distances were
obtained from 2D NOESY experiments with 60,
100 and 150 ms mixing times. The average buildup
rate of the C689 H5/H6 and U697 H5/H6 NOEs
was used to scale the NOE cross-peak intensities to
determine distances (see Materials and Methods).
A total of 193 NOE-derived distances and 72
dihedral-angle restraints (Table 1) were used for
simulated annealing and refinement protocols as
outlined in Materials and Methods. The three G-C
base-pairs in the stem were restrained with nine
Watson-Crick hydrogen bonds.

After simulated annealing, 60 % of the random
structures (24 out of 40) converged into global fold
structures that formed the proper stem base-pairs
and had an NOE penalty of less than 35 kcal/mol.
Fifteen of these structures were randomly selected
for refinement calculations (see Materials and
Methods). None of the refined structures had more
than two distance constraint violations greater
than 0.2 A. The root-mean-squared deviation
(RMSD) from ideal angles for each of the 15 struc-
tures was less than 2.8°. The superposition of all
15 structures yielded an all-atom average RMSD of
0.68 A (Table 1 and Figure 6).

Discussion
The structure of the 690 loop

Figure 7 shows a stereo view of the 690 hairpin
tertiary structure. The 690 stem forms a hairpin
with an A-type helical conformation and the loop
forms a highly ordered structure that is stabilized
by a network of hydrogen bonds (Table 2). The
loop contains four structural motifs that contribute
to loop stability and appear to be important for
ribosome function: (i) a novel sheared G690-U697
mismatch, (i) a sheared G691-A696 mismatch,
(iii) a U-turn, and (iv) contiguous stacking of resi-
dues G693 to U697 (Figure 8). The structure of the
690 hairpin resembles a number of other biologi-
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Figure 5. Imino/amino proton region of the 2D H,O NOESY collected at 200 ms mixing time and 5°C. Several key
NOEs are observed from G691 and U692 imino protons to base protons of the adenine bases across the loop. Weak
NOEs between the G698 imino proton from the stem to the G690 and U697 imino protons of the loop (shown by
arrows) confirmed imino proton assignments. Note the absence of the NOE between G690 and U697 imino groups,
indicating that G690 and U697 do not form a wobble pair and that these imino groups are > 4.0 A apart.

cally important RNAs including the tRNA antico-
don (Figure 9) and TWC loops (Basavappa &
Sigler, 1991; Quigley & Rich, 1976) and hexaloop
hairpins (Fountain et al., 1996; Huang et al., 1996;
Stallings & Moore, 1997). It is interesting, that each
of these hairpins is known to participate in recep-
tor interactions with proteins and RNA, suggesting
that the 690 loop plays a similar role in the ribo-
some (see below).

The G690-U697 mismatch

The G-U mismatch is the most frequent non-
canonical base-pair in RNA. Over 1% of the paired
positions in 16 S and 23 S rRNA are G-U
mismatches (Gautheret et al., 1995). Five different
G-U mismatch structures have been reported
(Nagaswamy et al., 2000). Of these five, the G-U

Table 2. Hydrogen bond distances (A) in the 690 loop

wobble pair is by far the most common (He et al.,
1991). The other structures observed to date are
G-U reverse wobble (Gautheret et al., 1995;
Nagaswamy et al., 2000), G imino:amino-U-4
carbonyl bifurcated (Dallas & Moore, 1997), G-U
carbonyl-imino (1 H-bond) (Jiang & Patel, 1998),
and G-U imino-2-carbonyl (1 H-bond) (Allain &
Varani, 1995). The structure of the 690 loop reveals
a novel G690-U697 mismatch at the base of the
loop (Figure 8). Based on modeling studies, a non-
wobble structure for G690-U697 was previously
suggested (Gautheret et al., 1995), although the pre-
cise geometry was not predicted. Therefore, G-U
mismatches may assume a variety of diverse struc-
tures depending on the context.

The G-U pair observed in the NMR structure of
the 690 loop involves a single hydrogen bond from

Donor Acceptor Average® Range

G690 H22 U697 04 1.90+0.22 1.80-2.17
A696 H62 G691 N3 3.05+0.64 2.50-3.58
G691 H22 A696 N7 2.04+0.13 1.91-2.29
G691 H21 A696 O1P 2.484+0.82 1.81-4.24
A695 H62 U691 02 2.89+0.63 2.10-4.27
U692 OH2 A694 N7 1.774+0.07 1.69-1.95
U692 H3 A695 O1P 2.284+0.39 1.90-3.41

2 Distance calculations are done for 15 final structures.
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Figure 6. Superposition of the 15 final structures of
the 690 loop. The all-atom RMSD is 0.68 A. Water mol-
ecules and counterions included in the modeling are not
shown for clarity.

G690-H22 (amino) to U697-O4 and belongs to the
class of sheared mismatches (Leontis & Westhof,
1998). The average distance of this H-bond in the

15 final structures is 1.9 A (Table 2), which is in
the range for a direct H-bond. The G690-U697 pair
is further stabilized by extensive stacking with the
sheared G691-A696 pair. Figure 8(c) shows the
33.2 A% van der Waals overlap of the two consecu-
tive mismatches. The Watson-Crick functional
groups of U697 are displaced toward the minor
groove and are accessible to solvent. This suggests
that broadening of the U697 imino proton reson-
ance is due to solvent exchange (Figure 4). Further-
more, no NOE is observed between the G690 and
U697 imino proton resonances (Figure 5) indicating
that these protons are separated by a longer dis-
tance than in wobble or bifurcated G-U pairs.
Since weak NOEs from G698-H1 to both G690-H1
and U697-H3 are observed, it seems unlikely that
the absence of the G690 to U697 imino proton
NOE is due to solvent exchange. Positioning of the
U697 in the sheared orientation requires a larger
helical twist (82° observed) than that which would
be observed in an A-form conformation (32.7°)
(Lavery & Sklenar, 1989). A weak NOE from U697-
H5 to G698-H1' (data not shown) provides evi-
dence for the unusual helical twist. Unrestrained
molecular dynamics simulation with the AMBER
5.0 forcefield (Cornell et al., 1995) with PME elec-
trostatics (York et al., 1993), explicit solvation, and
counterions at 288 K showed that the G690-H22
amino to U697-O4 hydrogen bond was preserved
throughout the 800 ps simulation.

In our mutational studies, the potential to form
690-697 sheared pairs correlates with ribosome
function suggesting that the 690-697 sheared
conformation is important for ribosome function
(Morosyuk et al., 2001). All nucleotide pairs except
G:C and C:G can potentially form sheared confor-

Figure 7. Stereo view of the 690 loop structure. The sugar-phosphate backbone is colored orange and base atoms
are colored according to atom type to illustrate the locations of functional groups. The two phosphate groups with
shifted 3'P resonances on the top of the loop are in purple. Loop nucleotides are labeled.
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(c) (d)

mations (see Figure 7 in Morosyuk et al., 2001). In
our mutational studies, the G:C and C:G mutants
produced ribosomes with the lowest function of all
16 690:697 pairs. In addition, about 8 % of phyloge-
netic rRNA sequences have a G690A substitution,
creating the potential to form a Watson-Crick
A690-U697 pair. Based on our mutagenesis and
NMR results for the wild-type G-U sequence, we
predict that the A690:U697 mutant is not Watson-
Crick paired but forms a sheared type of geometry

Figure 8. Details of the 690 loop
structure. Hydrogen bonds are
shown with broken lines (see
Table 2 for listing of H-bond
lengths). (a) Novel G690-U697
sheared base-pair with one H-bond
between the G690 amino group
and U697 O4. (b) The G691-A696
sheared pair. The H-bond between
A696 H6 amino and G691 N3 is
about 3 A and is probably
mediated by a water molecule.
(c) Stacking interactions between
the two mismatches at the base of
the 690 loop. Extensive overlap
(332 A?) of aromatic rings is
observed of the G690-U697 pair
(blue) with the G691-A696 pair
(orange). (d) The U-turn motif
showing the three hydrogen bonds
that stabilize the turn (see the text).

without direct H-bonding and is stabilized by
stacking with the sheared G691-A696 (see below)
and interactions with other parts of the ribosome.
Alternatively, the A690 mutant may participate in
a dynamic exchange between Watson-Crick and
sheared conformations.

It is interesting, that the NMR structure of loop
Ila of yeast U2 snRNA (rGGUCAGUGUAACAA-
CUGACQC) is similar to the structure of the 690
hairpin with a U-turn, stacked purine bases on the

Figure 9. Comparison of the structures of the tRNA*¥P anticodon loop (Moras ef al., 1985) with the 690 loop of 16 S
rRNA. Note the similar positions of the sheared U32-C38 pair, the U-turn, and the five stacked nucleotides on the 3'-
side of the loop in tRNA and corresponding positions in the 690 loop. Also note that tRNA does not contain a resi-

due analogous to G691.
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3’ side of the loop and a sheared G-A pair next to
a closing non-standard U-A (Stallings & Moore,
1997). In that study, the loop closing U:A pair does
not display a U-imino to A-H2 NOE, which is nor-
mally observed in a U-A Watson-Crick pair and
the A is reactive to DMS probing (Ares & Igel,
1990). These data indicate that the closing U:A pair
in loop Ila of U2 snRNA is not forming a Watson-
Crick pair; instead, this U- A pair probably forms a
sheared conformation (see the accompanying
paper, Figure 7, Morosyuk et al., 2001) or may be
in dynamic conformational exchange.

The G691-A696 sheared pair

The sheared G-A structure is a common motif
and is frequently observed as the closing mismatch
of hairpin loops (Heus & Pardi, 1991; Huang et al.,
1996; Jucker et al., 1996; Pley et al., 1994a; Stallings
& Moore, 1997). It is also found in other contexts
such as the sarcin-ricin loop (Szewczak & Moore,
1995), 55 rRNA loop E (Correll et al., 1997;
Wimberly et al., 1993), and tandem G- A pairs (Pley
et al., 1994b; Santalucia & Turner, 1993). The
G691-A696 mismatch of the 690 loop forms a
sheared pair and is shown in Figure 8(b). The
sheared G691-A696 structure is stabilized by stack-
ing with the sheared G690-U697 pair (Figure 8(c))
and by H-bonds from G691-amino to A696-N7 and
from G691-amino to the A696 non-bridging phos-
phate oxygen (Table 2); these H-bonds are also
seen in GNRA tetraloops (Heus & Pardi, 1991) and
tandem G-A pairs (SantaLucia & Turner, 1993).
The G691-A696 pair, however, also shows differ-
ences in hydrogen bonding from previously
observed sheared G-A pairs. Unlike GNRA tetra-
loops and tandem G-A structures, the dlstance
between A696-N6H and G691-N3 is about 3 A,
which is too long to form a direct hydrogen bond
but may instead be mediated by a water molecule.
This is similar to the crystal structure of the GAAA
loop complex with its receptor, which also does
not show a direct A-N6H to G-N3 H-bond (Pley
et al., 1994a). In addition, no H-bond is observed
from A696-N6H to G691-02’, which is observed in
the tandem G-A structure (Santalucia & Turner,
1993). In the instant-evolution experiment, the only
functional substitutions isolated for the wild-type
G691-A696 were A-A, U-A, and G-G (Morosyuk
et al., 2001). All three of these substitutions have
previously been shown to be capable of forming
sheared structures that are isomorphous with
G691-A696 (see Morosyuk et al., 2001). This
suggests that the sheared G691-A696 conformation
observed is important for ribosome function.

The U-turn

The change in direction of the phosphate back-
bone in the 690 loop is governed by a U-turn struc-
ture (Figure 8(d)), a common motif found in tRNA
anticodon (Figure 9) and TWC loops (Basavappa &
Sigler, 1991; Quigley & Rich, 1976), hexaloop hair-

pins (Huang et al., 1996), tetraloop hairpins (Jucker
et al., 1996), and a pseudoknot structure (Gutell
et al., 2000; Kolk et al., 1998). The structure of the
classical U-turn with UNR sequence is typically
stabilized by two H-bonds: one from the U-OH2’
to the N7 of the n + 2 purine and the second from
the U imino proton to the bridging or non-bridging
oxygen of the n+ 3 phosphate. The U692-G693-
A694 U-turn in the 690 loop is consistent with this
description. The 690 loop has H-bonds from U692-
OH2' to A694-N7 and from U692-imino to A695-
O1P (non-bridging) (Table 2). The 17 Hz linewidth
of the U692 imino proton resonance is comparable
with the H-bonded stem imino protons, which is
also consistent with H-bonding for the U692 imino
proton.

The backbone turn in the 690 loop is accom-
plished in part by the trans G693 o torsion angle
that produces a downfield shift of the G693 3'P res-
onance (—2.69 ppm) (Figure 3). The A694 *'P is
also slightly downfield shifted (—3.08 ppm)
(Figure 3). The A694 dihedral angles, however, are
within the A-form range. The dihedral angle for
the A695 o is —137°, which is slightly outside the
range typically observed for a non-shifted *'P
resonance (—3.81 ppm). Corresponding shifted *'P
resonances and dihedral angles were observed in
the loop Ila of U2 snRNA (Stallings & Moore,
1997) and also in the L11 protein hexaloop of 23 S
rRNA (Fountain et al., 1996).

Phylogenetic data suggest that the U-turn motif
in the 690 loop may be functionally important.
U692 is conserved in 99.6 % of bacterial sequences
and position 694 is always a purine (A in 87.6 % or
G in 12.4% of rRNA sequences) (Gutell et al., 2000;
Van de Peer et al, 1999). All of the 690 loop
instant-evolution mutants are able to form a turn
at the top of the hairpin, although 55 functional
sequences were isolated that do not adhere to the
UNR U-turn motif (Morosyuk et al., 2001). These
data suggest that a turn in the loop is important
but that it does not have to be a U-turn to maintain
ribosome function. Two consequences of the
U-turn in the 690 loop appear to be important for
ribosome function. First, the U-turn places G693 at
the top of the loop. A number of studies have
implicated this residue in ribosome function
(Doring et al., 1994; Moazed & Noller, 1986, 1990)
and recent crystal structures of the 30 S subunit
show G693 stacked on N1 of the E site codon of an
mRNA mimic (Wimberly ef al., 2000).

The second consequence of the U-turn in the 690
loop is the contiguous stacking of residues G693 to
U697, which appear to be involved in ribosomal
subunit association (see below) (Cate et al., 1999).
Nucleotides G693 to U697 form an uninterrupted
array of stacked bases on the 3’ side of the stem.
The parallel stacking of these bases place the
adenine (1) H2 protons of A694, A695, and A696
within 3 A of the (1 4 1) H1' protons. These find-
ings are supported by the 2D NOESY data
(Figure 2). The Watson-Crick functional groups of
residues G693 to U697 are displaced toward the
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Figure 10. Surface potential of the 690 loop with
views into the minor groove (top) and major groove
(bottom). The surface potential was calculated using
ONIFFT, using a two step focusing procedure as
described previously (Chin et al., 1999) and displayed
with GRASP. The simulated salt concentration was
145 mM and the dielectric was assumed to be 80 for
water and 2 for the RNA. The most prominent electro-
static features are labeled. These electronegative groups
(red surfaces) may be important for ligand recognition
and/or metal binding.

minor groove of the loop while the Hoogsteen
edges of these bases interact with the opposite
strand. The six-membered ring of A694 is posi-
tioned directly above the H1' of A695; this appar-
ently causes an upfield shift of the A695-H1'
resonance (Figure 2). Similar upfield shifts of H1’
resonances due to aromatic stacking have been
observed in the GAGA and UUCG tetraloop
(Jucker et al., 1996; Varani et al., 1991) as well as

tandem G-A mismatch structures (SantalLucia &
Turner, 1993).

Interactions with other ligands

The 690 loop, stem and adjacent internal loop
have been implicated in RNA-RNA interactions
with the large subunit (Cate et al., 1999; Merryman
et al., 1999b). Given the similarity between the
GAAA tetraloop and the 690 loop structures (the U
turn, sheared G-A motifs and 3'-base stacking), it
is possible that the 690 loop interacts with another
helical region of the 23 S rRNA with a mechanism
similar to that described for the GAAA tetraloop
receptor (Pley et al., 1994a). In the GAAA-receptor
model, N1, N3, and 2’-OH groups of the adenine
bases interact with the minor groove of consecutive
G-C pairs in the receptor stem. The 690 region has
been shown to form a bridge (B7) between the
small and large ribosomal subunits (Cate et al.,
1999). The edge of the cleft in the 50 S subunit
interface (Ban et al., 1999), where the counterpart of
the 690 loop bridge B7 maps (Cate et al., 1999),
appears to consist of domain IV of 23 S rRNA
(Mueller et al., 2000). In domain IV, the 1700 and
1920 regions are protected from hydroxyl radical
cleavage upon subunit association (Merryman et al.,
1999a). The 1920 region in 23 S rRNA and the 790
loop in 16 S rRNA must be close in 70 S ribosomes
because they both are cleaved by hydroxyl radicals
generated from the 5" end of the same P-site bound
tRNA anticodon stem-loop (Joseph et al., 1997).
The 790 and 690 loops have been crosslinked
(Atmadja et al., 1986) and found in close proximity
in the platform region of the 30S structure
(Clemons et al., 1999). This places the 690 loop in
the vicinity of domain IV of 23 S ribosomal RNA.

In the 690 loop, S11 produces weak protection
from hydroxyl radicals (Powers & Noller, 1995)
and strong protection from base-specific probes
(Stern et al., 1988) (Figure 1(a)). This suggests that
the S11 protein may interact with the minor groove
functional groups of the 690 loop as well as the
adjacent internal loop. The 690 region and the adja-
cent internal loop probably undergo structural
rearrangements and may interact with these
ligands at different stages of protein synthesis
(Agrawal et al, 1998; Joseph et al, 1997;
McCutcheon et al., 1999; Moazed & Noller, 1989;
Mueller et al., 1997; Stark et al., 1997). This hypoth-
esis provides an explanation for how the same
nucleotides in the 690 region can have footprints
and crosslinks to P-site tRNA, S11, and the 50 S
subunit. Insight into the nature of the proposed
interactions of the 690 loop with its ligands is pro-
vided by electrostatic surface of the 690 loop
shown in Figure 10 (Chin et al., 1999). In the major
groove, the carbonyl oxygen atoms of G690, G691,
and U692 are aligned and form a string of electro-
negative groups. In the minor groove, the O2 of
U697 is a prominent feature as are the string of
phosphate, O2', and adenine N3 groups. These
electronegative surfaces may be important for
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ligand recognition of the large subunit, S11, and/
or metal binding.

Comparison of the solution and crystal
structures of the 690 loop

While this paper was under review, two inde-
pendent crystal structures of the 30 S subunit were
published (Schluenzen et al., 2000; Wimberly et al.,
2000). The heavy-atom RMSD for residues 688 to
699 of 16 S TRNA between the NMR structure and
the Schluenzen et al. (2000) structure is 1.77 A and
with the Wimberly et al. (2000) structure is 0.79 A,
respectively. The Wimberly et al. (2000) structure is
in quantitative agreement with the NMR structure
and contains all of the features revealed in the
NMR structure including the sheared G690-U697
mismatch. The Schluenzen et al. (2000) structure
has the same overall fold as the NMR structure
and contains a U-turn closed by a sheared
G691-A696 mismatch, but does not show the
sheared G690-U697 mismatch and does not have
the contiguous stacking of residues G693 to U697.
The differences between the Schluenzen ef al.
structure and the NMR and the Wimberly et al.
structures may reflect a different functional state of
the 690 loop or may be due to slightly lower resol-
ution (3.3 versus 3.05 A) and incomplete refinement
as stated by the authors (Schluenzen et al., 2000).
The agreement between the Wimberly ef al. struc-
ture and the NMR structure is remarkable, since
the X-ray structure reveals that the 690 loop forms
up to 11 hydrogen bonds with the 790 loop, five
H-bonds to the S11 protein, and shows stacking of
G693 with the N1 base of the E-site codon mimic,
while the NMR structure is not complexed with
any other molecule. This suggests that the 690 loop
is properly folded prior to the binding of S11 and
may assist in the folding and assembly of the ribo-
some, including the 790 loop for which the NMR
structure is more dynamic (S. Varma, P.R.C. and
J.S., unpublished results). Functional aspects of
interactions of the 690 loop with other ribosomal
components are discussed in the accompanying
paper (Morosyuk et al., 2001).

Materials and Methods

RNA sample preparation

The unlabeled 14mer RNA oligoribonucleotide was
synthesized on solid support with the phosphoramidite
method (Capaldi & Reese, 1994) on a Cruachem PS 250
DNA/RNA synthesizer. Oligomers were removed from
the solid support and deprotected by treatment with
ammonia and acid following the manufacturer’s protocol
and purified by denaturing gel electrophoresis, as
described previously (Morosyuk et al., 2000). UV absor-
bance melting of the 14mer indicated a concentration-
independent Ty; over an 80-fold range of concentration
(T =57.9°C in 40 mM NaCl, 10 mM sodium cacody-
late, 0.1 mM EDTA, (pH 6) buffer; complete results for
the wild-type and mutants will be reported elsewhere),
confirming the formation of the expected unimolecular

hairpin under the NMR solution conditions (Morosyuk
et al., 2000).

The uniformly labeled sequence was transcribed
in vitro using uniformly '*C,'>N-labeled NTPs. Uniformly
13C,'°N-labeled NTPs were synthesized according to
published procedures (Batey ef al., 1992; Nikonowicz
et al., 1992). Phage T7 RNA polymerase and uniformly
13C,°N labeled NTPs were used to synthesize the 14mer
RNA by run-off transcription (Wyatt et al., 1991). The
14mer RNA was purified by denaturing urea 20 % (w/v)
polyacrylamide gel electrophoresis, excising the appro-
priate gel band, and extracting by the crush and soak
method. Extracted samples were extensively dialyzed
against double-distilled, deionized water, lyophilized,
and dissolved in NMR buffer. The NMR buffer consisted
of 50 mM NacCl, 0.2 mM EDTA, 10 mM disodium phos-
phate at pH 6.8 and was prepared in either 90 % H,O
and 10% 2H,O or 99.9 % 2H,O for use in exchangeable
or non-exchangeable proton spectroscopy, respectively.
The samples for non-exchangeable proton NMR studies
were lyophilized several times from 99.96 % *H,O and
finally dissolved in 99.996 % 2H,O. Each NMR sample
contained 3-trimethylsilyl propionic-2,2,3,3-d* (TSP) for
referencing the spectra to a proton frequency of 0.0 ppm.
Trimethyl phosphate (TMP) was used as an external
standard for *'P referencing at 0.0 ppm.

NMR methods

All NMR spectra were recorded on a Varian UNITY
500 MHz NMR spectrometer equipped with a 'H, °C,
N, *!'P-quadruple resonance probe with z-axis gradient
coil (Nalorac, Inc.). The carrier frequency was set at the
H?HO resonance for proton, —3.5 ppm for *'P, and 148
or 78 ppm for ®C. After acquisition, data were trans-
ferred to a Silicon Graphics (Indigo® Extreme) worksta-
tion and processed with VNMR or FELIX 98 (MSI)
software.

Exchangeable proton 1D and 2D spectra were
acquired at 1°C or 5°C using WATERGATE with “flip-
back” solvent suppression (Lippens et al., 1995; Piotto
et al., 1992) as described by Morosyuk et al. (2000). 2D
NOESY spectra for non-exchangeable protons were col-
lected at 15°C using mixing times of 60 ms, 100 ms,
150 ms and 500 ms mixing times. 2D NOESY at 500 ms
mixing time were collected at two temperatures, 15°C
and 20°C, that facilitated peak assignments due to slight
changes in chemical shift for some resonances. The
residual H?HO peak was irradiated for one second with
low power during recycle delay in order to reduce the
intensity of the H’HO peak to about the same magnitude
as the RNA peaks. Quadrature detection for the indirect
dimensions of multidimensional experiments was
achieved using the States-TPPI method (Marion ef al.,
1989). Acquisition times for 2D experiments were 24 to
36 hours. The data were zero filled in the t1 dimension

and processed with appropriate skewed-sinebell
apodization functions.
All  other multidimensional experiments were

recorded at 15°C in 99.996 % 2H,O. 2D spectra included
3P decoupled DQF-COSY (Varani & Tinoco, 1991),
S1Ip_'H HETCOR (Sklenar et al., 1986), and 2D HccH-
TOCSY optimized for AH2-AH8 correlation (Marino
et al., 1994). Dihedral angle restraints were derived from
J-coup lm% measurements of *'P-decoupled DQF-COSY
and *'P-'H HETCOR cross-peaks (Varani & Tinoco,
1991).
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Three-dimensional heteronuclear NMR experiments
that were performed using the uniformly *C,"°N labeled
sample included 3D HMQC-NOESY at 200 ms mixing
time with the carbon carrier frequency set in the C8/C6
region of the spectrum at 135 ppm (Fesik & Zuiderweg,
1990), 3D HCcH TOCSY, 3D hCCH TOCSY, and 3D
HCcH COSY (Hall, 1995; Nikonowicz & Pardi, 1992,
1993; Pardi, 1995; Varani et al., 1996) and 3D HCcH
E-COSY (Schwalbe et al., 1994). The FIDs were zero filled
to give a final matrix of 128 x 128 x 2048 real points.
A combination of these experiments was used for peak
assignments and to generate the distance restraints.

Structure calculations

Structures were calculated with X-PLOR version 3.1
using restrained molecular dynamics (rMD) and
restrained energy minimization (rEM) (Briinger, 1992),
and structures were analyzed using Biosym Insight II
(MSI). Non-exchangeable inter-proton distances were
obtained from 2D NOESY experiments with 60, 100 and
150 ms mixing times. Cross-peak volumes were inte-
grated using the FELIX (MSI) software package. The
average buildup rates of C689 H5/H6 and U697 H5/H6
NOEs were used to scale other NOE buildup rates. Error
bars were assigned to each distance as follows: 2.0-2.6
(:i:04)A 2.7-33 (x05) A, 3440 (+ 07)A, 4.0-5.0
(£0.9) A (SantaLucia & Turner, 1993). Error ranges were
set to larger values in some instances to account for spec-
tral overlap and spin diffusion. A few weak cross-peaks
only observed at 500 ms mixing time NOESY were
restrained to 3.0-6.0 A distance. The 24 distance con-
straints involving exchangeable protons were obtained
from 2D H,0 NOESY experiment at 200 ms mixing time
and were classified as strong (1.5-3.0 A), medium (2.5-
4.5 A), or weak (3.0-6.0 A) distance restraints.

NOE and dihedral angle restraints were included in
the force field as a quadratic pseudopotential with a flat
well within the upper and lower bounds of the
restraints. Force constants used for the NOE and dihe-
dral angle potentials were set to 50 kcal/(mol A?%) and
50 kcal/(mol rad?). Calculations were performed in four
stages. First, 40 structures with random dihedral angles
were generated using the X-PLOR internal coordinate
facility and used as the starting coordinates for the rMD
and rEM protocols. Second, during the global fold phase,
a simulated annealing protocol in wvacuo was used in
which only NOE and hydrogen bonding distance con-
straints were used together with energy terms to main-
tain the covalent structure. Repulsive van der Waals’
interactions were turned off initially to facilitate
sampling of conformational space and improve conver-
gence (SantaLucia & Turner, 1993). The in vacuo global
fold calculation without dihedral restraints and the initial
in vacuo refinement with dihedral restraints were per-
formed as described previously (SantaLucia & Turner,
1993). Several trial global fold calculations were per-
formed to examine structures for inter-proton distance
violations. Eighteen “missing NOE” distance restraints
(>4 A) were added to the restraint file to increase dis-
tances between protons which did not produce NOE
cross-peaks in the NMR spectra but were close in the
global fold structures (Stallings & Moore, 1997). Incor-
poration of the “missing NOE” restraints improved the
convergence of the global fold structures. A convergence
rate of 60 % of the random structures (24 out of 40) was
observed. Next, the global fold structures were refined
following the protocol described previously using the

complete set of NOE and dihedral restraints (SantaLucia
& Turner, 1993). A control set of calculations were per-
formed without imposing the o and { dihedral restraints
derived from 3'P chemical shifts; these in vacuo refined
structures (not shown) were within the RMSD of the
structures calculated with the o and ( restraints included.
Final structures were evaluated on the basis of total
NOE restraint violation energy. At the final refinement
stage, the structures were subjected to rMD and energy
minimization using Amber version 5 (Oxford Molecular,
Inc.) utilizing particle mesh Ewald (PME) electrostatics
and including the explicit TIP3P solvent and 13 solvated
sodium ions to neutralize phosphate backbone charge of
the 14mer RNA (Cornell et al., 1995). The dynamics run
included 50 ps of tMD at 288 K followed by 3000 steps
of energy minimization. To validate the final structure,
unrestrained 800 ps MD simulation with PME electro-
statics, explicit solvation, and counterions at 288 K was
performed on one randomly selected final structure. The
all-atom RMSD of the structure after 800 ps of dynamics
and the starting structure was 1.4 A, indicating that the
690 loop forms a stable fold.

Protein Data Bank accession codes

Coordinates have been deposited in the Protein Data
Bank (accession code 1FHK).
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