The EMBO Journal Vol. 19 No. 24 pp.6870-6881, 2000

Molecular basis of sequence-specific recognition of

pre-ribosomal RNA by nucleolin

Frédéric H.-T.Allain", Philippe Bouvet??,
Thorsten Dieckmann®* and Juli Feigon'®

lDepartment of Chemistry and Biochemistry, 405 Hilgard Avenue,
University of California, Los Angeles, CA 90095-1569, USA and
2Laboratoire de Pharmacologie et de Biologie Structurale,

205 route de Narbonne, 31077 Toulouse Cedex, France

3Present address: Ecole Normale Supérieure de Lyon, CNRS-UMR
5665, 46 Allée d’Italie, 69007 Lyon, France

“Present address: Department of Chemistry, University of California at
Davis, One Shields Avenue, Davis, CA 95616, USA

>Corresponding author
e-mail: feigon@mbi.ucla.edu

The structure of the 28 kDa complex of the first two
RNA binding domains (RBDs) of nucleolin (RBD12)
with an RNA stem-loop that includes the nucleolin
recognition element UCCCGA in the loop was deter-
mined by NMR spectroscopy. The structure of nucleo-
lin RBD12 with the nucleolin recognition element
(NRE) reveals that the two RBDs bind on opposite
sides of the RNA loop, forming a molecular clamp
that brings the 5 and 3’ ends of the recognition
sequence close together and stabilizing the stem-loop.
The specific interactions observed in the structure
explain the sequence specificity for the NRE sequence.
Binding studies of mutant proteins and analysis of
conserved residues support the proposed interactions.
The mode of interaction of the protein with the RNA
and the location of the putative NRE sites suggest
that nucleolin may function as an RNA chaperone to
prevent improper folding of the nascent pre-rRNA.
Keywords: NMR/nucleolus/RBD/RNA binding protein/
RNP

Introduction

Nucleolin, the most abundant nucleolar protein, is
involved in several steps of ribosome biogenesis (Olson,
1990; Ginisty et al., 1999; Srivastava and Pollard, 1999).
The specific and transient interaction of this multidomain
protein with nascent pre-rRNA and ribosomal proteins is
thought to be important for the proper folding of pre-rRNA
and its packaging into pre-ribosomal particles (Ginisty
et al., 1999). Nucleolin is highly conserved in vertebrates
(Figure 1A), and structurally related proteins with the
same multidomain organization are found in yeasts and
plants (Ginisty et al., 1999; Srivastava and Pollard, 1999).
The N-terminal acidic and basic region and the C-terminal
domain rich in RGG repeats mediate protein—protein
interactions with histone H1, U3 snoRNP and ribosomal
proteins (Erard et al., 1988; Bouvet et al., 1998; Ginisty
et al., 1998). The central region contains four RNA
binding domains (RBD/RNP/RRM type) (Birney et al.,
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1993), which interact with pre-TfRNA (Herrera and Olson,
1986; Ghisolfi-Nieto et al., 1996). The interaction of
nucleolin with pre-rRNA is required for the first RNA
processing step, which occurs in the 5" ETS (Ginisty et al.,
1998).

In vitro and in vivo analysis identified stem-loop
binding sites in the mouse and human pre-rRNA with a
consensus (U/G)CCCG(A/G) in the loop: the nucleolin
recognition element (NRE) (Ghisolfi-Nieto et al., 1996;
Serin et al., 1996). The NRE has a minimum of 4 bp in the
stem and a loop size of 7-14 nucleotides (Figure 1B).
Putative NRE sites are found throughout the pre-rRNA
(Serin et al., 1996). Thirty-three sites have been identified
in human pre-rRNA, including 11 in the 5 ETS (Serin
et al., 1996). Truncation of the different RBDs of nucleolin
showed that the RNA binding specificity for the NRE
comes exclusively from the two most N-terminal RBDs
(RBD12), which bind to the RNA stem-loops with the
same 10-100 nM affinity as the full-length protein (Serin
et al., 1997). This is one of only two proteins identified to
date that binds an RNA stem-loop with two RBDs (Shi
et al., 1997). Biochemical and genetic analysis of the
interaction of nucleolin RBD12 with the NRE led to
the proposal that each domain uses a different surface
for the interaction with the RNA (Bouvet et al., 1997).

The RBD is one of the most common nucleic acid
binding protein motifs. It has been found in hundreds of
proteins, as a single domain or multiple domains (Birney
et al., 1993). The RBD has a fofo fold originally found
for the RBD1 of UIA (Nagai et al., 1990). Proteins
containing RBDs play a major role in the post-transcrip-
tional regulation of gene expression (Burd and Dreyfuss,
1994; Varani and Nagai, 1998). They are involved in
numerous pre-rRNA and mRNA processing events,
including splicing, 3’-end processing, stability and trans-
port. Most RBD-containing proteins also contain other
domains that can mediate protein—protein interactions,
suggesting that these proteins play central roles in the
assembly of macromolecular RNP complexes (Varani and
Nagai, 1998). Examples include the spliceosomal protein
UlA, the family of SR proteins, as well as nucleolin. In
spite of their biological importance, little is known about
how the RBDs bind specifically to their RNA targets.

Only four RBD protein structures have been determined
in complex with RNA, i.e. ULA (Oubridge et al., 1994;
Allain et al., 1996), U2B” (Price et al., 1998), sex-lethal
(Handa et al., 1999) and poly(A) binding protein (PABP)
(Deo et al., 1999), and one in complex with DNA,
hnRNPA1 (Ding et al., 1999). UlA and U2B” bind a
stem—loop RNA using only one RBD. Sex-lethal and
PABP both bind single-stranded RNA (UGUg and Ag,
respectively) using two RBDs separated by a short 10-12
amino acid linker. hnRNPA1 uses two RBDs separated by
a 17 amino acid linker and binds single-stranded DNA or
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RNA. However, in the complex, hnRNPA1 forms a dimer
that binds two DNA molecules, each DNA strand binding
RBD1 of one molecule and RBD2 of the other.

Here we present the first molecular insight into how a
major nucleolar protein interacts with the pre-rRNA. The
structure of the 28 kDa protein—RNA complex between
nucleolin RBD12 and a 22 nucleotide RNA stem—loop that
includes the 18 nucleotide sequence identified by in vitro
selection (sNRE) (Figure 1C) was determined using
multidimensional NMR spectroscopy. The RNA loop,
which is largely unstructured in the free RNA, becomes
ordered upon binding to the protein. The interaction of
nucleolin RBD12 with the NRE stem-loop is unique
among protein-complex structures determined to date. The
two RBDs bind on opposite sides of the RNA loop,
forming a molecular clamp which brings the 5" and 3’ ends
of the recognition sequence close together and stabilizing
the stem—loop. The specific interactions observed in the
structure explain the sequence specificity for the NRE
sequence. Binding studies of mutant proteins and analysis
of conserved residues provide additional support for the
importance of the observed interactions with the RNA.
The mode of interaction of the protein with the RNA and
the location of the putative NRE sites suggest that
nucleolin may function as an rRNA chaperone to prevent
improper folding of the nascent pre-rRNA (Herschlag,
1995). This proposed chaperone activity of nucleolin may

Structure of nucleolin RBD12-RNA stem-loop complex

be analogous to the role of the hnRNP proteins in pre-
mRNP assembly and pre-mRNA processing.

Results and discussion

Structure determination and precision of the
complex

Multidimensional NMR spectroscopy was used to deter-
mine the structure of the 28 kDa protein—-RNA complex
between nucleolin RBD12 and a 22 nucleotidle RNA
stem—loop. The sequences of the RNA and of hamster
nucleolin RBD12 are shown in Figure 1. The sample
preparation, NMR experiments, and spectral assignments
of the protein and RNA components of the complex are
described in Materials and methods. A total of 3246
structural constraints, including 3010 nuclear Overhauser
effect (NOE) derived, were used to determine the structure
of the complex (Table I). The most important among this
large number of constraints are the 150 intermolecular
NOE-derived constraints. Most of these were obtained
from 2D and 3D '2C-13C filtered NOESY experiments
(Otting and Wiithrich, 1990; Lee et al., 1994; Slijper et al.,
1996; Zwahlen et al., 1997) where intermolecular and
intramolecular NOEs could be observed separately.
Intermolecular NOEs are observed for 9 nucleotides and
22 amino acid residues.

Table I. NMR and structure determination statistics for RBD12-sNRE complex

Input constraints Protein RNA Total
No. of NOE derived distances
intramolecular 2593 267 2860
intra-residue 451 110
sequential 820 108
medium range (i + 2 to i + 4) 491
long range (>i + 4) 831
medium and long range 49
intermolecular 150
intra- and intermolecular 3010
Repulsive distance restraints 7
Hydrogen bond constraints (two per hydrogen bond) 152 38 190
intermolecular 8
Dihedral angle constraints 22
Base planarity constraints 9
Total distance, dihedral angle and base planarity constraints 3246
Final structure statistics
No. of refined structures 19
Average of XPLOR
total energy (kcal/mol) 1131.9 £ 57.0
NOE energy (kcal/mol) 225.1 £20.3
No. of violations >0.2 A . 8-18
R.m.s.d. to the average structure (A) Backbone Heavy
RNA (1-22) and protein (11-170) 1.63 = 0.47 1.84 = 0.44
RNA only (1-22) 1.29 £ 0.32 1.23 = 0.26
RNA interface (5-18) 0.99 = 0.20 1.03 = 0.18
protein only (11-170) 1.43 = 0.48 1.78 = 0.45
RBDI only (11-88) 0.47 = 0.10 0.90 = 0.08
linker only (89-100) 0.96 = 0.35 1.85 = 0.52
RBD2 only (101-170) 0.64 = 0.31 1.16 = 0.27
Procheck analysis
residues in most favored regions 64%
residues in additional allowed regions 28%
residues in generously allowed regions 6%
residues in disallowed regions 2%
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Fig. 1. (A) Sequence and numbering of the hamster nucleolin RBD12 used in t

his study and sequence alignment [BLAST (Altschul et al., 1997)] with

the nucleolin RBD12 of rat, mouse, human, chicken and Xenopus. Residues from RBD1, RBD2 and the linker are shown in cyan, green and red,
respectively. The secondary structure elements are indicated below the sequences. In the sequence alignment, a dash indicates that the residue is the
same as in the hamster nucleolin and a dot indicates where there is a gap relative to Xenopus, which is six residues longer than hamster nucleolin. The
residues involved in either protein-RNA interactions and/or interdomain interactions in the hamster nucleolin RBD12—-sNRE complex are boxed. The
conserved octapeptide RNP1 and hexapeptide RNP2 characteristic of the RBD/RNP/RRM motif (Birney et al., 1993) are indicated. (B) Schematic of
the consensus NRE sequence and secondary structure. (C) Sequence and secondary structure of the SNRE used in these studies. Nucleotides 3—20 are

the sequence identified by in vitro selection (Ghisolfi-Nieto et al., 1996).

The large number of structural constraints, with an
average of 17 NOE-derived constraints per amino acid and
19 per nucleotide, allowed the calculation of a precise
structure of the protein—RNA complex (Figure 2; Table I).
From 40 calculated structures, the 19 lowest energy
structures form the ensemble of converged structures,
superimposed in Figure 2, which were analyzed further.
The r.m.s.d. to the mean for the backbone atoms of the
whole complex (RNA and protein) is 1.63 A (Figure 2A).
Local superpositions of the RNA interface (G5-A18;
Figure 2B), the protein backbone of RBD1 (Figure 2C)
and the protein backbone of RBD2 (Figure 2D) have
rm.s.ds of 0.99, 0.47 and 0.64 A, respectively. The
precision of the structure is comparable to or better than
that obtained on the previously determined protein—-RNA
complexes in solution (Allain er al., 1996, 1997; De
Guzman et al., 1998; Mao et al., 1999; Stoldt et al., 1999;
Ramos et al., 2000; Varani et al., 2000).

The two RBDs have the same tertiary structure in
the complex and free in solution

In the complex, RBD1 and RBD2 adopt the expected
BapPBof RBD fold (Nagai et al., 1990) (Figures 2 and 3)
and essentially the same tertiary structure that they have in
the free protein (Allain et al., 2000). The major difference
between the bound and free structures of the individual
RBDs is in the short B2—B3 loop of RBDI1 (T52-K55),
which is flexible in the structure of the free protein and
becomes ordered in the complex because of its interaction
with the RNA (Figure 3A). In the free protein, the two
RBDs are connected by a flexible linker (Allain et al.,
2000), which becomes completely ordered in the complex,
as evident from 'H-PN NOE experiments (Kay et al.,
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1989). The structure of the complex shows that RBD1
binds primarily on the 3" side of the RNA loop and the top
of the stem (Figure 2D), RBD2 on the 5’ side of the loop
(Figure 2C), and the linker in between, and that all three
domains make extensive contacts with the RNA. The two
RBDs and the linker showed no interdomain interactions
in the free protein, but do interact in the complex
(Figure 3), as discussed below.

The RNA structure has a loop E motif and an
ordered loop

The RNA in the complex contains a structured seven
nucleotide loop (A8-Al14) and a stem with four
Watson—Crick base pairs at the bottom and a loop E
motif (Wimberly ef al., 1993) (G5-A7, A15-A18) at the
top (Figure 2). The loop is largely unstructured in the free
RNA (P.Bouvet, F.H.-T.Allain, T.Dieckman, L.D.Finger
and J.Feigon, unpublished results). In the RNA loop in the
complex, A8 stacks on A7, and Al4 stacks on A8. In
addition to their stacking interaction, A8 and Al4 are
stabilized by a hydrogen bond between A8 N1 and Al4
2’0OH. The bases of C10 and C11 are stacked on each
other inside the loop. C11 points down toward Al4 in a
position to form a hydrogen bond between Al4 N1 and
C11 4-amino group. The bases of U9, C12, and G13,
which is in the syn conformation, stick out of the loop and
are only stabilized by protein—RNA interactions. The 4 bp
at the bottom of the stem, which do not participate in
protein binding, form a regular A-form helix. At the top of
the stem, the loop E motif, a commonly occurring motif
(Leontis and Westhof, 1998) first structurally identified in
loop E of eukaryotic 5S rRNA (Wimberly et al., 1993) and
the sarcin—ricin loop of 28S rRNA (Szewczak et al., 1993),



Structure of nucleolin RBD12-RNA stem-loop complex

Fig. 2. Superpositions of the ensemble of the 19 lowest energy structures of the nucleolin RBD12—-sNRE complex. (A) The complete nucleolin
RBDI12-RNA complex showing main chain atoms of RBD12 and backbone atoms of RNA, with backbone atoms of the protein and heavy atoms of
the RNA superimposed. (B) The RNA alone, with the heavy atoms of the RNA interface (G5—-A18) superimposed. (C) RBD2 structures superimposed
on the backbone atoms, shown bound to the lowest energy structure of the RNA. (D) RBD1 structures superimposed on the backbone atoms, shown
bound to the lowest energy structure of the RNA. The RNA, RBD1, RBD2 and the linker are shown in yellow, cyan, green and red, respectively.

has the same structure as in the free SNRE RNA (P.Bouvet,
F.H.-T.Allain, T.Dieckmann, L.D.Finger and J.Feigon,
unpublished): a sheared G5-A18 base pair, an A6-U17-
G16 base triple and a symmetric (trans-Hoogsteen) locally
parallel A7-A15 base pair (Figure 4). The loop E motif is
easily recognizable by the ‘S’ shape of the RNA backbone
from A15 to U17.

The RNA loop is sandwiched between RBD1 and
RBD2 and the linker

In the complex, the two RBDs and the linker interact
extensively with the RNA, RBD1 with six nucleotides,
RBD2 with two nucleotides and the linker with five
nucleotides. The RNA loop (A8-A14) is ‘sandwiched’
between the B-sheet surface of RBD1 on one side and the
B-sheet surface of RBD2 and the linker on the other side

(Figure 3A and B). RBD1 interacts with the ‘major groove
side’ of the RNA and contacts A8, the 3" end of the loop
(C12,G13, A14), and A15, G16 at the top of the stem. The
B2—B3 loop (T52, R54) and the C-terminus of o-helix 1
(V27, K31) contact the major groove of the loop E motif
(G16, Al5), A8 and Al14 (Figure 3A). The B-sheet of
RBDI1 interacts with C12 and G13. RBD2 binds on the
‘minor groove side’ of the RNA and in contrast to RBD1
contacts only two nucleotides: U9 and C10 at the 5’ side of
the loop. The protein—RNA interaction takes place mostly
on the surface of its B-sheet. U9 is in contact with five
residues from B1, B2, B3 and the 2—fB3 loop (Figure 5A).
C10 is sandwiched between C11 and Y140 (B3), and also
interacts with R127 (B2) (Figure 5B). The 12 amino acid
linker (K89-R100) makes numerous contacts to the RNA
(Figure 4C). The aliphatic side chain of K89 interacts with
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Fig. 3. Overall description of the complex. The lowest energy structure is shown. (A) Stick (RNA) and ribbon (protein) representation of the complex
showing how the RNA loop is ‘sandwiched’ between the two RBDs. RBDI is located in the major groove side of the RNA and contacts C12, G13
and the loop E motif. RBD2 is located on the minor groove side and contacts U9 and C10. The linker is mostly located in the minor groove side on
the RNA. The amino acid side chains from RBD1 V27, K31 (o-helix 1) and T52, R54 (B2-3 loop), which contact the stem, as well as the inserting
residues F56 and K94, are shown in blue. (B) Surface representation of the RNA and protein complex. The view is the same as in (A). (C) View of
the complex showing that the two RBDs interact via two salt bridges (K89-E125 and K55-D132). Asp and Glu are shown in red and Lys and Arg in
blue. The major groove face of the binding site is shown. (D) GRASP (Nicholls et al., 1991) representation of the complex with positively charged
residues in blue and negatively charged residues in red. The color scheme is the same as Figure 2, except for the GRASP representation.

the H5 and H6 of C12 (Figure 5C), the backbone of G90
and R91 have potential contacts with G13, amino acids
S93 and K95 interact with the RNA backbone (Figure 4C),
and K94 inserts in the RNA loop (Figure 4B).

K94 and F56 insert into the RNA loop from
opposite sides

One of the key structural features of this protein—RNA
complex is the insertion of the protein side chains of K94
and F56 into the RNA loop (Figures 3A and 4B) from
opposite sides. K94 is in the linker region and F56 is at the
N-terminus of the B3 strand of RBD1. F56 is stacked under
the sugar ring of C12 (Figure 5C), which explains the
unusual upfield chemical shift found for C12 ribose spin
system (3.80 p.p.m. for H2’, 3.60 p.p.m. for H4’, and 3.09
and 2.41 p.p.m. for H5, H5”). K94 is less well defined
than F56 (Figure S5E). Nevertheless, in most of the
structures the aliphatic part of K94 stacks on A14 and its
amino group can potentially make two hydrogen bonds
with C11 N3 and O2 (Figure SE). The aliphatic protons of
K94 are unusually upfield shifted (1.40 and 1.04 p.p.m. for
Hfs, —0.16 p.p.m. for Hy, 2.05 p.p.m. for He), consistent
with stacking of this side chain on Al4. The critical
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importance of this unusual interaction is confirmed by a
gel shift assay, which showed that a K94A mutation
abolishes detectable binding to the sSNRE (Figure 6).

RBD1 and RBD2 interact via two salt bridges

The sandwiching of the RNA loop between the two RBDs
brings these domains and the linker into contact with one
another (Figure 3). Two salt bridges are formed on
opposite sides of the loop, between K55 and D132 and
between K89 and E125 (Figure 3C and D). There is no
direct spectroscopic evidence for the formation of these
salt bridges, but they are found in most of the converged
structures. These two pairs of interacting residues are
conserved or replaced by residues that can form an
equivalent salt bridge in all of the nucleolins (Figure 1A).
These domain interactions, along with the linker—-RBD1
interaction discussed above, help clamp the RNA loop
between the two RBDs.

The structure effectively explains the requirement for
both RBDs and the linker to achieve RNA binding
specificity (Serin et al., 1997) since all three parts of the
protein interact with the RNA and with each other.
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Fig. 4. (A) Stereoview of the lowest energy structure of the RNA in the complex. A stick representation is shown. (B) Surface representation of the
structure of the RNA with the two amino acids that insert into the loop shown in cyan (F56 from RBD1) and red (K94 from the linker). (C) Minor
groove view of the RNA nucleotides that interact with the protein (A6—-G16) and protein—-RNA interactions from the linker (K§9-R100). Only the

heavy atoms are shown. Possible hydrogen bonds are shown in purple.

Sequence-specific recognition of the NRE
sequence UCCCGA

The protein-RNA and RNA-RNA interactions found in
the nucleolin RBD12—-sNRE complex reveal the molecular
basis for the sequence specificity for the NRE loop
consensus (U/G)CCCG(A/G) (Ghisolfi-Nieto et al., 1996;
Bouvet et al., 1997). Each nucleotide is recognized by
specific hydrogen bond and stacking interactions
(Figure 5). The first nucleotide in the consensus sequence,
U9, is recognized by K105 and K136. In the consensus
sequence, G is tolerated as well, and modeling of a G at
this position shows that a G would also be recognized via
intermolecular hydrogen bonds to the G N3 and O6 instead
of the U O2 and O4, respectively. C10 is stacked between
C11 and Y140. The base functional groups of C10 O2 and
N3 are hydrogen bonded to R127. This protein-RNA
interaction confirms a genetic screen that predicted the
interaction between R127 and C10 (Bouvet et al., 1997).
The C12 base is stacked on F17 and its sugar ring is
stacked on F56. The H5-H6 edge of C12 is in van der
Waals contact with the aliphatic side chain of K89, and its

4-amino and O2 are in contact with E86 and K55,
respectively. Note that K55 and K89 contribute to both a
protein—RNA interaction and an interdomain interaction
(Figure 3). G13 is in the syn conformation, stacks on Y58,
and is recognized via three intermolecular hydrogen
bonds, two with R49 and one with the main chain
carbonyl of R91. The last two nucleotides of the consensus
sequence, C11 and Al4, interact with each other via a
hydrogen bond between C11 4-amino and Al4 N1 and
with K94. A G would be tolerated in place of Al4, with
C11 4-amino hydrogen bonding with G O6 instead of A
N1.

All of the protein residues that interact with the RNA
consensus nucleotides are either conserved or replaced by
an amino acid that would conserve the interaction in
human, mouse, rat and chicken nucleolin (Figure 1A),
consistent with the fact that all these proteins specifically
recognize the NRE sequence. The nucleolin of Xenopus
does not bind the NRE sequence (P.Bouvet, unpublished)
and this can partially be explained by the presence of a
phenylalanine at the critical K89 position. Mutation to
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Fig. 5. Details of the protein—RNA interactions showing how binding specificity to the sequence 5'(UCCCGA)3’ is achieved. Recognition of (A) U9,
(B) C10, (C) C12, (D) G13 and (E) C11 and A14 is illustrated. On the left side of each panel, the 10 lowest energy structures are superimposed. The
heavy atoms of the relevant protein side chains and RNA bases are displayed. On the right side of each panel, a representative structure is shown. The

protons are displayed in gray and proposed hydrogen bonds are shown by dashed lines in purple.
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Fig. 6. Gel mobility shift assays on wild-type and mutated nucleolin RBD12 K89A, E86A, K95A, K105A and K94A proteins. The figure shows the
results of several different gels, but controls with the wild-type protein were run for each experiment. There are no protein bands in the wells, which

are not visible on the autoradiogram.

alanine of some of the residues that interact with the RNA
leads to weaker (E86A, K89A, K105A) or total loss of
binding (K94A) in gel shift assays (Figure 6), further
confirming their role in NRE binding. Replacement of any
nucleotide in the (U/G)CCCG(A/G) consensus sequence
would lead to steric clash and/or the loss of one or more
hydrogen bonds in the structure.

The specific protein contacts to the top of the loop E
motif will be discussed in detail elsewhere (manuscript in
preparation), since they are likely to be specific to this
stem sequence with hamster nucleolin. There are a series
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of hydrogen bond and van der Waals contacts from six
amino acid side chains [T52, R54, V27, K31 (Figure 3A),
S93 and K95 (Figure 4C)] to A8, Al4, Al5 and Gl6,
which primarily recognize the S-shape of the loop E motif
backbone. While the specific recognition of the loop
consensus should be universal, the NRE does not have a
sequence requirement in the stem and those specific
interactions may be a result of the in vitro selection.
Consistent with this, V27 and T52 are not conserved
among the different nucleolins. The specific contacts to A8
and the top of the loop E motif probably account for the
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Fig. 7. Comparison between nucleolin RBD12-sNRE complex and the other RBD-RNA complexes. (A) Nucleolin RBD12-sNRE complex. (B) U1A
RBDI bound to Ul snRNA stem—loop II (Oubridge et al., 1994). (C) Sex-lethal RBD12-UGUg complex (Handa et al., 1999). (D) PABP RBD12-Ag
complex (Deo et al., 1999). Note that the location of the amino acids on the surface of the B-sheet varies among the different RBDs. In all panels,
RBDI is shown as a ribbon in cyan and RBD2 is in green. The RNA is in yellow, represented as sticks.

higher binding affinity of nucleolin for the SNRE (2-5 nM)
compared with other RNA targets with different stem
sequences (10-100 nM) (Ghisolfi-Nieto et al., 1996).

Comparison between nucleolin RBD12 and RBD1
of spliceosomal U1A and U2B”
Nucleolin and the spliceosomal proteins Ul A (Oubridge
et al., 1994) and U2B” (Price et al., 1998) are the only
RBD proteins that specifically bind RNA stem-loops for
which protein—RNA complex structures have been deter-
mined. It is interesting to compare the mode of recognition
by one RBD versus two. The RBD1 of UlA and U2B”
contacts a much larger loop from the major groove side
only. In contrast, nucleolin RBD12 binds on both the
minor and major groove sides of the RNA loop (Figure 3).
The structure of RBD1 and its position on the major
groove side of the RNA is very similar in all three
complexes. In contrast, the linker position (in UlA and
U2B” the 14 residues C-terminal to the RBD) is very
different (Figure 7A and B). The linker of nucleolin
RBD12 is positioned primarily in the minor groove of the
RNA loop, whereas in U1A and U2B” the linker is on the
major groove side of the RNA loop. In all of these
complexes, sequence-specific recognition involves inser-
tion of amino acid side chains into the loop, but for ULA
and U2B” seven amino acids from the $2—B3 loop insert,
while in nucleolin only two residues insert, F56 of RBD1
[B-sheet and K94 from the linker (Figure 2D).

All three complexes also have contacts to the top of the
stem, but they are mediated differently. In the UlA

complex (Oubridge et al., 1994), the C-G base pair is
recognized by a side chain from the B2—33 loop (R52), and
in the U2B”-U2A’ complex the U-U base pair is
recognized by K20 from the ot1-2 loop. In the nucleolin
complex, two base pairs of the stem are contacted by six
amino acids. Note that the equivalent residues of V27 and
K31 (Figure 3A), K23 and K27, respectively, in U2B”,
recognize the last U of the RNA loop in the
U2B”-U2A’-RNA complex (Price et al., 1998).

Comparison with other RBD12-RNA complexes
Structures of only two other RBD12-RNA complexes
have been reported: sex-lethal (Handa et al., 1999) and
PABP (Deo et al., 1999), both of which bind mRNA
(Figure 7). These three complexes have several features in
common. They all adopt a common topology for the
protein, the BopPafy RBD fold, and the two RBDs are
separated by a linker, which forms a short helix at its
C-terminus adjacent to RBD2. Like nucleolin RDB12, the
linkers are ordered and have important interactions with
the RNA, and the two RBDs interact with each other in the
complex. This interaction is fairly weak in sex-lethal and
in nucleolin, where the two domains interact via only two
salt bridges. It is much stronger in the PABP complex,
where 550 A? of solvent-accessible surface are buried
between the two domains (Deo et al., 1999) (Figure 7D).
An interesting common feature of the RBD12-RNA
complexes is that in all three structures RBD2 binds the
5" end and RBDI binds the 3" end of the target RNA
sequence. However, the nucleolin RBD12-RNA complex

6877



F.H.-T.Allain et al.

¢ Tty
S Mm';f,’;;;c@,,bn ol o
1671> > AST — o
@ o
o 2O0 .
Y A‘“"" 1671>| [« 3549

oy
?5;‘ o\(\\“g

1671->»

Fig. 8. Proposed model of the RNA chaperone activity of nucleolin for
proper folding of the 5" ETS region between nucleotides 1671 and
3549 of human 47S pre-rRNA. A schematic representation of the
predicted secondary structure of this region in the mature pre-rRNA
based on phylogeny (Renalier ef al., 1989) and electron microscopy
(Wellauer et al., 1974; Schibler et al., 1975) studies is shown on the
right. The putative NRE binding sites in this sequence are indicated by
black rectangles. They are all found in double-stranded regions of the
mature pre-rRNA, so nucleolin (indicated by the black oval ring) is

not expected to be bound. On the left side of the figure are shown
schematically two alternate structures that the RNA can adopt with
(top) or without (bottom) nucleolin. Without nucleolin, the RNA can be
kinetically trapped in alternative stable structures, which have to unfold
to form the mature pre-rRNA, with the result that formation of the
mature pre-TRNA will be slow. The bound nucleolin promotes and/or
stabilizes stem—loops at the NRE consensus sites, preventing the
formation of alternative stable helices, and then dissociates to allow

the final structure to form.

is unique in that nucleolin RBD12 brings the 5" and 3 ends
of the NRE in close proximity to each other, so that the
NRE consensus nucleotides (U9-A14) form an upside-
down ‘U’ (Figures 4 and 7A). In contrast, sex-lethal
(Handa et al., 1999) and PABP (Deo et al., 1999), which
bind UG(U)g and Ag, respectively, interact along the
length of the RNA and seem to stretch it out, resulting in a
large separation between the 3’ and 5" ends of the RNA
(Figure 7C and D). It is remarkable that the same scaffold
(RBD1-linker-RBD2) can shape RNA so differently.
PABP stretches poly(A) via extensive interdomain inter-
actions, while nucleolin brings together the ends of the
RNA by inserting two amino acid side chains (K94 and
F56) into the RNA loop and stabilizing the C11-A14
interaction with K94. In the sex-lethal and PABP
complexes, there are no intramolecular hydrogen bonds
in the RNA, while in the nucleolin complex two hydrogen
bonds are formed, induced by protein binding.

The linker also plays a distinctly different role among
the RBD-RNA complexes. The extended region of the
linker (K89-D92 in nucleolin) in all the complexes
contributes to the RNA binding specificity via interactions
with its main chain, but in U1A it interacts with a C, in
PABP with an A, in sex-lethal with a U, and in nucleolin
and U2B” with a G (G13). The position of the helix of the
linker relative to the RNA backbone also differs among the
three complexes (Figure 7). Furthermore, in the recently
solved trimolecular complex between two UIA
N-terminal regions (1-102) bound to symmetrical sites
on their mRNA regulatory element, the helical part of the

6878

linker functions as a dimerization domain to form an
RNA-binding-dependent interdomain interaction (Varani
et al., 2000).

Diverse recognition of RNA by RBD proteins

With several RBD-RNA and RBD12-RNA complexes
determined, it is interesting to compare the sequence-
specific recognition by these diverse domains. The number
of nucleotides that are contacted by a single RBD varies
from O for RBD2 of UIA (Lu and Hall, 1995) to 12 for
RBD1 of U2B” (Price et al., 1998). The RBD1 and RBD2
of nucleolin interact with six and two nucleotides,
respectively, whereas for sex-lethal (Handa et al., 1999)
it is six and three, and for PABP (Deo et al., 1999) three
and four nucleotides that contact RBD1 and RBD2,
respectively. Although all of the RBDs interact with the
RNA primarily with their B-sheet, the location of the
amino acids on the surface of the B-sheet varies among
the different RBDs (Figure 7). In all of the RBD-RNA
complexes, RNA bases stack on the aromatic or hydro-
phobic side chains of the conserved residues of the
RNP2(B1) and RNP1(B3) sequence, but it is difficult to
predict which base will be involved in stacking. In the
RBD-RNA complexes solved to date, there are four
examples of a Y or F in B3, next to an R in 2. In all cases,
the RNA base stacks on the aromatic side chain, and the
arginine side chain interacts with the base, but it is a G in
nucleolin RBD1 (G13), a C in nucleolin RBD2 (C10)
(Figure 5), a U in sex-lethal RBD1 and an A in PABP
RBDI1. Therefore, elucidating a code for RNA recognition
by an RBD may be difficult. Recognition of RNA by RBD
proteins is not simply determined by RBD-RNA inter-
actions, but also by RBD-interdomain interactions,
linker—-RBD interactions, RNA intramolecular inter-
actions, and often protein—protein interactions, as in the
trimolecular U2B”-U2A’-RNA (Price et al., 1998) and
UlA-RNA-UIA (Varani et al., 2000) complexes and
hnRNPAT1 dimers (Ding et al., 1999).

Implications in understanding the role of nucleolin
in ribosome biogenesis

The structure of the nucleolin RBD12-RNA complex and
the locations of the putative NRE binding sites suggest a
role for nucleolin as an RNA chaperone (Herschlag, 1995).
The 5" ETS RNA and 28S RNA divergent domains in
mouse and human, where two-thirds of the putative
nucleolin binding sites were found (Serin et al., 1996),
are highly rich in G and C (40% each) (Renalier et al.,
1989). Based on phylogeny (Renalier er al., 1989) and
electron microscopy (Wellauer et al., 1974; Schibler et al.,
1975) studies, these regions are predicted to form a
secondary structure composed of very long helices of
mostly G-C base pairs in the mature pre-TRNA, e.g. region
1671-3549 in the human 5" ETS (Renalier ef al., 1989)
(Figure 8). Correct folding of these helices, which is
required for pre-tfRNA processing, probably requires an
RNA chaperone. We propose nucleolin as a candidate for
such chaperone activity. Nucleolin is the most abundant
nucleolar protein, binds RNA as soon as it is transcribed
(Ghisolfi-Nieto et al., 1996), and as shown here specific-
ally recognizes a GC-rich sequence. The majority of the
putative NRE sequences are found within regions which
are thought to be double stranded in the mature pre-rRNA,



in agreement with the fact that nucleolin is not associated
with the mature ribosomes (Serin et al., 1996). We suggest
that nucleolin binds the (U/G)CCCG(G/A) sequences on
the pre-rRNA as they are transcribed, inducing the
formation of and/or stabilizing RNA stem—loops by
bringing the 5 and 3’ ends of the consensus sequence
close to each other. Furthermore, the protein—RNA
complex sequesters the bases of the NRE sequence,
making them inaccessible for base pairing. Binding of
nucleolin will therefore prevent stable alternative RNA
structures from forming prior to completion of transcrip-
tion. Subsequently, the ribonucleoprotein complex formed
will unfold and the long stable RNA helices will form,
since dissociation of nucleolin from the RNA
(Kq = 10-100 nM) is expected to be faster than the
unfolding of a stable alternative G—C-rich RNA structure
free of protein (Herschlag, 1995).

This model for a chaperone activity for nucleolin is
consistent with earlier reports based on CD measurements
on pre-TRNA (Sipos and Olson, 1991) and gel mobility
experiments on DNA (Sapp et al., 1986), which showed
that nucleolin promotes the reassociation of complemen-
tary nucleic acid strands. Nucleolin may play a role
analogous to that of hnRNP proteins in pre-mRNP
assembly and pre-mRNA processing (Krecic and
Swanson, 1999). RNA chaperone activity has been
demonstrated for hnRNPA1 (Portman and Dreyfuss,
1994). Based on the crystal structure of hnRNPA1 with
DNA, it has been proposed that this protein will also fold
the RNA into stem—loops (Ding et al., 1999). Interestingly,
HIV-1 nucleocapsid protein also binds sequence specific-
ally to RNA stem—loops (De Guzman et al., 1998) and is
thought to have an RNA chaperone activity (Rein et al.,
1998). Thus, this model for the interaction of nucleolin
with pre-TfRNA may be common to these other RNA
chaperones.

Materials and methods

Construction of wild-type and mutant nucleolin RBD12 and
protein purification

The wild-type RBD12 subdomain of hamster nucleolin was constructed
by direct cloning of the PCR product using oligonucleotide primers 5’R12
(5'-cgtatccatatggtggaaggttcagaatcaactaacacctttc-3’) and 3'R12 (5'-cge-
ggatcctatcateecttctcecc-agtatagtaaag-3"). The PCR product was intro-
duced into pet-15b vector. Mutated nucleolin RBD12 genes were
produced using a PCR strategy with mutated oligonucleotide primers
and PCR products were also introduced into pet-15b vector. Unlabeled,
I5N- and !N,!3C-labeled proteins were expressed in BL21(DE3)pLysS
cells, and grown and purified as described (Serin et al., 1997; Allain et al.,
2000). Final sample conditions were 1-2 mM protein in 50 mM
potassium phosphate buffer pH 6.2, 100 mM KCI.

Gel shift assays

Assays were performed as described (Serin et al., 1997). Labeled RNA
(10 fmol) was incubated in 10 pl of TMKC buffer (20 mM Tris—HCI pH
7.4, 4 mM MgCl,, 200 mM KCI, 20% glycerol, 1 mM dithiothreitol,
0.5 mg/ml tRNA, 4 pg/ml bovine serum albumin) with the indicated
amount of protein for 15 min at room temperature. The reactions were
then directly loaded onto an 8% polyacrylamide gel (acrylamide:bis-
acrylamide 60:1) with 5% glycerol in 0.5X TBE and run at room
temperature. The gels were dried and subjected to autoradiography. Gel
shifts with mutated protein were each performed twice with two
independent protein and RNA preparations.

Structure of nucleolin RBD12-RNA stem-loop complex

Preparation of the isotopically labeled sNRE RNA and
protein-RNA complexes.

RNA samples with the sequence 5-GGCCGAAAUCCCGAA-
GUAGGCC-3" (Figure 1C) were prepared by enzymatic synthesis as
previously described (Dieckmann and Feigon, 1997). The 18 underlined
nucleotides are the SELEX consensus sequence and the additional
nucleotides were added to stabilize the stem and increase the transcription
yields. Samples were synthesized as unlabeled, uniformly '3C,'N
labeled, '3C,’>N-G labeled, '3C,!>SN-A labeled, and '*C,>N-U and
13C,I5N-C labeled.

Complexes were prepared by addition of aliquots of lyophilized RNA
(usually 3—4 times) until a 1:1 stoichiometry was reached. The titration
was monitored by observing the appearance of resolved resonances from
the complex and disappearance of resonances from the free protein in 2D
'H-SN HMQC (Bax et al., 1983) spectra. Samples were prepared with
13C,5N-labeled or '"N-labeled protein complexed with unlabeled RNA
(two samples) and labeled RNA complexed with N-labeled protein
(four samples). Final sample conditions were 1-1.5 mM protein—-RNA
complex in a 1:1 ratio, in 50 mM potassium phosphate, 100 mM KCl
pH 6.2 in D,0 or 90%H,0/10%D,0. Samples were exchanged between
H,O and D,0 as needed by lyophilization. The protein—RNA complex is
stable at temperatures ranging from 275 to 328 K.

NMR spectroscopy and assignment methodology

All the NMR spectra were acquired at 500 or 600 MHz on Bruker DRX
spectrometers. Spectra were processed with Bruker Xwinnmr and
analyzed by Felix97 (MSI, Inc.) and XEASY (Bartels et al., 1995). All
the spectra listed below of nucleolin RBD12 in complex with RNA were
recorded at 293 and 303 K. Additional NOESY spectra were recorded at
318 and 323 K.

A series of 3D N NOESY-HSQC, N TOCSY-HSQC (Cavanagh
et al., 1996), 13C HSQC-NOESY (Majumdar and Zuiderweg, 1993) and
13C NOESY-HMQC (Marion et al., 1989) (in D,0) (t,, = 150 ms for all
3D NOESY spectra) were acquired on the nucleolin RBD12-sNRE
complex. A 2D homonuclear TOCSY (50 ms, in D,O) was acquired on
the PN-only labeled protein in complex to assign the aromatic side
chains. A 'H-'>’N TROSY (Czisch and Boelens, 1998; Pervushin et al.,
1998) was used to resolve overlapping amide resonances. These spectra
and comparison to the spectra of the free protein (Allain et al., 2000) were
sufficient to unambiguously assign nucleolin RBD12 in complex with the
RNA. Complete assignments for the backbone and side chain resonances
from V5 to G175 were obtained.

2D homonuclear NOESY in H,O (1-1 echo at 278 K) and D-O,
TOCSY (50 ms) and DQF-COSY acquired on the complex with
unlabeled RNA, and two 3D 3C NOESY-HMQC and HCCH-TOCSY
(Bax et al., 1990) (both in D,0) acquired on the complex with the fully
labeled RNA were sufficient to obtain complete non-exchangeable
resonance assignments of the RNA in the complex, except for a few H5’
and H5”. 'H-13C HSQC were acquired on the protein-RNA complexes
with the G-only, A-only and C,U-only '3C,!’N-labeled RNA to confirm
the assignments obtained using the fully labeled RNA in complex
(Dieckmann and Feigon, 1997). U9 and G13 imino protons were not
observable, consistent with the absence of hydrogen bonds for them in the
structure. All other imino but no amino proton resonances in the loop
were assigned. The acquisition of spectra at the higher temperatures was
essential for resolving critical overlapping resonances, in particular the
aromatic resonances of C10 and C11 and for detecting the HS and He of
F17, which were only observable at 323 K due to a slower ring flipping
rate than usual due to its stacking on CI12. A similar behavior was
observed in the UIA-RNA complex (Howe et al., 1998).

In order to observe only intramolecular NOEs or intermolecular NOEs,
a set of 2D and 3D spectra with '2C and/or 3C double X-filtered
experiments was acquired on the samples where either only the RNA or
the protein was isotopically labeled. A set of four 2D 12C-13C filtered 'H-
'H NOESY spectra (Otting and Wiithrich, 1990; Slijper e al., 1996) and a
3D !'H-'3C double half-filtered HMQC-NOESY (Lee et al., 1994,
Zwahlen et al., 1997) were obtained on the samples with the fully
labeled protein complexed with unlabeled RNA and with the unlabeled
protein complexed with the fully labeled RNA.

Structure calculation of the protein-RNA complex

Interproton distance constraints were obtained from 2D homonuclear
NOESY spectra in D,O with presaturation of the residual HDO signal
(T, = 30, 100, 150 and 200 ms) at 303, 318 and 328 K, a 1-1 echo
NOESY (1, = 300 ms) in 90% H,0/10% DO at 278 K, and several 3D
5N and 13C separated NOESY spectra (T,, = 150 ms) recorded in either
90% H,0/10% D>0 or 99.9% D,0 at 303 and 318 K. The volumes of the
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NOE cross-peaks assigned in the 2D homonuclear (in D,0O) and 3D ’N-
separated NOESY were integrated by SPSCAN and converted into
distance constraints using the CALIBA subroutine of XEASY. Distance
restraints derived from the assigned NOEs were given qualitative upper
limits of 3.5, 5 or 7 A plus a pseudo atom correction based on the intensity
of the cross-peak, and those from the 2D 1-1 echo NOESY were given
qualitative upper limits of 5 and 7 A. In total, 3010 NOE-derived distance
restraints were used, including 2593 protein, 267 RNA and 150
intermolecular. In the early rounds of calculations, C11 was found to
interact with the surface of the 3-sheet of RBD2 in some of the structures.
Since C11 H6 and H5 did not show any intermolecular NOEs to protein
side chains and their linewidths were not broadened by conformational
exchange, we included seven repulsive restraints (lower bound of 4 A and
an upper bound of 20 A). Seventy-six hydrogen bond constraints within
the protein were added based on the observation of slowly exchanging
amide protons when the protein-RNA complex was freshly transferred
from H,O to D,0. Nineteen hydrogen bond constraints within the RNA
were used: 12 in the four G-C base pairs of the stem, four in the two non-
Watson—Crick base pairs and three in the base triple of the loop E motif.
An additional four intermolecular hydrogen bond restraints (two between
R49 and G13 and two between R127 and C10) were included in the last
run of structure calculations. Those were based on the unusual downfield
chemical shifts of R49 He (9.30 p.p.m.) and R127 He (9.70 p.p.m.) (Jiang
et al., 1999), and on the previous round of structure calculations, which
showed that such hydrogen bonds were likely. The 22 & dihedral angles of
the RNA were constrained to C2" endo (145 * 30°) or C3’ endo
(90 = 10°) based on the size of the 3Jy-_ coupling and the intensity of
the H1’-H2” TOCSY cross-peaks (Varani et al., 1996). A8, U9, C12, G13,
Al4, Al15 and G16 are C2’ endo range and all other residues are C3” endo
range. Nine weak base-planarity constraints in the RNA stem and the loop
E of the RNA (one per base pair and three for the base triple) were used.

Structure calculations were carried out using the simulated annealing
protocol implemented in X-PLOR 3.8 (Briinger, 1992) as described
(Howe et al., 1998). Forty structures were calculated, starting from
randomized RNA and protein chains. The 19 lowest energy structures
from the ensemble of calculated structures were further analyzed and
described (Table I). The hydrogen bonds described in the paper are
present in the majority of the 19 lowest energy structures (distance
between heavy atoms of <4 A and acceptor proton—donor angle >120°
when applicable). Figures of the structures were generated with
MOLMOL (Koradi et al., 1996).

Coordinates
The 19 conformers of nucleolin RBD12-sNRE complex have been
deposited in the RCSB Protein Data Bank (accession code 1FJE).
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