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ABSTRACT

Nucleolin, a multi-domain protein involved in
ribosome biogenesis, has been shown to bind the
consensus sequence (U/G)CCCG(A/G) in the
context of a hairpin loop structure (nucleolin recog-
nition element; NRE). Previous studies have shown
that the ®rst two RNA-binding domains in nucleolin
(RBD12) are responsible for the interaction with the
in vitro selected NRE (sNRE). We have previously
reported the structures of nucleolin RBD12, sNRE
and nucleolin RBD12±sNRE complex. A comparison
of free and bound sNRE shows that the NRE loop
becomes structured upon binding. From this obser-
vation, we hypothesized that the disordered hairpin
loop of sNRE facilitates conformational rearrange-
ments when the protein binds. Here, we show that
nucleolin RBD12 is also suf®cient for sequence-
speci®c binding of two NRE sequences found in
pre-rRNA, b1NRE and b2NRE. Structural investiga-
tions of the free NREs using NMR spectroscopy
show that the b1NRE loop is conformationally het-
erogeneous, while the b2NRE loop is structured.
The b2NRE forms a hairpin capped by a YNMG-like
tetraloop. Comparison of the chemical shifts of
sNRE and b2NRE in complex with nucleolin RBD12
suggests that the NRE consensus nucleotides
adopt a similar conformation. These results show
that a disordered NRE consensus sequence is not a
prerequisite for nucleolin RBD12 binding.

INTRODUCTION

Nucleolin is a highly conserved multi-domain protein
involved in cell growth and proliferation (1). Although
nucleolin functions in a number of important cellular
processes, it is most widely known for its participation in
steps throughout ribosome biogenesis including rDNA tran-
scription, pre-rRNA processing, ribosome assembly and
nucleo-cytoplasmic transport (2). Attempts to characterize
how nucleolin participates in ribosome biogenesis have
revealed that different domains or combinations of domains
of nucleolin perform varied functions. Studies have shown that
the N-terminal domain is possibly involved in regulating

rDNA transcription (3), the RGG domain interacts with
several important ribosomal proteins (4), and the four RNA-
binding domains (RBDs) bind to nascent rRNA transcripts
(5,6). The RBDs of nucleolin have babbab folds and contain
conserved aromatic, hydrophobic and basic amino acids (RNP
motifs) that are commonly used for sequence-speci®c RNA
recognition (7). Nucleolin binds speci®cally to at least two
different pre-rRNA sequences using different combinations of
its four RBD domains. One, an 11 nt sequence found in the 5¢
external transcribed spacer (ETS) of mouse pre-rRNA (nt
+655 to +666), which is called the evolutionary conserved
motif (ECM), requires all four RBDs of nucleolin for binding
(8). Interaction of nucleolin with the ECM, which is conserved
from mice to humans, is required for the ®rst U3 snoRNP-
mediated cleavage step of pre-rRNA in vitro (9). Another
family of recognition sequences was identi®ed by in vitro
selection and binding experiments with RNA fragments
derived from the 5¢ ETS of mouse pre-rRNA. This family of
recognition sequences was shown to contain the consensus
sequence (U/G)CCCG(A/G) in the context of a hairpin loop
structure termed the nucleolin recognition element (NRE) (5).
A subsequent study showed that only the ®rst two N-terminal
RBDs of nucleolin are necessary for sequence-speci®c binding
of a 68 nt RNA containing the in vitro selected NRE sequence
(10). Putative NRE sites have been identi®ed in mouse and
human pre-rRNA and are found to cluster within the external
and internal transcribed spacers of pre-rRNA near sites of
processing, thereby suggesting a role for the NRE in pre-
rRNA processing (11).

Our laboratory has previously determined the structure of
the ®rst two RBDs of nucleolin (RBD12) in complex with a
22 nt RNA containing the in vitro selected consensus (sNRE)
using NMR spectroscopy (12). The structure of the complex
reveals that both RBD domains, as well as the 12 residue
linker, interact extensively with the NRE consensus sequence.
The structure of the complex also shows that nucleolin RBD1
and linker residues contact nucleotides in the loop E (or
S-turn) motif (13±17) found in the upper part of the stem of
both bound and free sNRE (18). The structure of the nucleolin
RBD12±sNRE complex was the ®rst to show two RBDs
interacting with a hairpin. This observation and others led to
the hypothesis that nucleolin is a pre-rRNA chaperone (12).

RNAs and proteins that interact commonly have disordered
regions, which become structured upon complex formation.
The presence of disordered regions in a protein, RNA or both
is thought to be important for complex formation, since most
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binding events require enough ¯exibility in the RNA or
protein to facilitate conformational rearrangements necessary
to create intricate RNA±protein binding interfaces (19,20).
Comparison of the free and bound sNRE structures shows that
the ¯exible NRE loop becomes ordered when the protein binds
(18). Therefore, we hypothesized that the loop of sNRE is
disordered to allow for conformational rearrangements upon
protein binding. Here, we have studied the free RNA
structures of two NREs found in the mouse pre-rRNA 5¢
ETS, b1NRE (B1: mouse 5¢ ETS 515±532) and b2NRE (B2:
mouse 5¢ ETS 562±578) (EMBL sequence database accession
No. M20154) (11,21), using multi-dimensional NMR spec-
troscopy and compared them with the sNRE structure, which
has been re-determined under new solution conditions. Since
previous in vitro binding studies used longer oligonucleotides
(70±71 nt) containing B1 and B2 NREs and full-length
nucleolin (5,21), we ®rst show that, like sNRE, shorter b1NRE
and b2NRE constructs (21±24 nt) are sequence speci®cally
recognized by nucleolin RBD12 alone, albeit with weaker
af®nity than sNRE. Our studies show that while the predicted
b1NRE loop structure is not well de®ned, the predicted
b2NRE loop is structured. The b2NRE forms a hairpin with a
tetraloop, which is similar to the YNMG tetraloop family (22).
In addition, we present evidence that the sNRE and b2NRE
sequences are recognized similarly by nucleolin RBD12.
Therefore, a disordered NRE loop is not required for nucleolin
RBD12 binding.

MATERIALS AND METHODS

RNA synthesis and puri®cation

Unlabeled and uniformly 13C/15N-labeled RNA oligonucleo-
tides were prepared by in vitro transcription and puri®ed as
previously described (23). RNAs were annealed at dilute
concentrations (1±10 mM) in water and adjusted to the desired
salt conditions by the addition of the appropriate stock
solution. sNRE buffer consisted of 10 mM potassium phos-
phate pH 7, 100 mM KCl, 50 mM EDTA, 0.02 % NaN3, and
b2NRE buffer consisted of 5 mM potassium phosphate pH 7,
50 mM EDTA, 0.02 % NaN3. All RNAs were subsequently
concentrated by ultra®ltration to ~1.0 mM. Exchange of
samples from H2O to 2H2O was achieved through repeated
lyophilization. Sample p2H was monitored using a pH meter
and corrected by adding 0.4 to the reading (24). Samples were
adjusted with 2HCl or NaO2H.

Protein expression and puri®cation

BL21-Codon Plusâ-RIL (Stratagene) was transformed with a
recombinant pProEXâ HT (Life Technologies) plasmid con-
taining an insert encoding the hamster nucleolin (His)6-
RBD12 subdomain. Cells grown at 37°C in LB medium
containing 100 mg/ml amplicillin and 35 mg/ml chloramphe-
nicol were induced with 1 mM isopropyl-b-D-thiogalactopyr-
anoside at OD600 = 0.6±0.8 for 3 h. Harvested cells were
resuspended in buffer A (20 mM sodium phosphate pH 7.4,
500 mM NaCl) with 0.1% Tritonâ X-100 and 100 ml of
protease cocktail inhibitor (Sigma) per liter of culture, and
lysed by three freeze±thaw cycles and sonication. After
centrifugation, the supernatant was adjusted to 1 M NaCl and
treated with 0.1% polyethylenimine (mol. wt 8000) for 10 min

to precipitate nucleic acid contaminants. The precipitate was
removed by centrifugation for 15 min at 10 000 g. The
supernatant was then adjusted to 80% (NH4)2SO4 saturation
by the addition of solid (NH4)2SO4 and centrifuged at 10 000 g.
The resulting pellet was resuspended in buffer A and dialyzed
against 4 l (two exchanges) of buffer A. The dialysate was then
applied to a Ni2+ HiTrap Chelating HP column (Pharmacia)
and washed with buffer A containing 10 mM imidazole. The
bound protein was eluted from the column with buffer A
containing 200 mM imidazole. Fractions containing (His)6-
RBD12 were pooled and dialyzed against buffer B [20 mM
Tris±HCl pH 8.0, 25 mM NaCl, 0.5 mM EDTA, 1 mM
dithiothreitol (DTT)]. (His)6-RBD12 was then treated with
TEV protease (Life Technologies) for 12 h to cleave the (His)6

from the RBD12 subdomain. The protein mixture was then
applied to a Resource Qâ (Pharmacia) column and eluted with
a NaCl gradient. Fractions containing RBD12 were pooled and
concentrated by ultra®ltration to 1 ml. RBD12 was further
puri®ed and exchanged into buffer C (50 mM potassium
phosphate, 200 mM KCl, 50 mM EDTA, 0.02% NaN3) using a
Superdexâ 75 (Pharmacia) column.

Electrophoretic mobility shift assay

Internally labeled RNA constructs were prepared using the
Riboprobeâ in vitro Transcription Systems (Promega) and
[a-32P]rCTP (800 Ci/mmol) (ICN). Labeled RNAs were
puri®ed by PAGE and quantitated by scintillation counting.
The speci®ed RNA (10 fmol) was incubated in TMK buffer
[100 mM Tris±HCl pH 7.2, 200 mM KCl, 4 mM MgCl2, 1 mM
DTT, 20% glycerol, 0.02% NaN3, 1 U/ml Superasinâ, 5 mg/ml
bovine serum albumin (BSA), 0.5 mg/ml tRNA] with the
indicated amount of nucleolin subdomain for 30 min on ice.
The reactions were then loaded onto an 8% polyacrylamide
gel (acrylamide:bis-acrylamide 60:1) containing 5% glycerol
and 0.53 TGE buffer (25 mM Tris±HCl pH 8.5, 0.2 M
glycine, 1 mM EDTA) and run for 1.5 h at 4°C. The gels were
dried and exposed to phosphoimager plates.

RNA substrates

5¢-Fluorescein-labeled RNAs with sequences corresponding to
those shown in Figure 1 were obtained from Dharmacon
Research (Boulder, CO), puri®ed, deprotected and desalted.
5¢-Fluorescein±NRE substrates were diluted in TE buffer
(10 mM Tris±HCl pH 8.0, 1 mM EDTA) and quanti®ed at A260

as described (25).

Fluorescence anisotropy assays

Fluorescence anisotropy was measured using the Beacon 2000
Variable Temperature Fluorescence Polarization System
(Panvera, Madison, WI) with ®xed excitation (490 nM) and
emission (535 nM). Equilibrium binding assays were per-
formed with a range of protein concentrations and 2 nM
5¢-¯uorescein-labeled RNA in a ®nal volume of 120 ml
containing 50 mM potassium phosphate pH 7.5, 200 mM KCl,
0.1 mM EDTA, 0.02% NaN3, 0.1 mg/ml ultrapure BSA
(Panvera), 0.2 mg/ml heparin and 10% glycerol. Samples were
read as a blank prior to the addition of probe. After probe
addition, samples were incubated for 60 min at 4°C. Each
anisotropy measurement is an average of 5±10 polarization
measurements taken at 4°C with 20 read cycles. Polarization
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values were converted to anisotropy values when necessary
using equation 1.

A = 2P/3 ± P 1

Data are expressed as average mA, where mA is the milli-
anisotropy at the indicated amount of protein. Dissociation
constants (KD) were calculated by ®tting data to equation 2
using KaleidaGraph (25,26).

A � ARNAF � �A�Pÿ RNA� ÿ ARNAF�
�RNA�T � KD � �P�T ÿ

��������������������������������������������������������������������������������
�ÿ�RNA�T ÿ KD ÿ �P�T �2 ÿ 4�RNA�T �P�T

q
2�RNA�T

8<:
9=; 2

Samples for competition experiments were prepared by
adding 10 mM nucleolin RBD12 in binding buffer to 20 mM
competitor RNA. 5¢-Fluorecscein-labeled b2NRE was then
added to the sample to a ®nal concentration of 2 nM. Samples
were incubated for 1 h and then read as described above.

NMR spectroscopy

All NMR spectra were recorded on Bruker (Billerica, MA)
DRX 500 and 600 MHz spectrometers. Assignment of non-
exchangeable protons, attached carbons and proximal nitro-
gens was achieved using a series of two-dimensional experi-
ments [NOESY (27), DQF-COSY (28), MLEV-17 TOCSY
(29), CT-HSQC, MQ-H(CNC)H (30) and long-range 1H±15N
HSQC (31)] and three-dimensional experiments [3D-HCCH-
COSY (32), 3D-HCCH-TOCSY (33) and 3D-NOESY-1H±
13C-HMQC (34)] acquired at 278 or 298 K in 100% 2H2O.
Exchangeable protons and nitrogens were assigned using
NOESY, 1H±15N HMQC, 2D HCCNH-TOCSY (35), 15N-
correlated-CPMG-NOESY(36), HCN-TOCSY-CH (37) and
H5(C5C4N)H (38) spectra which were acquired in 95% H2O/
5% 2H2O at 278 K. Hydrogen bonding patterns were
con®rmed using JNN-HNN-COSY (39,40). 3JH3¢P and 3JCP

were measured using 31P spin echo difference CT-HSQC to
determine b and e torsion angles (41). Residual dipolar
couplings were measured for 1JHC in C12E6/hexanol at natural
abundance using a modi®ed 1H±13C HSQC. Spectra were
processed and analyzed using Bruker XWINNMR 2.6 and
AURELIA 3.108.

Structure calculations

Inter-proton distances from 2D NOESY experiments at
various mixing times (tm = 50, 100, 150, 200 and 300 ms)
and 3D NOESY-HMQC (tm = 300 ms) experiments were
generated as previously described (41) except for the classi-
®cation of semi-quantitative NOEs which were as follows:
strong (1.8±3.0 AÊ ), medium (2.5±4.5 AÊ ), weak (3.5±5.5 AÊ ) and
very weak (4.5±7.0 AÊ ). Ribose conformations were analyzed
using the TOCSY experiment as previously described (41).
31P spin echo difference experiments for the determination of
b and e torsion angles were analyzed as described (42). Global
c angle restraints were determined by analysis of the di(6/8,1¢)
in a short mixing time NOESY (50 ms) (43). g torsion angles
were included for nucleotides with NOE patterns consistent
with A-form helical geometry. Hydrogen bonding distance
restraints that were either consistent with experimental data or
inferred based on initial structure calculation without explicit

Figure 1. Secondary structure representations (left) and nucleolin RBD12
binding isotherms (right) for (A) sNRE26, (B) b1NRE (nucleotides U3±G21
correspond to mouse 5¢ ETS: 515±532) and (C) b2NRE (nucleotides A4±U20
correspond to mouse 5¢ ETS: 562±578) (EMBL database accession No.
M20154) (11). Nucleotides added for the purpose of transcription and stem sta-
bility are shown in boxes. The numbering of sNRE26 and b2NRE has been ad-
justed to correspond to the original sNRE construct (18). Binding isotherms
were generated with 2 nM 5¢-¯uorescein-labeled NRE and varying nucleolin
RBD12 concentrations. Each point is the average of ®ve measurements, and
error bars represent the standard deviation of those measurements. Data were
®t to equation 2, and all R2 values are >95%. (D) Competition experiments of
nucleolin RBD12 binding to b2NRE. Millipolarization (mP) values of free
5¢-¯uorescein-labeled b2NRE (Flb2) (white), Flb2 in the presence of 10 mM
nucleolin RBD12 (black), and Flb2 in the presence of 10 mM nucleolin RBD12
and 20 mM (10 0003 probe concentration) speci®ed competitor RNA (gray).
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hydrogen bond restraints showing several of the lowest energy
structures with the correct distance and geometry were used.

Structures were calculated using the standard simulated
annealing protocols (44) within NIH-XPLOR (45). Starting
folds were generated from randomized extended templates. In
the next step, converged structures satisfying all NMR
restraints were subjected to NOE and torsion angle based
re®nement followed by re®nement against residual dipolar
couplings (RDCs). The axial and rhombic components of the
alignment tensor were determined by a grid search procedure
(46). Selection of converged structures relied on total energy
and r.m.s.d. values. Helical parameters of RNA structures
were analyzed using 3DNA version 1.4.1 (47).

Coordinate deposition

The coordinates for the 17 and 16 lowest energy structures of
sNRE26 and b2NRE, respectively, have been deposited in the
Protein Data Bank with accession codes 1QWB and 1QWA.

RESULTS

Studies of nucleolin RBD12 binding to natural NREs

Full-length nucleolin has been shown to interact with in vitro
selected NREs and two pre-rRNA NREs (B1 and B2) derived
from the mouse 5¢ ETS (5). Since previous experiments
showed that sequence-speci®c interaction with an in vitro
selected NRE requires only the ®rst two of the four RBDs of
nucleolin (10), binding of nucleolin to b1NRE and b2NRE
was also expected to only require nucleolin RBD12. To test
this, binding of nucleolin RBD12 to oligonucleotides contain-
ing the B1 and B2 sequences (b1NRE and b2NRE) (Fig. 1B
and C) was assayed using electrophoretic mobility shift assays
(EMSAs). Initial gel shifts with nucleolin RBD12 using the
procedure previously described (10) resulted in a gel shift for
sNRE26 (Fig. 1A), but not for the natural NREs (data not
shown). However, a gel shift for the natural NREs was
observable in the presence of varying concentrations of
nucleolin RBD12 when the running buffer was changed from
0.53 TBE to 0.53 TGE. In addition, better band shifts were
obtained by running the gels at lower temperatures. Analysis
of the gel shifts run at 4°C using 0.53 TGE showed that
nucleolin RBD12 binds sNRE26 and natural NREs with KDs
ranging from 5 to 25 nM and 300 to 1000 nM, respectively
(data not shown). Since the gel shift results were dif®cult to
quantitate, ¯uorescence anisotropy assays were used in order
to determine the KDs more accurately. Fluorescence aniso-
tropy assays are true equilibrium binding measurements since
the assay does not require separation of free and bound RNA,
thereby avoiding inaccurate KD determination due to dis-
association of the protein±RNA complex during electrophor-
esis (25). Binding isotherms for sNRE26, b1NRE and b2NRE
with nucleolin RBD12 are shown in Figure 1. The KDs
determined by ¯uorescence anisotropy at 4°C for nucleolin
RBD12 binding to sNRE, b1NRE and b2NRE are 3 6 1, 770
6 210 and 310 6 110 nM, respectively, and are in good
agreement with the EMSA data.

The KD values determined here are only 10-fold lower than
previously reported for non-speci®c controls (10). Therefore,
in order to con®rm that the nucleolin RBD12±natural NRE
interaction was really sequence speci®c, a competition

experiment was conducted for one of the natural NREs,
b2NRE. The results of a competitive binding assay in which a
mutant b2NRE sequence is tested for the ability to remove a
5¢-¯uorescein-labeled b2NRE (Flb2) from the binding site of
nucleolin RBD12 are shown in Figure 1D. A decrease in
polarization indicates that the unlabeled, competitor RNA is
capable of interacting with nucleolin RBD12. For example,
addition of 20 mM (10 0003 probe concentration) unlabeled
b2NRE to the 10 mM RBD12±2 nM Flb2 mixture decreases
the observed polarization value since the unlabeled b2NRE is
competing with Flb2 for the same binding site of nucleolin
RBD12. Likewise, mutation of non-consensus nucleotides
(b2G15A and b2U16C) does not prevent the competitor RNA
from being bound by nucleolin RBD12, as can be seen by the
decrease in polarization to levels within experimental error of
the unlabeled b2NRE control. However, mutation of the
CCCG sequence of the NRE (b2C10U, b2C11U/C12U and
b2G13A) completely abolishes the ability to bind competi-
tively, which is expected since the consensus sequence does
not vary at these positions. Mutation of U9 or A14 (b2U9C
and b2A14G) results in a 25±50% decrease in polarization,
indicating that mutations in these positions are tolerated but
decrease the af®nity. Interestingly, deletion of U16, a non-
consensus nucleotide in the b2NRE loop, results in the
inability to bind competitively (Fig. 1D). The reason for the
lack of competitive binding by b2DU16 is discussed below.
Taken together, these results show that nucleolin RBD12
sequence speci®cally recognizes natural NREs with nanomo-
lar af®nity.

We note that the KDs observed for the nucleolin RBD12 and
natural NRE interactions are higher than those previously
determined by ®lter binding assay using full-length nucleolin
and B1 and B2 constructs of ~70 nt in length (5). Our previous
structural work with the nucleolin RBD12±sNRE complex
(12) and ongoing structural investigations of the nucleolin
RBD12±b2NRE complex (C.Johansson et al., in preparation)
suggest that the remaining RBDs of nucleolin would not be
able to bind the b2NRE loop since an additional domain would
sterically clash with another RBD and/or RNA stem.
Therefore, the higher af®nities nucleolin displays for the
longer B1 and B2 constructs are probably due to non-speci®c

Figure 2. One-dimensional spectra (500 MHz) of the imino proton
resonances of sNRE26 at 278 K as a function of pH. Resonance
assignments are indicated.
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binding of the remaining two RBDs and/or the RGG domain to
other regions of B1 and B2 rRNA.

NMR spectroscopy of the sNRE

We previously reported the structure of the free sNRE and
showed that it consisted of a stem with seven base pairs, the
top three of which are non-Watson±Crick base pairs that form
a loop E motif (13±17), and a disordered hairpin loop. This
structure was determined at low salt conditions (2±5 mM
added salt) because at higher salt concentrations some duplex
formation occurred (18). Since nucleic acid structure can be
greatly affected by the concentrations of counterions (48,49),
the possibility remained that the disordered loop of sNRE
could be due to the low ionic strength of the buffer. In order to
study sNRE under higher salt conditions (100 mM KCl) while
preventing the formation of duplex, an sNRE construct with a
more stable, longer stem, sNRE26, was designed (Fig. 1A) and
a folding protocol that traps the hairpin conformation was used
(see Materials and Methods). Correct folding of sNRE26 was
assayed by NMR spectroscopy and showed that the expected
base pairs in the stem and loop E motif of the hairpin were
present. No imino proton signals arising from the loop were
observed at pH 7. The addition of either more KCl to 200 mM
or multivalent ions [1±10 mM Mg2+, Ca2+ or Co(NH3)6

3+],
which have been shown to be important for some RNA
structures (49,50), did not change the 1D NMR spectrum (data
not shown). Since the absence of imino proton resonances is
sometimes due to exchange broadening, we assayed the effect
of pH by NMR spectroscopy (Fig. 2). As the pH is lowered, all
imino proton resonances are broadened, especially those of the
terminal G and iminos arising from the loop E motif. The
effect of pH on the iminos of sNRE26 is unexpected since
lowering the pH of a sample usually decreases the linewidth of
imino proton resonances (51). A DNA hairpin with a similar
loop sequence also displays this unusual pH dependence of the

imino proton resonances, and has been proposed to have a pH-
dependent dimerization (52,53).

Assignments of the proton and carbon resonances of
sNRE26 were obtained using homonuclear and heteronuclear
two- and three-dimensional experiments as previously de-
scribed (18,23). The base to H1¢/H5 region of a 200 ms
NOESY spectrum of sNRE26 at 100 mM KCl, pH 7 is shown
in Figure 3A. Analysis of the NOESY and other spectra
showed that nucleotides G ±1 to A8 and A15 to C24 form an
A-form stem and a loop E motif, as previously seen (18).
However, signi®cant changes are observed for the loop
resonances. Compared with the NOESY and 1H±13C HSQC
spectra of the sNRE taken at low salt and pH (18), the proton
and carbon dispersion is signi®cantly better for nucleotides
C10±G13. With the improved chemical shift dispersion,
sequential base±H1¢ connectivities can be observed from U9
to C12, suggesting that there is stacking of these nucleotides.
However, the intensities of these peaks in NOESY and HSQC
spectra are more than twice the intensities of those in the loop
E motif and stem, suggesting that U9, C10, C11 and C12 are
conformationally dynamic. The largest difference observed
under the new conditions is for G13. At low salt and pH 6, the
G13H8 proton has a strong NOE to both the G13H1¢ and
G13H3¢, indicating that it is switching between the syn and
anti conformations (18). At pH 7 and 100 mM KCl, the
H8±H1¢ NOE is twice as intense as the H8±H2¢, peak and a
H8±H3¢ intranucleotide NOE is not observable in a 50 ms
NOESY. This shows that at higher salt concentrations and pH,
G13 is exclusively in the syn conformer.

Solution structure of sNRE26

Structures of sNRE26 were initially calculated from random
starting structures using NOEs and dihedral angle restraints
(54). Nucleotides ±1 to 8 and 15 to 24 form an A-form stem
and loop E motif, as expected. In addition, A9 stacks on A8, as

Figure 3. NOESY spectra of the base proton±H1¢ region of sNRE26 and b2NRE. (A) The 500 MHz NOESY spectrum of sNRE26 at 298 K and tm = 200 ms.
Sequential connectivities from G ±1 to A8, C10 to C12 and G13 to C24 are shown in red, black and blue, respectively. The base±H1¢ sequential connectivities
for G19 are not shown since it resonates up®eld at 3.82 p.p.m. There is no base±H1¢ sequential connectivity between A15 and G16; however, NOEs from
A15±U17 are observed. In addition, NOEs from U17 to A15 indicate that the sugar of A15 is ¯ipped. (B) The 600 MHz NOESY spectrum of b2NRE at
298 K and tm = 300 ms. Base±H1¢ sequential connectivities from G2 to C11 and G13 to C22 are indicated by red and blue lines, respectively. A break in the
sequential connectivities is observed between A14 and G15, which is due to the fact that the A13H1¢ resonance is broadened to baseline at 298 K. In both
spectra, the intranucleotide cross-peaks are labeled. In addition, peaks arising from AH2 resonances are indicated with green lines and labeled accordingly.
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seen in both the free and bound sNRE (12,18). However, even
with 19 additional NOEs and dihedral angle restraints for the
loop, nucleotides 9±14 did not converge into a single structure.
Furthermore, incorporation of RDCs neither helped to de®ne
the loop structure nor improved the long-range order of the
stem and loop E motif. Since incorporation of RDCs from
the disordered loop would adversely affect RDC re®nement of
the stem and loop E motif, loop RDCs were removed and only
the loop E motif and stem were re®ned using RDCs. This
resulted in an improved long-range order for the stem and loop
E motif nucleotides. Figure 4A shows the superposition from
nucleotides ±1 to 8 and 15 to 24 of the 17 lowest energy
structures after RDC re®nement (Table 1).

Even at higher pH and salt concentrations, the loop of sNRE
is disordered. This conclusion is supported by the observation
that the proton and carbon chemical shifts of U9±C12 are close
to the values of the free nucleotides. Although the loop is
disordered, differences between the sNRE structures deter-
mined under the different conditions are seen on the 3¢ side of
the loop. G13 is syn rather than alternating between the syn
and anti conformers as seen previously (18). In addition,
NOEs for G13 suggest that it is stacked on A14 and some of
the structures have it stacked at least partially on A14
(Fig. 4B). NOEs from A14H8 and A14H2 to A15 sugar
protons and A8H2, respectively, suggest that A14 stacks on
A15 and A8 in a zipper-like fashion seen in the bound form of
the sNRE±nucleolin RBD12 complex (12). However, A14H2
also has an NOE to A7H2, which causes A14 to be positioned
almost perpendicular to A8 and A15 (Fig. 4B). This is a
physically unreasonable location that did not violate the NOE,
dihedral angle or RDC restraints, suggesting that more than
one conformation is present in fast exchange. Taken together,
these results show that loop nucleotides U9±C12 of the sNRE
are disordered and that loop nucleotide A14 exists in at least
two conformations.

NMR spectroscopy of b1NRE

The folding procedure and buffer conditions used for sNRE26
were used for b1NRE to ensure hairpin formation. Correct
folding of b1NRE was assayed by 1D and 2D NMR
spectroscopy of the imino proton resonances (data not
shown), and indicated that b1NRE folds into the predicted
hairpin loop structure (Fig. 1B). No iminos from the loop were
detected, and lowering of the pH resulted in broadening of all
imino proton resonances as previously seen for the sNRE26.
Assignment of the base and H1¢ region of a NOESY spectrum
show NOEs consistent with an A-form helix from G1 to G8
and C17 to C24. NOEs from G8 to C10 suggest that these
residues are stacked; however, no NOEs are observed for the
C12, G13 or C16 in the base±H1¢ region (data not shown).
NOEs for A14 and A15 were not assigned due to the fact that
the resonances arising from these residues were extremely
broad. Neither increasing the ionic strength of the buffer with
either KCl (200 mM) or divalent ions, nor lowering of the
ionic strength of the buffer improved the spectra to allow
assignment of NOEs to A14 or A15. Since conditions for high
resolution structure determination of b1NRE were not found,
no further study of b1NRE was conducted.

NMR spectroscopy of b2NRE

The folding procedure and salt conditions used for sNRE26
were initially used for b2NRE; however, dilution experiments
showed that 100 mM KCl and the high RNA concentration
used for NMR resulted in some dimer formation. In order to
study b2NRE at concentrations required for NMR, the ionic
strength of the sample buffer was lowered to 5 mM potassium
phosphate. Under these conditions, NMR spectra show that
the predominant form was the hairpin, with six iminos
observed from stem Watson±Crick base pairs (Fig. 1C) and
three broad imino proton resonances from the loop nucleo-
tides. Lowering the pH resulted in line broadening of all imino
proton resonances, as previously seen for sNRE26. NOESY
and UH3/AH2 dual detected JNN-COSY (39) experiments
identi®ed two of the three loop imino resonances as Watson±

Figure 4. Structure of sNRE26. (A) Stereoview of the 17 lowest energy
structures. The heavy atom superposition is from ±1 to 8 and 15 to 24 of
sNRE26. Only the heavy atoms are shown, and the bases of the loop (9±14)
have been removed to show only the backbone. (B) Lowest energy structure
of sNRE26 with G13 and A14 bases in the loop shown. G13 is syn in all
structures and partially stacks on A14 in four of the 17 lowest energy struc-
tures. (C) Schematic representation of the sNRE26 structure. Nucleotides
are colored red (U), green (C), orange (A) and cyan (G).
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Crick base pairs formed by C8´G15 and U9´A14. The last
imino resonance was identi®ed as G13 since the imino
resonance is still observable in 1D NMR and 2D NOESY
spectra of a b2NRE mutant in which U16 is deleted (b2DU16).

Assignment of the proton and carbon resonances was
accomplished through a series of 2D and 3D experiments
similar to those applied to sNRE26 (23). The base±H1¢/H5
region of a NOESY spectrum of b2NRE is shown in Figure 3B.
Sequential NOEs between C7 and C8 and weak non-sequen-
tial NOEs between G15 and G17 indicate that the 6 bp stem
and two additional base pairs of the b2NRE loop are stacked to
form a continuous helix, with U16 bulged out of the helix. The
loop nucleotides C10±G13 have unusual sequential and long-
range NOEs, which indicates that these nucleotides are
structured. Loop nucleotides C11 and C12 also have the
only C2¢-endo sugar puckers in b2NRE. NOESY spectra
(50 ms) show that the G13H8±H1¢ NOE is twice as intense as
the H8±H2¢ NOE. The G13H8±H1¢ NOE intensity and
down®eld proton (G13H3¢ and H2¢ at 5.42 and 4.81 p.p.m.,
respectively) and carbon (G13C8 at 141.44 p.p.m.) chemical
shifts indicate that G13 is syn (43,55).

Solution structure of b2NRE

The solution structure for b2NRE was initially calculated as
described for sNRE26. From the lowest energy structures
satisfying all experimental restraints, 10 structures were
selected as the starting ensemble for further re®nement.
Since two distinct folds were present in the starting ensemble
of structures, a modi®ed re®nement strategy was utilized (56).
Brie¯y, the re®nement protocol was run 10 times for each
starting structure using signi®cantly different random starting
velocities to obtain an ensemble of 100 re®ned structures. The
50 lowest energy structures were subsequently sorted into two
distinct families, which were then re®ned further with RDCs
using DA and R values that were separately optimized by grid
search for each fold. The RDC re®nement resulted in two

structurally and energetically different families of structures.
The family of structures with the lower overall energy and
back-calculated RDCs in better agreement with experimental
RDCs was chosen as the ®nal ensemble (Fig. 5A). The 16
lowest energy structures have an r.m.s.d. to the mean of 1.02 AÊ

(not including U16), with no NOE violations >0.2 AÊ or
dihedral angles violations >5° (Table 1).

b2NRE forms a hairpin that is separated into two domains
by a bulged uridine (Fig. 5A and D). The ®rst domain is a 6 bp
stem (nucleotides 2±7 and 17±22) consistent with A-form
RNA. The second part is comprised of a 2 bp stem capped by a
tetraloop structure (nucleotides 8±15). The two domains stack
on one another to form a quasi-continuous helix, with U16
positioned outside the helix in the minor groove (Fig. 5A).
U16 does not signi®cantly affect local structure of the
surrounding nucleotides, except G15, which has a sugar
pucker in equilibrium between C2¢- and C3¢-endo conform-
ations. However, the bulged residue causes distortions in the
stacking of the C7´G17 and C8´G15 base pairs as re¯ected in
changes in the roll parameter. The tetraloop capping the two
Watson±Crick base pairs in the upper domain of b2NRE
begins with a non-canonical base pair formed between the anti
C10 and syn G13, which has the C10 O2-carbonyl and the G13
amino and imino protons hydrogen bonded. The second
nucleotide of the tetraloop (C11) is in the minor groove of the
stem, with the H6±H5 edge of the base pointing towards the
C10 sugar moiety, and the Watson±Crick face and amino
protons exposed to solvent. The third nucleotide of the loop,
C12, is positioned in the major groove and is partially stacked
on the non-Watson±Crick CG base pair. The H6±H5 edge of
the C12 base points towards the C11 sugar moiety, while the
Watson±Crick face is exposed to solution (Fig. 5C). C11 and
C12 also have e torsion angles that deviate from the usual
trans to gauche±, while G13 and A14 have g torsion angles that
deviate from the usual gauche+ to trans. The turn in the
backbone occurs after the third nucleotide in the tetraloop.

Table 1. Structural statistics for sNRE26 and b2NRE

Experimental data used for structure calculations sNRE26 b2NRE
NOE-derived distance restraints 605 (average: 23/nt) 490 (average: 23/nt)

Intra-nucleotide NOEs 308 268
Inter-nucleotide NOEs 297 222
Hydrogen bond for paired residues 47 46

Dihedral restraints 102 91
Residual dipolar couplings

1DC-H (Hz) 9 19
Additional restraints

Base pair planarity restraints 10 9
R.m.s.d. from experimental restraintsa

Distance restraints (AÊ )b 0.01 6 0.001 0.04 6 0.0005
Dihedral restraints (°)c 0.075 6 0.029 0.16 6 0.035
Dipolar couplings (Hz) 0.044 6 0.047 0.35 6 0.08

Deviations from idealized geometrya

Bonds (AÊ ) 0.0042 6 0.00005 0.0048 6 0.00005
Angles (°) 1.03 6 0.005 1.01 6 0.003
Impropers (°) 0.35 6 0.003 0.40 6 0.007

Overall r.m.s.d. (AÊ ) (heavy atoms) (residues ±1±8, 15±24)a (residues 2±15, 17±22)a

From mean structure 1.10 6 0.36 1.02 6 0.18
Mean pair-wise 1.68 6 0.48 1.31 6 0.64

aAveraged over the accepted structures.
bNo violations >0.2 AÊ .
cNo violations >5°.

Nucleic Acids Research, 2003, Vol. 31, No. 22 6467



Comparison with known loop structures reveals that the
CCCG tetraloop of b2NRE is similar to the UUCG tetraloop
structure (57).

Nucleolin RBD12 binds sNRE and b2NRE similarly

The structures of free b2NRE and sNRE show two major
differences. First, the NRE loop of b2NRE is structured while
the NRE loop of sNRE is disordered. Secondly, the upper part
of the sNRE stem contains a eukaryotic loop E motif, which is
not present in b2NRE. In order to determine if either of these
structural differences affects nucleolin RBD12±NRE recog-
nition, a comparison of b2NRE and sNRE in complex with
nucleolin RBD12 was made. Figure 6A and B shows 1H±13C-
HSQC spectra of 13C/15N-labeled sNRE and b2NRE in 1:1
complexes with nucleolin RBD12. The nucleotides of the
NRE consensus sequence of bound b2NRE and sNRE have
similar chemical shifts, suggesting that they have the same
conformation and molecular environment in both complexes.
Comparison of the 1H±15N HSQCs of nucleolin RBD12 in
complex with sNRE and b2NRE indicates that the structure of
the protein is also similar in the two complexes (Fig. 7A). The
residues involved in binding the NRE consensus sequence in
the sNRE complex, most of which are part of the conserved
RNP motifs of the RBDs, have very similar chemical shifts in

the b2NRE complex, suggesting that the NRE is recognized in
the same way. However, small chemical shift differences do
exist for certain residues involved in NRE recognition, e.g.
residues K94 and F56, which suggest slight differences
between the two complexes (Fig. 7A). In contrast, larger
chemical shift differences are observed for residues in RBD1,
which contact the loop E motif in the sNRE complex, e.g.
residues T52 and V27 (Fig. 7A and B). This is to be expected
since b2NRE does not have a loop E motif. Therefore, the
NRE loop consensus nucleotides of nucleolin RBD12±sNRE
and nucleolin RBD12±b2NRE complexes probably adopt
similar structures, whereas differences in the complex struc-
tures are likely to be present where nucleolin RBD12 contacts
the upper part of the stem in the sNRE complex.

DISCUSSION

The loop of sNRE is disordered

The original structure determination of sNRE at low ionic
strength and pH 6 showed that the NRE loop was disordered
and suggested that the loop switches between two conform-
ations depending on the glycosidic torsion angle of G13 (18).
RNA structure is often dependent on concentrations and types

Figure 5. Structure of b2NRE. (A) Stereoview of the superposition of the 16 lowest energy structures. Only the heavy atoms are shown. (B) Major groove
view of the lowest energy structure of b2NRE. (C) Stereoview of the superposition of nucleotides 8±15 highlighting the tetraloop structure. (D) Schematic
representation of the b2NRE structure.
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of counterions (48,49). For instance, the L3 hairpin loop of the
hepatitis delta virus ribozyme is structured at 100 mM NaCl,
but has multiple conformations at lower salt concentrations
(58). Although it has been suggested that the disordered sNRE
loop facilitates conformational rearrangements upon protein
binding (18), it was also possible that the loop structure was
disordered due to the low ionic strength and/or pH of the
buffer. Here, we re-examine the structure of the sNRE under
salt conditions identical to those used in the study of the
nucleolin RBD12±sNRE complex and at higher pH. The re-
examination shows that the loop remains disordered under the
new conditions. However, the data for G13 and A14 suggest
that these residues have some structural differences compared
with the previously determined loop. First, we see no evidence
for the syn±anti equilibrium reported previously for the G13
nucleotide at low pH and ionic strength. Instead, G13 is
exclusively in the syn conformer. Other RNAs have also been
observed to have nucleotides with glycosidic torsion angles
strongly dependent on ionic strength and/or pH (58±62).
Secondly, the syn G13 shows some evidence of stacking
on A14. Thirdly, A14 has NOEs that cannot be satis®ed by
one structure, indicating exchange between at least two
conformations.

The sNRE consensus was identi®ed by in vitro selection
using nucleolin as a ligand. The solution conditions used in the
in vitro selection and binding reactions ranged from 150 to
200 mM NaCl or KCl, from 1 to 4 mM MgCl2, from 50 to

100 mM Tris and pH from 7.4 to 7.5 (5). The pH and salt
concentrations used in this structural study of sNRE26 are
more similar to those used in the in vitro selection and binding
assays than those of the previous structural study (18).
Therefore, the re-examined structure better re¯ects what was
selected for using in vitro evolution. In vitro selection can
generate a high-af®nity RNA target to a protein in two ways.
(i) The RNA target can be selected for the ability to form a
rigid structure that is similar to the bound conformation (i.e.
lock-and-key binding mechanism). (ii) An RNA target with a
disordered binding region can be selected, so that the RNA has
enough ¯exibility for conformational rearrangements to occur
when the protein or ligand binds. Although the ®rst mechan-
ism theoretically avoids energetic penalties associated with
binding, structured RNAs tend not to have functional groups
important for speci®c protein±RNA interactions exposed to
solution. The second mechanism is more commonly seen in
protein±RNA recognition, since it allows for the creation of
intimate protein±RNA interfaces, with the only cost being
entropic penalties associated with the ordering of ¯exible
elements (19,20). The nucleolin RBD12±sNRE complex
shows that the NRE consensus nucleotides are in an extended
conformation across the surface of the b-sheets of the RBDs,
and that the S-shaped backbone of the loop E motif is
contacted by RBD1 and the linker residues (12). While the
loop E motif was most probably selected to stabilize the
protein±RNA complex by providing additional contacts
between the protein and RNA (18), the disordered loop of
sNRE was probably selected to allow enough ¯exibility in the
loop to facilitate creation of the intricate protein±RNA
interface found in the nucleolin RBD12±sNRE complex.
The loop of b1NRE, one of the two natural NRE sequences
studied here, is also conformationally heterogeneous.

b2NRE contains a bulged uridine

The b2NRE RNA forms a hairpin with an 8 bp stem capped by
a tetraloop, in contrast to the predicted 6 bp stem and eight
nucleotides in the loop (Fig. 1C). The 8 bp stem is interrupted
between the sixth and seventh base pairs by a bulged uridine,
which lies in the minor groove. Bulged uridines in the context
of G´C/C´G and G´C/G´C stacks have been observed in both
solution and crystal structures. In the crystal structure of the
RNA duplex r(gugucgcac)2 (63) and in the solution structure
of the P4 element from bacterial RNase P (64), the helices,
which are interrupted by a 5¢-bulged uridine in the context of a
G´C/C´G stack, are basically straight. The solution structure of
the P5.1 hairpin of Bacillus RNase P shows that the 5¢-bulged
uridine in the context of a G´C/G´C stack was observed to
induce a signi®cant kink in the helix (~100°) (65). In contrast,
the 3¢-bulged uridine surrounded by an analogous C´G/C´G
stack in b2NRE has no signi®cant effect on the global
geometry of the helix, which is essentially straight.

Structure calculations of b2NRE without RDCs resulted in
two families of structures. One family had an ~90° bend at the
bulged uridine similar to that observed by Leeper et al. (65),
while the other family did not have a bent helix. Neither
ensemble of structures had NOE or dihedral angle violations.
Therefore, both families of structures were re®ned against
RDCs with independently determined DA and R values of the
alignment tensor. Since the RDC re®ned structures maintained
all features of the starting ensembles, selection of one of the

Figure 6. Consensus loop NRE nucleotides of sNRE and b2NRE have
similar chemical shifts. 1H±13C HSQC of the H1¢±C1¢ and H5±C5 region of
13C/15N-labeled (A) sNRE26 and (B) b2NRE in a 1:1 complex with
nucleolin RBD12 at 310 K. Assignments of some of the well dispersed
peaks are shown (12). Samples were between 0.5 and 1 mM in complex.
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two families as the ®nal ensemble was based on overall lower
energy and agreement of back-calculated RDCs with experi-
mental values. These selection criteria identi®ed the b2NRE
family with the straight helix as the ®nal ensemble. The
observation of a structural family with a bent helix similar to
that seen by Leeper et al. in our calculations that is notably
higher in overall energy and has back-calculated RDCs that
agree less with experimental values than the ensemble of
structures with the straight helix, suggests that the large kink
seen in the P5.1 helix may need re-evaluation (65).

The b2NRE forms a YNMG tetraloop with a closing
U´A base pair

The CCCG tetraloop of b2NRE is structurally similar to the
UNCG family of tetraloops, and therefore can be considered
as a member of the newly described YNMG tetraloop family
where Y is either a C or U, N is any nucleotide, and M is either
an A or C (22). Most members of the YNMG family that have
been characterized structurally and/or thermodynamically
have a C´G closing base pair. In vitro selection using
temperature gradient gel electrophoresis has shown that
YNMG tetraloops are most stable with a closing C´G base
pair, with the exception of the CUUG tetraloop, which is most
stable with a G´C closing base pair (66). Recently, the
structure of the CACG tetraloop demonstrated that the general
YNMG structure can be maintained even when a U´G reverse
wobble closing base pair is present (67). In the case of b2NRE,
the tetraloop is closed by a Watson±Crick U´A base pair.
Although most of the structural features of the YNMG
tetraloops are maintained with a U´A closing base pair, some
differences are observed. The base pair made by the ®rst
nucleotide (C10) and fourth nucleotide (G13) is similar to that
observed for the YNMG family, with the G13 imino and
amino protons hydrogen bonding to the O2-carbonyl of C10
(57,67). However, the 2¢-hydroxyl proton of C10, which was
not observed in NMR spectra, is not within hydrogen bonding

distance of the G13 O6-carbonyl. In comparison with the
structure of the cUUCGg tetraloop (57), the stacking of G13
shifts slightly from the A13 sugar moiety to stacking more on
the A13 base. In other members of the YNMG family, the
third loop nucleotide is hydrogen bonded to the pro-R
phosphate oxygen of the second loop nucleotide (22). The
C12 amino protons in b2NRE are detectable, but do not have
NOEs that would suggest a C12 amino/pro-R phosphoryl
oxygen hydrogen bond (57). The ®nal b2NRE ensemble does
not have the C12 amino protons within hydrogen bonding
distance of the C11 pro-R phosphate oxygen in the b2NRE
structure. Interestingly, the orientation of the C11 and C12
bases within a YNMG type tetraloop structure has the
hydrogen bond donors and acceptors exposed to solvent.
This orientation may be important for protein recognition
(66,67).

Nucleolin RBD12 can recognize structured and
disordered NREs

We have shown that like the sNRE, natural NREs can bind
sequence speci®cally to nucleolin RBD12. Comparison of the
chemical shifts of the RNA in the nucleolin RBD12±sNRE
and nucleolin RBD12±b2NRE complexes suggests that con-
sensus nucleotides of b2NRE in complex with nucleolin
RBD12 are in a conformation similar to that observed in the
nucleolin RBD12±sNRE complex (12). Therefore, when the
free b2NRE and nucleolin RBD12 form a complex, a large
conformational rearrangement in the loop must occur.
Conformational rearrangement of a folded ligand can be
energetically costly since it requires the unfolding of pre-
existing structure (19). Thermodynamic studies of a cCCCGg
tetraloop have shown that it is one of the least stable tetraloops
of the YNMG family (22). Furthermore, the CCCG tetraloop
of b2NRE is on top of a U´A base pair, which results in the
tetraloop being even less stable. The energetic penalty
associated with conformational rearrangement of the b2NRE

Figure 7. Comparison of nucleolin RBD12 in complex with sNRE and b2NRE. (A) 1H±15N HSQC spectra of nucleolin RBD12 in a 1:1 complex with sNRE
(purple) and b2NRE (red). Some of the amino acids are labeled (12). Gray labels indicate no or very little chemical shift difference (|DN|+|DH|<65 Hz);
yellow labels indicate small chemical shift changes (|DN|+|DH|<75 >65Hz); orange labels indicate moderate chemical shift differences (|DN|+|DH|<90
>75Hz); and red labels indicate large chemical shift differences (|DN|+|DH|>90 Hz). (B) Chemical shift differences observed in (A) illustrated on the lowest
energy structure of the nucleolin RBD12±sNRE (12). The largest chemical shift differences are clustered where nucleolin RBD12 contacts the S-shaped
backbone of sNRE.
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NRE consensus is probably proportional to the low stability of
the uCCCGa tetraloop sequence; therefore, the structured
NRE consensus sequence of b2NRE does not prevent binding.
Interestingly, the b2DU16 RNA did not competitively bind
nucleolin RBD12 in the presence 10 000-fold less b2NRE
even though it has all NRE consensus nucleotides and forms
an identical hairpin structure (data not shown). Structural
studies of the nucleolin RBD12±b2NRE complex show that
the bulged U16 does not interact with the protein in the
nucleolin RBD12±b2NRE complex (C. Johansson et al., in
preparation). UV melting indicates that b2DU16 is ~3.3 kcal/
mol more stable than b2NRE (data not shown), consistent with
the removal of a bulged nucleotide (68). Therefore, the bulged
uridine in b2NRE appears to be present to decrease the
stability of the upper domain in order to facilitate conforma-
tional transitions. Similarly, the Rev±RRE complex and TAR
have extra-helical bases that are not involved in protein±RNA
contacts, but are necessary for conformational transitions (19).

Although the nucleolin RBD12 sequence speci®cally
recognizes the natural NREs derived from the 5¢ ETS of
mouse pre-rRNA, their af®nity for nucleolin RBD12 is 100- to
500-fold less than that of the sNRE. The lower af®nity of the
natural NREs for nucleolin RBD12 is consistent with
nucleolin's transient association with pre-rRNA (5,10).
b2NRE is more structured and rigid than the ¯exible sNRE
loop, and this may contribute to the lower af®nity observed for
b2NRE. However, differences in ¯exibility cannot fully
explain the trend in KDs since b1NRE, the natural NRE
which displays conformational heterogeneity, binds more
weakly than b2NRE. In addition, a mutant of b2NRE,
b2G15A, which is similar to b2NRE except for conforma-
tional heterogeneity on the 3¢ side of the loop (NMR spectra
not shown), binds just as well as b2NRE. Therefore, ¯exibility
of the NRE is probably important for binding, but is not the
primary determinant of af®nity. Since the largest protein
chemical shift differences between the nucleolin RBD12±
sNRE and the nucleolin RBD12±b2NRE complexes are found
in residues that contact the loop E motif, it is likely that the
presence of the loop E motif in the in vitro selected NREs is
responsible for the difference in af®nity observed between
sNRE and the natural NRE targets.
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