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ABSTRACT. Nucleolin is a multidomain phosphoprotein involved in ribosome biogenesis. In vitro selection
and binding studies with pre-rRNA fragments have shown that the first two RNA-binding domains (RBDs)
in nucleolin (RBD12) recognize the consensus sequence (U/G)CCCG(A/G) in the context of a stem-loop
structure (nucleolin-recognition elementNRE). Structural studies of nucleolin RBD12 in complex with

an in vitro selected NRE (sNRE) and a natural pre-rRNA NRE (b2NRE) have revealed that sequence-
specific binding of the consensus NRE is achieved in a similar manner in both complexes using residues
in both RBDs as well as the linker connecting them. Using fluorescence anisotropy (FA) and nuclear
magnetic resonance (NMR), we demonstrate the importance of the linker for NRE affinity by showing
that only the individual RBDs with the linker attached retain the ability to specifically bind, albeit weakly,

to sNRE and b2NRE. Binding of RBD1 and RBD2 to the NREs in trans is not detected even when one
of the RBDs has the linker attached, which suggests that the linker also contributes to the affinity by
tethering the two RBDs. To determine if binding of nucleolin RBD12 to natural NREs is dependent on
a specific RNA stem-loop structure, as was the case for the sSNRE, we conducted FA and NMR binding
assays with nucleolin RBD12 and a single-stranded NRE. The results show that nucleolin RBD12 sequence-
specifically binds a single-stranded NRE with an affinity similar to that for b2NRE, indicating that a
stem-loop structure is not required for the nucleolin RBD12/pre-rRNA NRE interaction.

The RNA-binding domain (RBD},also known as the against a four-stranded antiparajtetheet §, 6). The central
RNA-recognition motif (RRM), is the third most common two j strands have conserved octameric RNP-1 and hex-
protein motif found in naturel( 2). Proteins containing  americ RNP-2 motifs, which contain aromatic, hydrophobic,
RBDs have been shown to participate in many essentialand basic amino acids7) that are used to sequence-
cellular processes in RNA metabolism including pre-mRNA specifically bind single-stranded RNA, stem-loop RNA
splicing, mMRNA stability, RNA packaging and transpdi},( structures ), and sometimes DNA8). Many RNA-binding
and rRNA processing3( 4). Nuclear magnetic resonance proteins contain multiple RBDs separated by linkers of
(NMR) and crystallographic studies have shown that the variable amino acid composition and leng®.(In the case
RBDs, which are comprised of #4100 amino acids, have  of the snRNP U1A protein, which has two RBDs, a single
a characteristia/3a/ fold with the twoa helices packing RBD accounts for the affinity for the RNA target@—12).

In contrast, the multiple RBD proteins poly(A)-binding
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1 Abbreviations: RBD, RNA-binding domain; RRM, RNA-recogni- Nucleolin, which contains four tandem RBDs, is the most

tion motif;, NRE, nucleolin-recognition element, RNP-1, octameric abundant protein in the nucleoli of vertebrate cells and is

repeat found in RBD; RNP-2, hexameric repeat found in RBD; PABP, i i ; i ;
poly(A)-binding protein; Slx, sex-lethal protein; sSNRE, in vitro selected thought to participate in several steps of ribosome biogenesis,

NRE; b2NRE, natural NRE found in the mousesSiternal transcribed  including regulation of rDNA transcription, rRNA process-
spacer (nts: 562 to 578 EMBL sequence database accession codéng, ribosome assembly, and nucleocytoplasmic transport

M20154); RBD1, first RBD in Chinese hamster nucleolin (residues: (Figure 1A) (3' 24) Nucleolin associates direcﬂy with
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acid residues in Chinese hamster nucleolin tethering RBD1 and RBD2 (25). Attempts to understand the multiple roles of nucleolin
(residues: K382R393); RBD1L, protein construct of RBD1 including  in ribosome biogenesis have involved characterization of the
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Ficure 1: (A) Domain organization of hamster nucleolin. Some of the known functions of the nucleolin domains are indicated above. The
N terminus is known to interact with U3 snoRNPg|, RBD12 binds the NREZ8), RBD1234 binds the ECM2Q), and RBD34RGG has
been shown to have nucleic acid annealing activig).((B) Amino acid sequence of hamster nucleolin RBD12 used in this paper (SWISS
PROT accession code P08199). Secondary structure elements determined for hamster nucleolin RBD12 are indicated below the sequence
and are shown in blue for RBD1, red for the linker, and green for RBD2. The hexameric RNP-2 and octameric RNP-1 motifs are highlighted
in orange and purple, respectively. The linker residues are shown in a red bexa M5 corresponds to amino acid residues-2488 in
the full protein. The first three amino acids at the N terminus are left after TEV cleavage of the 20 amino acid residymi(ificgtion
tag. (C) Secondary structure of the SNRE used in this p&#r Kucleotides 3-20 are the sequence identified by in vitro selecti@s)(
The NRE consensus is shown in orange, additional loop nucleotides shown in red, and the stem shown in blaek. Gase @airs, which
are at the end of the stem for the purpose of transcription, are not shown. (D) Secondary structure representation of b2NRE used in this
paper. Nucleotides420 correspond to the B2 sequence found in mouse pre-RNA (nts®82 EMBL sequence database accession code
M20154). The color scheme is the same as in C. The sequences of (C) sNRE and (D) b2NRE are numbered to correspond to the original
sNRE construct30, 36). (E) Schematic representation of the RBD12 subdomains used in this paper, with the color scheme for the domains
being the same as in B. The gray box at each N terminus represents the three amino acids residues left after TEV cleavage of the affinity
tag.

and structural analysis has identified sequences in pre-rRNA  We previously determined the solution structure of nucleo-
to which nucleolin can bind specificall28, 26). One family lin RBD12 in complex with a 22 nucleotide RNA stem loop
of RNA sequences that nucleolin binds is called the nucleo- containing the 18 nucleotide in vitro selected consensus
lin-recognition element (NRE), which is defined as a RNA sequence (SNRE) (Figure 1C) (PDB accession code 1FJE)
containing the consensus (U/G)CCCG(A/G) in a loop of (30) and more recently with the 21 nucleotide b2NRE stem
variable size (#14 nucleotides) and at least a four base- loop (Figure 1D) (PDB accession code 1RK3))( Both

pair stem 25). Two of the 39 putative mouse NREs, B1 structures show that the specificity for the NRE consensus
(nts 515-532) and B2 (nts 562578), located in the'SETS sequence is determined by intermolecular stacking and
region of mouse pre-rRNA (EMBL sequence database hydrogen-bond interactions involving amino acids on the
accession code M20154), have been confirmed as nucleolin-5-sheet surface of the RBDs and in the linker and loops as
binding sites by cross-linking studie®7j. Subsequent studies  well. The linker connecting the two RBDs plays an important
have shown that the interaction of nucleolin with an in vitro role in both complexes by making specific and nonspecific
selected NRE only requires the first two RBDs of nucleolin contacts to the NRE consensus sequence. Furthermore, the
(Figure 1B) in a cis arrangement for nanomolar affinity upper part of the SNRE stem, which is not part of the NRE
(Kp = 1-5 nM) (28). More recently, constructs of B1 and consensus sequence, folds into a loop E motif (S tB2)-(

B2 NREs, bINRE and b2NRE, respectively, have been 35). In the RBD12/sNRE complex, nucleotides in the upper
shown to also bind with nanomolar affinity to nucleolin part of the loop E motif and the nonconsensus A8, which is
RBD12, albeit approximately 166600-fold more weakly  stacked on top of the loop E motif, are also specifically
than the in vitro selected NRE (SNRE)9). recognized by amino acid residues in RBD1 and the linker
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(30, 36). In contrast, the intermolecular interactions in the substrates were diluted in water. All RNAs were subsequently
nucleolin RBD12/b2NRE complex are restricted to the NRE concentrated by ultrafiltration (Amicon).
consensus sequence. Kinetic and gel shift analyses have Constructs.Previous attempts to cleave the affinity tag
shown that the presence of additional contacts to noncon-from the pET15b vector-expressed nucleolin RBD12 using
sensus nucleotides is responsible for the increased stabilitythrombin resulted in cleavage of the linker as well. Therefore,
of the nucleolin RBD12/sNRE complex compared to the RBD12 and subdomains were cloned into a pProEX HT
nucleolin RBD12/b2NRE complex. In addition, the gel shift vector to allow for cleavage of the (Hisaffinity tags from
analysis showed that the additional contacts to nonconsensushe RBD12 subdomains using TEV proteadg) (nstead of
nucleotides in the sSNRE are not only nucleotide-specific, but thrombin. The hamster nucleolin RBD12 subdomains were
also dependent on the RNA secondary structure (i.e.,generated by PCR using Vent DNA polymerase and the
formation of the loop E motif at the top of the sten3). petl5b vector containing the hamster nucleolin RBD12 gene
In summary, these studies illustrate the importance of the (43). The B oligonucleotide used to amplify RBD12, RBD1,
RNA secondary structure in the nucleolin RBD12/sNRE and RBD1L was 5CATGCCATGGTGGAAGGTTCA-
interaction and provide a rationale for the stem-loop require- GAATCAACTACAC-3'; the B oligo for RBD2 was 5
ment of the sNRE. CATGCCATGGCAACACTTTTAGCAAAAAATCTTTC-
Prior to structure determination of the nucleolin RBD12/ 33 the 3 oligo for RBD2L was SACGGATCC-
sNRE complex, the 12 amino acid residue linker connecting AAAAGGAAGAGATAGTAAAAAAG-3 '; the 3 oligo for
the two RBDs was only thought to restrict the positions of RBD12, RBD2, and RBD2L was $&3CGAAGCTTCATC-

the RBDs relative to one another and promote the associationCCTTCTCCCCAGTATAGTAAAG-3; the 3 oligo for
of the two RBDs with the same RNASY). However, the ~ RBD1was SACCAAGCTTCATGGTTTTTCTAGTTTAA-

structures of the nucleolin RBD12/sNRE and RBD12/b2NRE TTTCATTGCC-3; and the 3 oligo for RBDIL was
complexes and gel-shift assays with RBD12 constructs 2 ACCAAGCTTCACCTTGCAGCTCGAACTTTTTTAC-
containing linker mutations demonstrated the importance of TATC-3'. After amplification, PCR fragments were sub-
the linker for the nucleolin RBD12/NRE interactiogq). ~ cloned into pProEX HT using the restriction sité&o
Most analyses of sequence-specific binding and affinity of ! ~Hind Il for RBD12, RBD1, RBD1L, and RBD2 and
RNA-binding proteins containing multiple RBDs have BanH I—Hind lll for RBD2L.

focused on the role of the RBDs. Here, NMR and fluores- _ Protein Expression and PurificatiolBL21-Codon Plus-
cence anisotropy (FA) studies of the interaction of RBD1 RIL (Stratagene) cells were transformed with recombinant
and RBD2 protein constructs with and without the linker PPTOEX HT (Life Technologies) plasmids containing an
are used to demonstrate the importance of the linker for theinSert encoding for the hamster nucleolin (BiBBDX
affinity, specificity, and domain cooperativity of the nucleolin Subdomains, where RBDX stands for RBD12, RBDI,
RBD12/NRE interaction. The structures of other (RpD) RBD1L, RBDZ, and LRBD2. Cells grown at 3T in LB
RNA complexes 8—40) also show interaction of the linker ~Media containing 10Qug/mL ampicillin and 35xg/mL
residues to the target RNA, suggesting that the above resultChloramphenicol were induced with 1 mM isopropyl-1-thio-
are general. FA assays and NMR were also used to determind--9alactopyranoside at Qg = 0.6-0.8 and grown for

if binding of nucleolin RBD12 to a natural pre-rRNA target  a" addlt_lonal 3 h. Harvested cells were resuspen_ded in 20
was dependent on a specific stem-loop structure, as was thd"M sodium phosphate at pH 7.4, 500 mM NaCl with 0.1%
case for the sSNRE. Our results show that nucleolin RBD12 1'iton X-100, and 10QuL of protease cocktail inhibitor
can sequence-specifically bind a single-stranded NRE with (S1gma) per liter of culture, and lysed by three freedeaw
aKp similar to that observed for b2NRE. We have previously cycles and sonication. Proteins were then purified as previ-
proposed that the nucleolin/NRE interaction is important for 0USly described29), except that the cleavage of the (His)
proper folding of nascent pre-rRNA3Q). The fact that ~ tag was accomplished with (HISYEV S219N proteaself).
nucleolin RBD12 binds single-stranded NREs supports the FA Assays5'-fluorescein-labeled RNAs with sequences

proposal that nucleolin initially binds single-stranded NRE COrresponding to those shown in Figure 1 were obtained from
substrates to facilitate formation of transient stem-loop Pharmacon Research, purified, deprotected, and desalted. 5

structures in pre-rRNA. quoros_cein—NRE substrates were diluted in TE buffgr. (a0
mM Tris-HCI at pH 8.0 and 1 mM EDTA) and quantified

MATERIALS AND METHODS at Agxspas describedd@). FA was measured using the Beacon
2000 Variable Temperature Fluorescence Polarization System

RNA Synthesis and Purificatiodnlabeled and uniformly ~ (Panvera, Madison, WI) with fixed excitation (490 nM) and

13C !>N-labeled RNA oligonucleotides for NMR studies were emission (535 nM). Equilibrium binding assays were per-

prepared by in vitro transcription as describdd)( except formed as previously describe®dj. Polarization values were

for the single-stranded substrates, which were chemically converted to anisotropy values using eq 1. Data are expressed

synthesized (Dharmacon, Boulder, CO) and purified as

previously described4(). b2NRE and sSNRE were annealed A 2P (1)

at dilute concentrations {110 uM) in water and adjusted 3—P

to the desired salt conditions by the addition of the appropri-

ate stock solution. sNRE buffer consisted of 10 mM as @A — Ao)/Aq, whereA is the anisotropy of the fluorescein-

potassium phosphate at pH 7, 100 mM KCI, & labeled RNA at the indicated amount of protein akgis

ethylenediaminetetraacetic acid (EDTA), and 0.02% BaN the anisotropy for the free-labeled RNA or mA, where the

and b2NRE buffer consisted of 5 mM potassium phosphate mA is 1000 times the anisotropy of the fluorescein-labeled

at pH 7, 50uM EDTA, and 0.02% NaRl Single-stranded = RNA at the indicated amount of protein. Dissociation
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to the NREs is observed for the individual domains in the
absence of linker residues. Fitting the data for RBD1L and
LRBD2 to eq 2 reveals that the dissociation constakitg (
for the sSNRE and b2NRE interaction vary from 400 to 1000
uM (parts A—D of Figure 2). Using the same FA assay
procedure, theKp’'s of nucleolin RBD12 for sNRE and
b2NRE have previously been reported to be 3 and 300 nM,
respectively (parts E and F of Figure 28{. Thus, removal

of one of the RBDs from nucleolin RBD12 causes an
approximate 100 000- and 1000-fold loss in affinity for SNRE
and b2NRE, respectively, indicating that the presence of both
RBDs is essential for nanomolar affinity.

We note that the anisotropy for the complexes of the
isolated domains with linkers and hairpin NRE substrates is
~10-fold higher than that obtained with RBD12 and hairpin
NRE substrates, even though the molecular weight of the
complexes of the individual domains is smaller. This is due
to the fact that the nucleolin RBD12/NRE complexes are
more compact and spherical, while the hairpin RNA com-
plexes with the individual domains and linker are asym-
metric, which would give rise to a larger change in
anisotropy.

Binding of Indvidual RBDs to NREs Studied by NMR.
To test the specificity of the low-affinity interaction between
the individual RBDs with the linker attached and NREs,
titrations of RBD1L and LRBD2 td3C'*N-labeled sNRE

constantsip’s) were calculated by fitting data to eq 2 using
KaleidaGraph.
A=Agua. t (A(P—RNA) — ARNAF)

[RNAJ; + K + [P]; — /(~[RNA]; — Ko, — [P1)? — 4IRNAJ[P];
2[RNAJ;

)

NMR SpectroscopyAll NMR spectra were recorded on
Bruker DRX 500 or 600 MHz spectrometers. ProteRNA
complexes were prepared by addition of aliquots of lyo-
philized RNA or protein until the indicated molar ratio was
achieved. Titration of nucleolin RBD12 and RBD12 subdo-
mains into 0.15 mM=C *>N-labeled sNRE or b2NRE was
monitored at 310 K by gradient sensitivity enhanédel*C
heteronuclear single-quantum coherences (HSQ@S). (
Titration of SSNRE or SSNS into 0.15 mMN-labeled
nucleolin RBD12 was monitored at 310 K Hy-15N HSQCs
with WATERGATE (46) water suppression. Spectra were
processed and analyzed using Bruker XWINNMR 2.6 and
Felix97 (MSI, Inc.).

RESULTS

Determination of Dissociation Constants of the idual
RBDs and NREsMany proteins that bind RNA contain
multiple RBDs, and two or more tandem RBDs are often and b2NRE were monitored B4-13C HSQCs. Titration of
necessary for high-affinity binding to RNA target9).( nucleolin RBD12, RBD1L, or LRBD2 into sSNRE causes
Although most analyses of sequence-specific recognition in chemical-shift perturbations only for nucleotides in the loop
(RBD)./RNA complexes have focused on the role of the and at the top of the loop E motif but leaves stem resonances
RBDs, several crystal and NMR structures of (RBBNA (e.g., C2) mostly unaffected, except for changes in line
complexes show that the linker residues connecting the twowidths that are consistent with an increased correlation time
RBDs also contribute to RNA binding3Q, 38—40). For upon binding of the individual domains (Figure 3). Com-
instance, in the nucleolin RBD12/sNRE and RBD12/b2NRE parison of parts A and C of Figure 3 shows that the
complexes, the linker residues connecting RBD1 and RBD2 nucleotides that are bound by RBD1 and the linker in the
interact with the NREs in both sequence- and nonsequence4ull nucleolin RBD12/sNRE complex4@) are also bound
specific manners. In light of these observations, we decidedby RBD1L, because as the concentration of RBDI1L is
to further investigate the role of the linker in nucleolin increased, the chemical shifts of C11, C12, G13, Al4, and
RBD12/NRE binding by assaying for individual binding of G16 change to values close to those seen in the nucleolin
isolated RBD1 and RBD2 with and without the linker RBD12/sNRE complex (Figure 3B). C10 is not perturbed
attached. The RBD12 subdomains that were used in thisupon addition of RBD1L, consistent with the lack of contacts
paper are shown in Figure 1E. Because the presence of thdetween C10 and RBD1 or the linker. However, U9 is

20 amino acid residue N-terminal (Higag used in purifica-
tion could interfere with LRBD2, RBD2, and trans binding,

affected by RBD1L addition even though neither RBD1 nor
the linker contact U9 in the full nucleolin RBD12/sNRE

cleavage of the affinity tag from all constructs was necessary.complex. Perturbation of U9 may be caused indirectly by
TEV protease treatment resulted in RBD12 subdomains of the interaction between RBD1L and nucleotides A8 and A14,

the expected size (data not shown).

Use of the EMSA procedure previously shown to result
in band shifts for the nucleolin RBD12/sNRE and RBD12/
b2NRE complexes20) did not result in band shifts for any
of the nucleolin RBD12 subdomains with sSNRE or b2NRE
(data not shown). Because EMSA is a nonequilibrium

which form an adenine zipperlike motif in the nucleolin
RBD12/sNRE complex. When LRBD?2 is titrated into sSNRE,
the nucleotides that are contacted by RBD2 and the linker
residues in the full complex are perturbed (e.g., U9, C10,
C11, C12, G13, and Al4), whereas G16, which is neither
close to the binding site nor contacted by RBD2 or the linker,

binding assay, the lack of a band shift does not necessarilyis not affected (parts A and D of Figure 3). Similar results
indicate the absence of binding, as low-affinity complexes were obtained for titrations of RBD1L and LRBD?2 into
may have dissociated during the course of electrophoresisb2NRE. The chemical-shift changes that are observed upon
(44). Therefore, FA binding assays were employed becausethe addition of RBD1L and LRBD2 to b2NRE are also

it is an equilibrium binding technique and, thus, does not consistent with the contacts that are made by the individual
require the separation of bound and free RN®)( The domains in the nucleolin RBD12/b2NRE compl&4) (data
results of titrations of varying concentrations of RBD1, not shown). No chemical-shift perturbation of sSNRE and
RBD1L, RBD2, and LRBD2 into 5fluorescein-labeled  b2NRE consensus loop nucleotide resonances is observed
SNRE and b2NRE are shown in Figure 2. Both RBD1L and when the RBDs lacking the linker residues are titrated into
LRBD2 bind the sSNRE and b2NRE hairpins, but no binding the RNA, an observation that is consistent with the FA
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1.4 ——— results. Because binding of individual domains is observed
1.2 _A SNRE 4 when the linker residues are present, FA and NMR were
L i also used to assay for trans binding of RBD1L/RBD2 and
o8 461.3 +58.6 uM| RBD1/LRBD2. However, these experiments showed no
i evidence for binding in trans (data not shown). In summary,
REDIL ] these results show that the individual domains with the linker
attached bind weakly, but specifically, to the NRE consensus
Al x &  RBD1 1 nucleotides in a manner similar to that seen in the nucleolin
500 1000 1500 2000 2500 3000 3500 RBD12/sNRE and RBD12/b2NRE complexes. In addition,
_[ProteilyM this paper shows that the RBDs must be covalently linked
12t B sNRE o for both RBDs to bind to the NREs.
i Binding of Nucleolin RBD12 to'8SCUCCCGAGU-3 a
520.2 +49.0 uM| Single-Stranded NRBecause the nucleolin RBD12/b2NRE
LRBD2 1 complex structure, unlike the nucleolin RBD12/sNRE com-
plex, shows no interactions between the protein and the

b2NRE stem 1), the requirement for the NRE consensus

o ¢ o RBD2 i to be in a stem-loop structure is not clear. To determine if
500 1000[ P15(t)0' 120013| 2500 3000 3500 nucleolin RBD12 can sequence-specifically recognize a
rotein] p

single-stranded NRE, amide proton and nitrogen chemical
shifts of 15N-labeled RBD12 were monitored as a function
of the increasing concentration of a RNA oligonucleotide

C o2nRe

< o6 %%5{.)&%5 57.9 uM corresponding to loop nucleotides 86 of b2NRE (SSNRE).
< 4 i Amide chemical-shift perturbations were observed for resi-
< o 1 dues in theB sheet of both RBDs and in the linker upon
'0 S RBD1 i addition of SSNRE (Figure 4A). The residues in nucleolin
3 ? A Ly RBD12 that are perturbed upon SSNRE addition have
%20 500 1000 1500 2000 2500 3000 3500 chemical shifts similar to those observed in the nucleolin
PR [mee'“] “|M _— RBD12/b2NRE complex and are at or near the binding
1 D b2NRE i interface (Figure 5A). One notable exception is Y140, a
08 ] residue in the RNP-1 motif of RBD2 that was shown to
< o6 770.2 + 48.8 M| interact with the NRE consensus in the nucleolin RBD12/
2 . LRBD2 1 b2NRE and RBD12/sNRE complexes. Although other resi-
< 0'2 dues in the RNP-1 motif of RBD2 like 1138 and F143 (Figure
' ee o * RBD2 ] 1B) show chemical-shift perturbations, Y140, which shows
ohe 2 7 chemical-shift changes when hairpin NREs such as b2NRE
02 500 7000 1500 2000 2500 3000 3500 and sNRE are titrated into nucleolin RBD12, does not shift
[Protein] 1M upon the addition of SSNRE (Figure 4A). As a specificity

control, an oligonucleotide similar to SSNRE but with
mutations in the NRE consensus sequence previously shown
to abolish NRE binding in the context of a stem loop (U9G/
G13A; SSNS) 81) was also titrated into &N-labeled
RBD12 sample. Only very small chemical-shift perturbations
of a few residues in RBD1 and of K89 in the linker were
L L observed, but no changes occurred in the rest of the linker
010 ot um % T2 and RBD2 (Figure 4B). The observed chemical-shift per-

FiGure 2: Binding isotherms of RBD1/RBD1L (A and C) and turbations are very small compared to the perturbations
RBD2/LRBD2 (B and D), with SNRE (A and B) and b2NRE (C ~ caused by the addition of an equal amount of SSNRE (parts
and D) showing that attachment of the linker to either RBD1 or A and B of Figure 4), which suggests that the interaction is
RBD2 results in detectable NRE binding. Bindir]g isotherms were extremely weak, but the binding does involve some of the
generated with 2 nM sNRE or b2NRE and varying concentrations rasidues that interact with the NRE nucleotides in the

of RBD1L (O), RBD1 (a), LRBD2 (O), or RBD2 ). Each point .
is an average of five measurements, and the error bars represen'f]UCIeOIIn RBD12/b2NRE and RBD12/sNRE complexes.

the standard deviation of those measurements. Data for RBD1L I'hese results show that nucleolin RBD12 can sequence-
(O) and LRBD2 (0) were fit to eq 2. The fitted curves are indicated specifically recognize a SSNRE in a manner similar to that
by the black line and hav? values greater than 98%. Dissociation of a NRE hairpin.

constants Kp's) for (A) RBD1L/sNRE, (B) LRBD2/sNRE, (C) inalochi ;
RBD1L/b2NRE, and (D) LRBD2/b2NRE are shown. The RBD12/ Most of the chemical-shift changes that are observed in

sNRE (E) and RBD12/b2NRE (F) binding isotherms are shown the *H-*N HSQC spectra of nucleolin RBD12 upon the
here for comparison but are plotted on different scales, because ofaddition of either b2NRE or SSNRE are similar; however,

their lower anisotropyy axis) and stronger affinityx(axis), but chemical-shift differences are observed for certain residues
are in the same format as the isolated RBiDker data. A different (Figure 5A). Mapping of these chemical-shift differences on

format (logarithmic scale) was used in 29, because saturation ;
could be reached for the RBD12/NRE complexes. The nonloga- the lowest energy structure of the nucleolin RBD12/b2NRE

rithmic scale is used here to show that the binding isotherms for COMplex shows that some of the largest differences are
the isolated RBDs with the linker are approaching saturation. localized to 52 in RBD2 and K94 (Figure 5B). These

(A-A)/A,

ot
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Ficure 3: RBDI1L and LRBD2 sequence specifically bind SNRE!/&1' and H5/C5 portion ofH-13C HSQCs of (A) free sNRE, (B) 1:1

nucleolin RBD12/sNRE complex, (C) 2:1 nucleolin RBD1L/sNRE complex, and (D) 2:1 nucleolin LRBD2/sNRE complex. (E) Secondary
structure representation and numbering of the sNRE used in the titrations. Nucleotides that are contacted in the nucleolin RBD12/sNRE
complex structure30) by RBD1, linker, or RBD2 are shown in blue, red, and green, respectively. Nucleotides contacted by RBD1 and

linker (red and blue) are colored purple. Nucleotides not contacted

by nucleolin RBD12 are shown in black. PedRsaire Aabeled and

colored the same as in E. Peaks colored brown indicate that a red and green peak are overlapping.

differences are addressed in the Discussion. There are als@f data points for protein concentrations above 100
changes in the exchange kinetics of resonances in nucleolinnucleolin RBD12 from the curve and refitting them results

RBD12 that are perturbed upon addition of SSNRE in
comparison to addition of b2NRE. The amide resonances
of certain residues located in RBD1 and the linker disappear

upon addition of SSNRE and never reappear even when the

protein is saturated with the RNA. The disappearance of
resonances in RBD1 indicates that binding of RBD1 to

in aKp of 240+ 30 nM with a better overall fit of the data
(R? > 99%) (Figure 5C).

DISCUSSION

Linker Residues Connecting RBD1 and RBD2 Contribute
to Affinity and Specificity of the Nucleolin RBD12/NRE

SSNRE occurs in the intermediate exchange regime on thelnteraction.The role of the RBDs in nucleolin RBD12/NRE

NMR time scale at 600 MHz, instead of the slow-exchange
regime observed for the nucleolin RBD12/b2NRE titrations

binding has previously been illustrated biochemically and
genetically. These studies showed that mutation of several

at the same field strength. The exchange kinetics are alsoresidues in the RBDs, especially those in the RNP motifs,

different for amides in RBD2 and the linker that shift upon
addition of SSNRE, from being in the slow-exchange regime
in the nucleolin RBD12/b2NRE interaction, to being in the
fast-exchange regime in the nucleolin RBD12/SSNRE in-
teraction. To quantify the affinity of the nucleolin RBD12/
SSNRE interaction, FA assays using dlBorescein-labeled
SSNRE and varying concentrations of nucleolin RBD12
(Figure 5C) were conducted and show that #igs for
nucleolin RBD12 binding to b2NRE and SSNRE af@

are within the error of one another (31110 and 330+

54 nM, respectively). The fit of the curve is nonideal at high
concentrations of nucleolin RBD12 80 «M). Interestingly,
this deviation begins in the concentration range in which
binding to sNRE and b2NRE was detected for RBD1L and
LRBD2 (Figure 2), suggesting that, at these high protein/
RNA ratios, some dimeric binding of the protein is occurring.
In support of this is the fact that trans-binding experiments
with RBD1L and LRBD?2 also show an increase in polariza-
tion in this concentration range (data not shown). Removal

abolishes or drastically decreases bindiag 87). Although
binding to the NREs is not detectable for the individual
RBDs, the attachment of the linker to the RBDs results in a
weak, but specific, binding that is only detectable using
equilibrium binding assays such as FA and NMR. The fact
that no binding was observed for the RBDs without the
linkers attached is probably explained by the numerous
contacts between the linker and the RNAs in the nucleolin
RBD12/sNRE and RBD12/b2NRE complex structures. One
of the key features of the RBD12/NRE interaction is the
insertion of the K94 side chain into the hole formed in both
sSNRE and b2NRE loops. The side chain of K94 is stacked
on Al4, and its-amino group likely hydrogen bonds to C11.
Other linker residues that are important for RNA binding in
the RBD12/sNRE and RBD12/b2NRE complexes are K89,
which is in hydrophobic contact with C12; R91, which is
hydrogen-bonded to G13; and K95, which makes nonspecific
contacts to the RNA backbone. The data presented here,
along with previous gel shift assays that showed that the
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FIGURE 4: Nucleolin RBD12 sequence-specifically binds single- nucleolin RBD12 in a 1:1 complex with b2NRE (black) and in a
stranded NREs. (A) 600 MH#H-15N HSQCs of 0.15 mMSN- 1:2 complex with SSNRE (red). Some of the amino acid residues

labeled nucleolin RBD12 free (purple), in a 1:0.5 complex (green) are labeled. Grey, orange, and red labels indicate no or a very small
and in a 1:2 complex (red) with SSNRE. The sequence of SSNRE chemical-shift difference [AN| + |AH] < 40 Hz), moderate
corresponds to nts-8L6 in b2NRE and is shown above the spectra chemical-shift differenceg4N| + |AH| > 40 < 50 Hz), and large
with the NRE consensus colored orange and nonconsensus nuclechemical-shift differencesAN| + |AH| > 50 Hz), respectively.
otides colored red. (BJH-!5N HSQCs of!5N-labeled nucleolin Black labels indicate that the amide signal disappears upon complex
RBD12 free (purple) in a 1:0.5 complex (green) and in a 1:2 formation because of the binding kinetics in the intermediate
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in the binding of the nucleolin RBD12/b2NRE compled). 1RJK) @31). The color scheme is the same as in A. (C) Binding
isotherm of nucleolin RBD12 with SSNRE showing that the affinity

; ; indi ; for the single-stranded NRE is similar to the reported affinity of
mutation of K94 abolishes binding and the mutation of K89 nucleolin RBD12/b2NREZ9). The binding isotherm was generated

a_md K95 re_sults in weaker bl_nc_jlngl?g), 'nd'ca_t_e _that the with 2 nM SSNRE and varying concentrations of nucleolin RBD12

linker contributes to both affinity and specificity of the (@). Each point is the average of five measurements, and the error

nucleolin RBD12/NRE interaction. bars reflect the standard deviation of those measurements. Data
The weak binding of individual RBD1L and LRBD2 to  Were fit to eq 2, and the resulting curve for all data points is

N . . represented by a black line, while the fit of the data to all points
SNRE and b2NRE was confirmed by NMR to be specific excluding those=100uM is shown in red. Thd=? values for both

and likely similar to that observed in the structures of the s a1 greater than 98%. Th&'s for nucleolin RBD12/SSNRE
nucleolin RBD12/sNRE and RBD12/b2NRE complexes. The are shown.
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relative affinities of the nucleolin RBD12 subdomain com- Assuming no linker contacts to a RNA target and that the
plexes studied are RBD1L/sNRE: LRBD2/sNRE > linker is a random coil with a interresidue distance of 3.5
LRBD2/b2NRE > RBD1L/b2NRE. A comparison of the A, linkers longer than 60 amino acid residues are predicted
structures of the nucleolin RBD12/sNRE and RBD12/b2NRE to have a negligible effect on affinity, while linkers with
complexes explains the slightly greater affinity of the less than 60 residues are predicted to gradually increase the
individual RBDs with the linker for sSNRE compared to those affinity for an RNA target as the length of the linker is
for b2NRE. In the two complexes, the RBDs and linker make decreasedd). On the basis of this analysis and the fact that
almost identical contacts to the NRE consensus nucleotidesithe linker in RBD12 is comprised of 12 amino acid residues,
however, in the nucleolin RBD12/sNRE complex, RBD1 and the increase in affinity because of a cis arrangement of the
the linker also contact nonconsensus nucleotides in the uppeRBD1, linker, and RBD2 should be approximately 2 orders
portion of the loop E motif and A8, which stacks on the of magnitude greater than the simple addition of the binding
transHoogsteen AA base pair in the loop E motif3g, 43). affinities of the individual domains. However, the actual
These additional contacts from the RBD1 and linker are difference in affinity for b2NRE and sNRE caused by a cis
likely responsible for the greater affinity of RBD1L and arrangement of RBD1, linker, and RBD2 is 1000- and
LRBD2 for sNRE compared to that for b2NRE. RBD1L and 100 000-fold, respectively. The 100-fold difference in the
LRBD2 bind sNRE with affinities that are within the error increase of affinity between b2NRE and sNRE with a cis
of one another. This is consistent with the structure of the arrangement of the domains is simply explained by the
nucleolin RBD12/sNRE complexB) because RBD1L and  additional contacts from the linker and RBD1 to the loop E
LRBD2 each contact seven nucleotides (Figure 3E). The motif of SNRE as discussed above. The 10- and 1000-fold
lower affinity of RBD1L for b2NRE compared to LRBD2 difference between the predicted and actual increase in
is also consistent with the nucleolin RBD12/b2NRE complex affinity with a cis arrangement of RBD1, linker, and RBD2
structure, in which LRBD2 contacts six nucleotides, while for b2NRE and sNRE, respectively, is partially explained
RBD1L contacts four nucleotides. by the fact that the linkers in both complexes contact the
Linker Is Necessary for the Cooperagi Binding of NREs and are not in extended conformations, which were
Nucleolin RBD12 to NRE&MR binding assays show that two of the basic assumptions of the theoretical stugy (
there is no trans binding even when one of the RBDs has Instead, the linkers in both NRE complexes line the major
the linker attached. Analysis of the nucleolin RBD12/sNRE groove of the RNA loops and containselices. The linker
and RBD12/b2NRE complexes indicates that the two RBDs length between RBD1 and RBD2 (K89101) is 17.2 A
and the linker make only a few interdomain contacts, which and 20.9 A in the RBD12/sNRE and RBD12/b2NRE
is consistent with the lack of trans binding. How then can complexes, respectively, which is approximately half the
the very weak affinities of the individual RBDs with the predicted length for the 12 amino acid residue linker in an
linker attached result in the nanomolar affinity for SNRE and extended random-coil configuration (43.5 A). Therefore, the
b2NRE that is observed for a construct containing the RBDs contribution of the chelating effect to the affinity of the
in a cis arrangement? Biochemical studies of other tandemnucleolin RBD12/NRE complexes should be greater than
RBD proteins such as hnRNP A18) and ASF/SF217) predicted based on the number of linker residues alone. In
have also shown that the individual RBDs maintain the ability addition, if the linker length between domains is considered
to bind the RNA target, albeit with a decreased affinity,( to be the last linker/RNA contact to the second RBD, then
17, 18). However, these studies did not address the role of the chelating effect will be even greater. Calculations that
the linker in binding specificity and affinity. Like the use linker lengths measured from the last linker/RNA contact
nucleolin RBD12/NRE interaction, analysis of binding to each RBD and th&p's shown in Figure 29) can fully
affinities of the individual RBDs of ASF/SF2 and hnRNP account for the 10-fold difference between the predicted and
Al proteins shows that the affinity for the RNA target of the actual increase in affinity because of the chelating effect
the two RBDs in a cis arrangement is not simply the sum of for the nucleolin RBD12/b2NRE interaction. On the other
the affinities of each individual RBD1§). The fact that the  hand, similar calculations for the SNRE complex do not fully
free energy of binding of isolated RBDs cannot simply be account for the 1000-fold difference between the theoretical
added to result in the affinity observed for the cis constructs and actual increase in affinity because of the chelating effect.
of two RBDs can be attributed to the covalent attachment This suggests that the nucleolin RBD12/sNRE interaction
of the two RBDs by the linker. Covalent attachment of two is also enhanced by other factors in addition to the chelating
small molecule ligands that bind a single protein at two effect. One possibility is that conformational changes induced
separate sites is known to increase the affinity for the protein in SNRE by one RBD may positively affect the binding of
target because binding of the first ligand or domain increasesthe other covalently attached RBB7). Another possibility
the effective concentration of the secomdi7,(48). This is that binding of nucleolin RBD12 to SNRE may stabilize
increase in binding affinity from cooperative binding through the adenine zipper that is only found in the lower portion of
covalent linkage or dimerization [also known as the “chelat- the RNA loop when the protein is boung9 30).
ing effect” (reviewed in reft7)] has been analyzed in detail Importance of a Stem-Loop Structure for Nucleolin
for a variety of proteir-DNA and protein-RNA complexes, RBD12/NRE BindingPrevious studies indicated that the
including helix-turn-helix domains#@), Zn?*-finger proteins higher stability of the nucleolin RBD12/sSNRE complex
(50-53), nuclear receptorss@), POU domains%5), bZip compared to the nucleolin RBD12/b2NRE complex is due
proteins b6), and RBDs 9). The cooperative binding to the additional contacts from the RBD1 and linker to
behavior of covalently linked RBDs was predicted to increase nucleotides outside the NRE consensus sequence in the
the affinity for an RNA target 10- to 1000-fold compared to nucleolin RBD12/sNRE compleX(). The presence of the
the affinity of the individual RBDs added togethed).( S-shaped backbone in the loop E motif and the adenine
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zipper-motif in SNRE provides a scaffold to which RBD1 b2NRE and SSNRE complexes could both be different but
and the linker make nucleotide-specific contacts. These could compensate for one another such that a difference in
contacts are not only dependent on the nucleotide identity, theKp would not be observed. Third, the contradictory results
but also on the secondary structure context in which they from the NMR titrations and the FA assays may be due to
are presented to the protein. In contrast to the complex with the different temperatures at which the measurements were
SNRE, the nucleolin RBD12/b2NRE complex showed that conducted. Unfortunately, FA assays on the nucleolin
intermolecular contacts to the natural sequence are localizedRBD12/NRE binding are suboptimal at higher temperatures
to the NRE loop consensus sequence. Therefore, binding 0f(29). In summary, the interaction of nucleolin RBD12 with
a single-stranded NRE to nucleolin RBD12 was investigated, natural NREs such as b2NRE (300 n\p), which involves
as well. The NMR titrations show that the interaction of no stem contacts, does not require a stem-loop structure for
nucleolin RBD12 with SSNRE is specific, and the observed binding. On the other hand, the low nanomolar binding (3
chemical-shift changes suggest that the contacts betweemM) of nucleolin RBD12 with sNRE is dependent on
nucleolin RBD12 and SSNRE are similar to those in the sequence-specific contacts to nonconsensus nucleotides at
nucleolin RBD12/b2NRE complex. However, some residues the bottom of the loop and in the loop E motif at the top of
in RBD2 and the linker in the nucleolin RBD12/SSNRE the stem.
complex have chemical shifts that are different compared to Comparison to Other (RBYRNA Complexed.ike the
both the free RBD12 and nucleolin RBD12/b2NRE complex, nucleolin RBD12/sNRE and RBD12/b2NRE complexes, the
suggesting that these residues have unique chemical environlinkers in the PABP/A; (38), SxI RBD12/U3-U11 (39),
ments when nucleolin RBD12 is bound to a single-stranded and HuD1,2/cfos-1140) complex structures also havey3
NRE. Whether RBD1 residues in the nucleolin RBD12/ helices and interact with the target RNA. In addition, the
SSNRE complex are in the same or different conformations linkers are approximately the same length, with PABP, SxI,
in comparison to the nucleolin RBD12/b2NRE complex and HuD having 10, 12, and 11 residues in their interdomain
cannot be determined with the existing data because manylinkers, respectively. Because the RBDs of these proteins
of the amide resonances in RBD1 are broadened to baselineare covalently attached with relatively short linkers such as
upon addition of SSNRE. nucleolin RBD12, the chelating effect discussed above likely
The largest chemical-shift differences between nucleolin applies to these proteins as well. Furthermore, similar to the
RBD12 bound to SSNRE and b2NRE are displayed by 1138 nucleolin RBD12 complexes, the linkers in the complexes
and K94. 1138 is located in the RNP1 motif in RBD2 and discussed above also have lysine and/or arginine residues
packs closely against U9 in the nucleolin RBD12/b2NRE that contact the RNA targets via stacking, van der Waals,
complex. The large chemical-shift difference of 110 Hz for and/or specific hydrogen-bond interactions. Like the nucleo-
this amide resonance may result from differences in contactslin RBD12/NRE complex, the secondary structure of the
when bound to the SSNRE and/or in the RNA conformation. linker and the RNA contacts in these (RBIRNA com-
Because Y140 is not perturbed upon the addition of SSNRE plexes will result in an effective linker length shorter than
as is the case for b2NRE and large chemical-shift differencespredicted and, therefore, an even greater contribution of the
are observed for 1138 and residuegihof RBD?2, it is likely chelating effect to the interaction. Thus, the linkers in several
that the 5end of SSNRE exits th8-sheet surface of RBD2  (RBD)./RNA complexes probably contribute to RNA binding
differently than the 5end of the b2NRE loop, which is inthe same three ways as observed for the nucleolin RBD12/
constrained by the stem structure. The linker residue K94 NRE interaction: affinity, specificity, and RBD cooperativity
inserts its side chain into the hole of the RNA loop in the (chelating effect). In addition, the linkers between RBD23
RBD12/b2NRE complex. It is therefore not surprising that and RBD34 in nucleolin are also short (21 and 14 amino
K94 displays a large chemical-shift difference in the complex acid residues, respectively) and contain positively charged
with the single-stranded NRE versus a stem-loop NRE. The amino acids (SWISS-PROT accession code P08199). There-
amide chemical-shift value of K94 is different from that in fore, binding of RBD3, RBD4, and linker regions in nucleolin
the free protein, indicating that K94 still interacts with the may contribute to the binding of other pre-rRNA sequences
RNA in the SSNRE complex. [e.g., the ECM 23, 26)] in a manner similar to that seen for
Upon titration of b2NRE and sNRE into nucleolin RBD12, the nucleolin RBD12/NRE interaction.
almost all protein amides are in the slow-exchange regime Previous experiments using gel-shift or filter binding
on the NMR time scale3(1), whereas the nucleolin RBD12/ assays showed that a stem-loop structure was required for
SSNRE titration displays fast/intermediate-exchange kinetics high-affinity binding of nucleolin RBD12 to the SNRE{b
at the same field strength. The change from slow-exchangenM) (36). Because other known (RBRIRNA complexes
kinetics for the nucleolin RBD12/b2NRE complex to the fast/ such as PABP/(f) (38), Sxl RBD12/(U3-U11) (39), and
intermediate-exchange kinetics for the RBD12/SSNRE com- HuD1,2/cfos-1140) have substrates that are single-stranded,
plex, even though FA assays at@ show that the affinities  the nucleolin RBD12/NRE interaction was thought to be
are within the error of one another, could be caused by threeunique because it was the only (RBIRNA interaction that
factors. First, because chemical exchange behavior dependsequired a stem-loop structure for binding. This requirement
on the chemical-shift difference between the free and boundfor a stem-loop structure is similar to that seen for the
form, a smaller change in chemical shift could result in a interaction of a single RBD to the U1A/U1 hairpin 7).
change in the observed exchange regimes. However, soméiowever, unlike the U1A/U1 hairpin Il interaction, which
resonances in RBD2 have the same chemical shift in bothabsolutely requires a stem-loop structure to sequence-
the nucleolin RBD12/b2NRE and RBD12/SSNRE complexes specifically bind its target sequencg7}, nucleolin RBD12
(Figure 5A) and still display a change in the exchange can also bind sequence-specifically to single-stranded NREs
regimes. Second, the on rate,f and off rate K) of the with an affinity similar to that observed for the nucleolin
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RBD12/b2NRE interaction (310 nMR0). Therefore, nu-
cleolin RBD12 is unique in that it is the only tandem RBD
protein shown so far to be able to bind an RNA target

sequence both as a single strand and in the context of a stem-

loop structure, an observation that is consistent with the
proposed chaperone function of the nucleolin/NRE inter-
action.
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