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RNA recognition by the joint action of two nucleolin
RNA-binding domains: genetic analysis and
structural modeling

(Nagaiet al., 1990; Hoffmanet al., 1991). This structurePhilippe Bouvet1, Chaitanya Jain2,
is shared by other CS-RBDs (Go¨rlach et al., 1992;Joel G.Belasco2, François Amalric and
Wittekindet al., 1992; Garretet al., 1994; Leeet al., 1994).Monique Erard

Among the most conserved features of the CS-RBD is
Laboratoire de Biologie Mole´culaire Eucaryote, Institut de Biologie the presence of two sequence motifs of eight and six
Cellulaire et de Ge´nétique du CNRS, UPR 9006, 118 route de amino acids (RNP-1 and RNP-2, respectively). Located
Narbonne, 31062 Toulouse Cedex, France and2Skirball Institute of on two adjacentβ-strands (β2 andβ3), these conservedBiomolecular Medicine, New York University Medical Center,

motifs include aromatic residues thought to contact the540 First Avenue, New York, NY 10016, USA
RNA target directly (Merrilet al., 1988; Jessenet al.,1Corresponding author
1991). This prediction was confirmed by the crystale-mail: Bouvet@ibcg.biotoul.fr
structure of the U1A protein bound to U1 hairpin II,
which revealed that the RNP-1 and RNP-2 motifs interactThe interaction of nucleolin with a short stem–loop
extensively with nucleotides of the RNA loop and thatstructure (NRE) requires two contiguous RNA-binding
the polypeptide turn that links theβ2 andβ3 strands (turndomains (RBD 1F2). The structural basis for RNA
3) protrudes through the RNA loop (Oubridgeet al., 1994).recognition by these RBDs was studied using a genetic

With the development ofin vitro selection techniquessystem in Escherichia coli. Within each of the two
(SELEX) (Tuerk and Gold, 1990; Tsaiet al., 1991), thedomains, we identified several mutations that severely
RNA-binding specificities of a growing number of CS-impair interaction with the RNA target. Mutations
RBD-containing proteins have been determined: hnRNPthat alter RNA-binding specificity were also isolated,
A1 (Burd and Dreyfuss, 1994b; Shamooet al., 1994;suggesting the identity of specific contacts between
Abdul-Manan et al., 1996), hnRNP C (Go¨rlach et al.,RBD 1F2 amino acids and nucleotides within the
1994a), Sxl (Inoueet al., 1992; Sakashita and Sakamoto,NRE stem–loop. Our data indicate that both RBDs
1994), ASF/SF2 (Caceres and Krainer, 1993; Tacke andparticipate in a joint interaction with the NRE and
Manley, 1995), poly(A)-binding protein (Go¨rlach et al.,that each domain uses a different surface to contact
1994b; Kühn and Pieler, 1996), HuD (Chunget al., 1996),the RNA. The constraints provided by these genetic
HuC (Abe et al., 1996) and nucleolin (Ghisolfiet al.,data and previous mutational studies have enabled us
1996). In some cases (U1A, hnRNP C), a single CS-RBDto propose a three-dimensional model of nucleolin RBD
plus adjacent sequences is responsible for the RNA-1F2 bound to the NRE stem–loop.
binding specificity of the protein (Go¨rlach et al., 1994a;Keywords: Escherichia coligenetics/nucleolin/RNA-
Oubridgeet al., 1994; Aviset al., 1996), whereas in otherbinding domain/RNA-binding specificity/structural
cases (hnRNP A1, Sxl, ASF/SF2, HuD, HuC, nucleolin)modeling
it appears that multiple CS-RBDs cooperate in recognizing
a shared RNA target (Burd and Dreyfuss, 1994b; Shamoo
et al., 1994; Kanaaret al., 1995; Tacke and Manley, 1995;

Introduction Abe et al., 1996; Chunget al., 1996; Serinet al., 1997).
Cooperation between two CS-RBDs was proposed for thisThe consensus RNA-binding domain (CS-RBD), also
latter group of proteins because each individual CS-RBDcalled RNA recognition motif (RRM), is found in a large
alone could not reproduce the binding specificity andnumber of RNA-binding proteins involved in all aspects
affinity of the full-length protein (Burd and Dreyfuss,of post-transcriptional regulation (for recent reviews, see
1994b; Tacke and Manley, 1995; Serinet al., 1997). TheBurd and Dreyfuss, 1994a; Nagaiet al., 1995). These
requirement for two CS-RBDs was demonstrated furtherproteins often contain one to four CS-RBDs (Kenanet al.,
by the fact that mutating conserved aromatic residues1991; Birneyet al., 1993). The three-dimensional structure
within the RNP-1 motif of each CS-RBD of hnRNP A1of this conserved 70–90 amino acid RBD has been
(Merrill et al., 1988; Mayedaet al., 1994), ASF/SF2determined for only a few CS-RBD proteins. The best
(Caceres and Krainer, 1993; Zu and Manley, 1993) andcharacterized of these is the spliceosomal protein U1A,
nucleolin (Serinet al., 1997) drastically impaired inter-which binds to hairpin II of U1 snRNA (Scherlyet al.,
action with the RNA target. It is unclear how the two1989; Lutz-Freyermuthet al., 1990; Howeet al., 1994;
RBDs of these proteins interact specifically with a sharedOubridgeet al., 1994) and to a structurally related RNA
RNA target; nor has the role played by each domain beenelement within the 39-untranslated region of its own pre-
determined for any of these proteins.mRNA (Allain et al., 1996; Gubser and Varani, 1996;

An interesting feature of these dual-RBD interactionsJovine et al., 1996). X-ray crystallographic and NMR
is that the two individual domains involved in RNAstudies of the N-terminal CS-RBD of the U1A protein
recognition are separated by a limited number of aminohave revealed that this domain comprises a four-stranded

antiparallelβ-sheet flanked on one side by twoα-helices acids: 10 residues for Sxl and HuD, 12 for nucleolin, 17
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for hnRNP A1 and 32 for ASF/SF2. This short distance cells transformed with the same reporter plasmid and
plasmid pACYC184, which does not encode nucleolinbetween the two CS-RBDs may have two major con-

sequences for the interaction with the RNA target. First, (Table I).
To confirm that the translational repression of the NRE-it should restrict the positioning of one CS-RBD in relation

to the other, and secondly the close proximity of the two lacZ transcript was due to a specific interaction of the
RBD 112 protein with the NRE, we transformedE.coliCS-RBDs should favor the interaction of each domain

with the same RNA molecule (Shamooet al., 1994, 1995). cells containing the pRBD112 plasmid with a series of
NRE-lacZ reporter plasmids bearing mutations in the NRENucleolin contains four CS-RBDs (Lapeyreet al., 1987;

Srivastavaet al., 1989) and interacts specifically with an (pLacM6, M10, M11, M12, M13) (Figure 1C). These
RNA point mutations previously had been shown toRNA hairpin called the NRE (Ghisolfiet al., 1996). A

detailed deletion and mutational analysis (Serinet al., severely impair nucleolin bindingin vitro (Ghisolfi et al.,
1996; Serinet al., 1997), and they resulted in a substantial1997) revealed that the first two CS-RBDs (RBD 112)

are necessary and sufficient for the specific, high-affinity increase inβ-galactosidase activity inE.coli due to poor
binding of the RBD 112 protein to the mutant reporterinteraction with the RNA target. To gain insight into the

mechanism of the interaction between this dual-RBD transcripts (Table I). An additional control was performed
using two mutant forms of the RBD 112 protein, R1LLprotein and its RNA target, we have used a genetic

strategy based on the repression oflacZ translation by and R2LL. These mutants contain pairs of conservative
amino acid substitutions in the RNP-1 motif of RBD 1a heterologous RNA-binding protein expressed in

Escherichia coli (Jain and Belasco, 1996). Using this and RBD 2 (R1LL: F43L and Y45L; R2LL: I125L and
Y127L) that previously have been shown to abolish NREgenetic strategy, we have identified amino acid mutations

within each of the two nucleolin CS-RBDs that completely bindingin vitro (Kd .10 µM, Serin et al., 1997). No
repression oflacZ translation was observed when theseabolish interaction with the NRE. Furthermore, we have

isolated protein suppressor mutations that partially com- two protein mutants were expressed in cells containing the
wild-type NRE-lacZ reporter plasmid (Table II), indicatingpensate for the deleterious effect of mutations within the

NRE. These different constraints make it possible to that these mutant proteins fail to bind the NRE inE.coli.
A similar lack of repression was observed for R1LLsuggest a model for the interaction of the two nucleolin

RBDs with their shared RNA target. and R2LL in cells producing various mutant NRE-lacZ
reporters (M6, M10, M11, M12 and M13).

To determine how well translational repression of theResults
NRE-lacZ transcript correlates quantitatively with binding
affinity, we used gel-shift analysis to measure the dissoci-Specific interaction of two nucleolin RBDs with

their RNA target in E.coli ation constant (Kd) of several RBD 112 proteins and
various NRE RNAs (Figure 2A and data not shown). AWe previously identified a short RNA stem–loop (the

NRE) as the high-affinity RNA target of nucleolin (Ghisolfi T7 RNA polymerase promoter located a short distance
upstream of the NRE sequence in pLacNRE was used foret al., 1996). Specific interaction of nucleolin with the

NRE is mediated by its first two CS-RBDs (RBD 112) in vitro synthesis of labeled RNAs. It was particularly
important in these studies to measure the affinity of the(Serinet al., 1997). The full integrity of these two RBDs

is necessary and sufficient to account for the RNA-binding RBD 112 protein for the wild-type NRE within the
context of thelacZ reporter sequence. The wild-type RBDspecificity of nucleolin. Each of these two domains appears

to be involved in direct interaction with the RNA target, 112 protein was found to bind the NRE-lacZ in vitro
transcript with a high affinity (Kd of 20 6 5 nM) (Figuresince mutating conserved aromatic residues within each

RNP-1 motif drastically impairs NRE binding. To identify 2A) identical to that previously measured for the NRE in
a different RNA context (Ghisolfiet al., 1996; Serinet al.,amino acids involved in this interaction, we made use of

a genetic system recently developed by Jain and Belasco 1997). Similarly, the affinity of this protein for various
NRE mutants (Figure 2A and data not shown) and of the(1996). This system is based on the translational repression

of lacZ by a heterologous RNA-binding protein that R1LL protein mutant for the wild-type NRE were also
unchanged in this new context. These results show thatsterically hinders ribosome binding by binding to an RNA

target sequence inserted a few nucleotides upstream of the affinity of the RBD 112 protein for the NRE is
context independent. Moreover, forKd values betweenthe lacZ Shine–Dalgarno element.

To use this system, the minimal 18 nucleotide RNA 10 nM and 10µM, there is a remarkably good correlation
between the binding affinity measuredin vitro and thesequence required for nucleolin binding (Ghisolfiet al.,

1996; Serinet al., 1996) was first introduced 11 nucleotides degree oflacZ translational repression observed inE.coli
(Figure 2B).upstream of the Shine–Dalgarno element of alacZ reporter

construct (Figure 1B). AlacZ E.coli strain (WM1/F9) Together, these results demonstrate that the specific
interaction of the RBD 112 protein and the NRE can betransformed with the resulting plasmid (pLacNRE) syn-

thesizes high levels ofβ-galactosidase, producing blue faithfully reproduced inE.coli. This knowledge enabled
us to use this genetic system to investigate the interactioncolonies on X-Gal indicator plates. Expression oflacZ

from this plasmid was strongly repressed upon transform- of this dual-RBD protein with its RNA target.
ation with a second plasmid (pRBD112; Figure 1A) that
encodes a truncated protein comprising the two nucleolin Identification of nucleolin amino acids involved in

RNA bindingRBDs sufficient for NRE bindingin vitro. β-Galactosidase
synthesis in these double transformants was reduced by a We first used this genetic system to identify amino acids

whose mutation abolishes the ability of the RBD 112factor of 36 (the repression ratio) compared with isogenic
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Fig. 1. The RBD 112 protein and its RNA target. (A) The sequence of the RBD 112 protein produced by the pRBD112 plasmid is indicated.
Amino acid residues are numbered from the methionine introduced before the first residue of the RNP-2 motif of CS-RBD1. Elements of secondary
structure and the conserved RNP-1 and RNP-2 sequence motifs are indicated. (B) Sequence of the nucleolin recognition element (NRE) in the
context of the NRE-lacZ transcript of pLac-NRE. The boxed 18 nucleotide stem–loop represents the minimal nucleolin-binding site determined by
SELEX (Ghisolfiet al., 1996). Underlined GA and AUG nucleotides indicate the rudimentary Shine–Dalgarno element and the initiation codon of
lacZ. (C) Representation of the different NRE mutants used in this study. Each mutation involved one or more substitutions at the indicated sites.
Mutation M6 disrupts the secondary structure of the NRE (Ghisolfiet al., 1996).

protein to bind the NRE. Translational repression of the
Table I. Specific interaction of the RBD 112 protein with NRE RNA

NRE-lacZ transcript by the RBD 112 protein inhibits in E.coli
β-galactosidase synthesis, giving rise to white colonies

pLac β-Galactosidase activity RepressionKd (nM)when cells are grown on X-Gal plates. In contrast, cells
plasmid ratiosthat produce the R1LL and R2LL proteins, which are

pACYC184 pRBD 1-2unable to bind the wild-type NRE, generate blue colonies.
This phenotypic difference provides a convenient basis to

pLacNRE 2916 9 7.6 6 0.6 36.36 2.2 206 5
screen for protein mutants deficient in RNA binding. pLacM6 2296 10 105.56 5 2.2 6 0.1 10006 200

Random PCR mutagenesis was performed on RBD pLacM10 3456 3 179.56 4.5 1.96 0.1 30006 500
pLacM11 1486 4 68.76 0.65 2.16 0.02 30006 500112 cDNA, which was then subcloned back into the
pLacM12 2326 11 28.46 1.3 8.06 0.1 2506 50parent plasmid to generate the mutagenized plasmid library
pLacM13 1226 6 101.56 1.5 1.26 0.1 60006 1000pRBD112M. The E.coli WM1/F9 cells were co-trans-

formed with this library and the pLacNRE reporter plasmid Escherichia colistrain WM1/F9 was co-transformed with pRBD112
or parent plasmid pACYC184 and with a pLacNRE reporter plasmidand plated on X-Gal plates. About half of the resulting
containing the wild-type nucleolin recognition element or NRE mutantcolonies were blue, indicating that these cells produced a
M6, M10, M11, M12 or M13.β-galactosidase activity in the resultingmutant form of the RBD 112 protein unable to interact
strains was quantified as described in Materials and methods.

with the NRE. However, Western blot analysis revealed Repression ratios were determined by dividing theβ-galactosidase
that only ~30% of the blue colonies expressed the RBD activity in cells containing pACYC184 by theβ-galactosidase activity

in cells containing the pRBD112 plasmid.112 protein variant at a level comparable with wild-type
(data not shown); the remaining cells expressed either a
truncated protein or no protein at all. Many of these could be found in either RBD 1 or RBD 2, demonstrating

that both RBDs participate in RNA binding. Secondly, themutations might impair proper protein folding, resulting
in an accelerated rate of degradation (Pakulaet al., 1986). mutations did not appear to be randomly distributed: in

RBD 1, the RNP-2 and RNP-1 motifs and theβ2–β3 loopPlasmid DNA was purified from cells expressing RBD
112 variants that were present at a wild-type concentration were highly affected, whereas in RBD 2, helix A and the

RNP-1 motif were the major sites for the mutations. Theyet deficient for lacZ translational repression. DNA
sequencing was then performed to identify the mutation localization of these mutations was not a consequence of

the PCR-based mutagenesis method, since sequencing ofresponsible for this loss of function (Table III). The
location of these mutations was interesting in two respects. random clones did not show any preference for mutation

of these domains (data not shown).First, amino acid mutations that abolish RNA binding
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Table III. Identification of amino acid residues important for theTable II. Interaction of mutated RBD 112 proteins with wild-type and
mutated NRE stem–loops binding of RBD 112 to the NRE

Location MutationspLac plasmid Repression ratios

pRBD 1-2 pR1LL pR2LL RBD 1
RNP-2 motif F4L, N7T, L8R, L8P
loop 3 R36G, N40KpLacNRE 38.56 2.0 1.126 0.10 0.746 0.13

pLacM6 2.06 0.2 1.016 0.06 0.746 0.13 RNP-1 motif F48G
pLacM10 2.06 0.2 1.016 0.03 0.876 0.05
pLacM11 2.16 0.7 1.016 0.02 0.896 0.08 RBD 2

α A helix F107Y, F107L, D109N, L111W, L111S (2)pLacM12 7.66 0.4 0.986 0.01 0.976 0.03
pLacM13 1.46 0.3 1.086 0.07 0.906 0.14 RNP-1 motif I128S, F130S (3), F130L

Previous studies (Serinet al., 1997) have shown that mutation of RBD 112 protein variants unable to bind the wild-type NRE were
isolated, and the mutated amino acids were identified by DNAconserved aromatic residues within the RNP-1 motif of RBD 1

(R1LL) and RBD 2 (R2LL) abolishes NRE bindingin vitro. cDNA sequencing. Mutants that were independently isolated more than once
are indicated. In cells containing the reporter plasmid pLacNRE, theencoding the mutated protein was substituted for the corresponding

fragment in pRBD112 to give pR1LL and pR2LL (see Materials and activity ofβ-galactosidase in the presence of any of these RBD 112
variants is identical to the activity ofβ-galactosidase in the presencemethods for details). The resulting plasmids were co-transformed with

various pLac reporter plasmids. Repression ratios were determined of plasmid pACYC184 (data not shown), indicating that these RBD
112 variants fail to bind the NRE.from theβ-galactosidase activity with or without the RBD 112

protein, as in Table I.

It is not surprising that mutating the RNP-1 and RNP-2
motifs of RBD 112 impairs NRE binding, as these motifs
have been implicated in RNA binding by other CS-RBD
proteins. Likewise, in the complex of the U1A protein
and its RNA hairpin target, theβ2–β3 loop protrudes
through the RNA loop and plays an important role in the
specificity of this interaction (Scherlyet al., 1990; Bentley
and Keene, 1991). Thus, the two mutations found in the
corresponding RBD 1 loop (R36G, N40K) may suggest a
similar role for this loop in the interaction of RBD 112
with the NRE stem–loop (see Discussion). The mutations
in helix A of RBD 2 were unexpected, as the corresponding
helix of U1A is not in close proximity to the RNA in that
RBD–RNA complex (Oubridgeet al., 1994).

Identification of altered-specificity RBD 1F2

variants

These loss-of-function mutations provide interesting
information as to the amino acids that are important for
RNA binding. However, they do not reveal whether the
mutated amino acid directly contacts the nucleic acid,
since a lack of RNA binding could also result from
mutations that modify the structure of the RBD.

To understand how the RBD 112 protein interacts with
the NRE, specific contacts between amino acids and
nucleotides must be identified. To access this kind of
information, we used our genetic system to screen for
mutations in RBD 112 that alter the specificity of this
protein and enable it to bind with increased affinity to
mutant NREs. Using this gain-of-function strategy, we
hoped to acquire more specific information about protein–
RNA interactions than could be obtained using the loss-
of-function strategy described above.Fig. 2. (A) Representative gel-shift analysis of the interaction of a

wild-type or mutant RBD 112 protein with a wild-type or mutant To this end, the pRBD112M plasmid library was
NRE. 32P-Labeled RNA was synthesized byin vitro transcription of introduced into a set ofE.coli strains that each contained
the corresponding pLacNRE plasmid and incubated with different a mutant reporter plasmid (pLacM6, M10, M11, M13 or
concentrations of the protein. Free RNA was separated from the

M16). Colonies that appeared less blue in color than controlRNA–protein complex in an 8% polyacrylamide gel under
colonies containing the wild-type pRBD112 plasmid werenon-denaturing conditions. (B) Correlation between the repression

ratios measured inE.coli and dissociation constants (Kd) measured tested again to confirm that they contained a reduced level
in vitro. The results obtained in Table I and with other protein and of β-galactosidase activity. Each of the mutant pRBD112
RNA mutants (see below, e.g. in Table IV) were plotted on this graph plasmids that survived this second screen was purified(correlation coefficient of 0.968). Note that 1 must be subtracted from

and sequenced to identify the mutated amino acid (Tablethe repression ratios prior to their quantitative comparison, as a
repression ratio of 1 indicates the absence of detectable binding. IV). Interestingly, the affected amino acids were located
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Table IV. Repression ratios for RBD 112 variants with NRE mutants

wt NRE M6 M10 M11 M12 M13 M16
UCCCGAA UCCCGAA UCCCAAA UGCCGAA UCGCGAA UCCGGAA UCGGGAA

wt pRBD 1-2 36.36 2.2 2.06 0.2 2.06 0.3 2.16 0.7 7.76 0.4 1.46 0.3 1.36 0.1
N2T 38.06 4.0 6.3 6 0.7 5.06 0.2 9.56 0.8 5.9 6 0.8 2.0 6 0.1 1.5 6 0.1
R114S 5.86 0.5 1.06 0.2 0.96 0.02 4.5 6 0.6 1.7 6 0.2 0.86 0.1 1.16 0.1
Y45F 35.06 1.3 12.8 6 0.8 5.06 0.8 11.46 1.5 8.7 6 0.2 3.5 6 0.4 4.06 0.6
Y45F/Y127F 37.96 0.4 4.2 6 0.5 3.46 0.6 6.26 1.5 18.26 0.3 2.26 0.5 4.66 1.5
E108D 18.46 1.2 7.4 6 1.0 4.76 0.2 7.46 2.5 15.86 1.4 2.66 0.01 1.86 0.1

A plasmid library (pRBD112M), randomly mutagenized in the RBD 112 gene, was co-transformed with one of six pLacNRE mutants: M6, M10,
M11, M12, M13 or M16. Colonies that were lighter blue in color than control colonies containing the wild-type plasmid (pRBD112) were subjected
to further analysis (see Materials and methods), including sequencing of the RBD 112 gene. RBD 112 mutants N2T and E108D were identified as
suppressors of NRE mutant M6; R114S as a suppressor of M11; Y45F as a suppressor of M6, M10 and M16; and Y45F/Y127F as a suppressor of
M16. Isolated plasmids encoding the different RBD 112 variants were retransformed with the other pLacNRE mutants, and theβ-galactosidase
activity determined for each plasmid combination. Repression ratios (R) in boldface indicate binding affinities at least twice as high as observed for
the wild-type RBD 112 protein with the same RNA [(Ri–1)/(Rj–1) . 2].

in both RBDs (N2T and Y45F in RBD 1; E108D, R114S
and Y127F in RBD 2).

The binding specificity of these RBD 112 suppressor
mutants was then examined by testing their ability to
repress the translation of various NRE-lacZRNA mutants.
These quantitative measurements oflacZ expression
allowed the RBD 112 variants to be classified into three
groups. In the first group, comprising the N2T, Y45F and
Y45F/Y127F variants, the protein mutations each enhance
translational repression of a number of NRE-lacZvariants,
yet the level of repression of wild-type NRE-lacZ transla-

Fig. 3. Representative gel-shift analysis of the binding of the wild-typetion is the same as that observed with the wild-type RBD
or mutated RBD 112 protein to wild-type or mutated NRE RNA.

112 protein (Table IV). To show that the increased Mutated proteins were produced inE.coli, purified to homogeneity and
repression of NRE-lacZ mutants by the Y45F variant is studied in gel-shift experiments as described in Figure 2A.
really a consequence of an increase in binding affinity,
this mutant protein was purified fromE.coli and studied
in gel-shift experiments. These binding studies (Figure 3) while reducing translational repression of the wild-type

NRE-lacZ transcript by a factor of six. In contrast, R114Sconfirmed that the Y45F mutant binds the wild-type NRE
with the same affinity as the wild-type RBD 112 protein repression ratios close to 1 (no repression) were measured

for the M6, M10, M13 and M16-lacZ mutants, indicating(Kd of 20 nM) and has a significantly higher affinity than
the wild-type protein for mutated NREs (see, for example, that this protein variant had completely lost the ability to

interact with these other NRE mutants.M6-lacZ in Figure 3). That all three of these RBD 112
suppressor mutants contain amino acid substitutions within To confirm that the enhanced repression of the M11

reporter was the result of an increase in binding affinity,the RNP-1 and RNP-2 motifs of RBD 1 strongly suggests
that these protein segments are involved in determining the R114S protein was purified fromE.coli and studied

in vitro by gel-shift analysis (for a representative gel, seethe binding specificity of the RBD 112 protein. The Y45F
variant in particular was independently isolated many Figure 3). These measurements showed that the R114S

variant binds M11 RNA about five times more tightlytimes in suppressor screens involving three different NRE-
lacZ mutants (M10, M6, M16), indicating the importance than does the wild-type protein (Kd of 400 nM, versus

2000 nM for wild-type RBD 112; Figure 3). Moreover,of this amino acid residue for the interaction of the RBD
112 protein with the NRE. this amino acid substitution reduces the affinity of the

RBD 112 protein for the wild-type NRE by about a factorA second class of RBD 112 suppressor mutants was
more effective at repressing the translation of multiple of 15 (Kd of 300 nM, versus 20 nM for the wild-

type protein) (data not shown). These altered bindingNRE-lacZ variants but less effective at repressing the
wild-type NRE-lacZ reporter transcript. Thus, the E108D characteristics suggest that, in the wild-type protein,

Arg114 may be involved in recognition of the cytosinemutation significantly increases the repression of several
different reporter mutants but represses wild-type NRE- residue (C8) that is replaced by guanosine in the M11

mutant.lacZ expression only half as well as the wild-type RBD
112 protein.

The third type of RBD 112 suppressor mutation that Mutational analysis of amino acid residue R114

Because a single point mutation within codon 114 canwas isolated (R114S) specifically increased translational
repression of a single NRE-lacZ mutant and significantly give rise to only five different amino acid substitutions, it

was possible that Arg114 mutations other than R114Simpaired repression of the wild-type reporter. This substi-
tution of a serine residue for Arg114 caused a 2-fold might better compensate the M11 RNA mutation. To

examine more comprehensively the importance of aminoenhancement in repression of the M11-lacZ transcript,
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acid residue 114 in NRE recognition, we completely threonine, serine, asparagine and aspartate residues were
favored for M11 (G8), and threonine, serine, arginine,randomized the RBD 112 codon corresponding to this

residue, thereby creating the plasmid library pR114Lib. aspartate and glutamine residues were favored for M18
(A8) (Table V).This library was used to transform cells carrying one of

four different NRE-lacZ reporter plasmids: wild-type, To determine the specificity of RBD 112 variants
with threonine, asparagine, aspartate, glutamine or lysineM11, M18 or M19, which have a cytosine, guanosine,

adenosine or uridine, respectively, at position 8 of the substitutions at position 114, plasmids encoding these
protein variants were introduced intoE.coli strains con-NRE (see Figure 1C). In each case, RBD 112 variants

able to represslacZ expression (white colonies) were taining reporter plasmids with NRE mutations at various
positions. In each case, the degree of translational repres-identified. Plasmids from these colonies were isolated and

sequenced to reveal the identity of amino acid 114. sion was determined by spectrophotometric measurements
of β-galactosidase activity (Table VI). All of these RBDA significant bias for certain amino acids was observed

with each of the four RNA targets (Table V), suggesting 112 mutations increase translational repression of M11-
lacZ (G8) and reduce repression of wild-type NRE-lacZagain that amino acid 114 is important for the recognition

of nucleotide 8 of the NRE. With the wild-type NRE (C8). None of the R114 variants is more effective than
the wild-type RBD 112 protein at repressing translation(C8), all 17 independent RBD 112 clones that were

sequenced had an arginine residue at position 114 (all of reporter mRNAs bearing other NRE mutations, and in
most cases the degree of repression is significantly less.six possible arginine codons were represented; data not

shown). A strong bias in favor of a basic amino acid was The RBD 112 variant most specific for M11 is R114D.
On the basis of the observed correlation between relativealso observed for the M19 mutant (U8) (arginine or lysine

in all of the repressing RBD 112 clones). In contrast, binding affinity and repression ratio (Figure 2B), we
estimate that this amino acid substitution causes a 4-fold
increase in the affinity of RBD 112 for M11 RNA

Table V. Screening for amino acid substitutions at position 114 that (calculatedKd 5 500 nM) while reducing the affinity of
can suppress RNA mutations at C8

the protein for the wild-type NRE by a factor of ~100
(calculatedKd 5 2000 nM). The greater affinity of thisLacZ plasmid Selected amino acid Frequency (%)
mutant protein for the M11 stem–loop versus the wild-

wt NRE UCCCGAA R 100 type NRE hairpin makes R114D a true altered-specificity
M11 UGCCGAA T 53 variant. Together, these findings support the conclusionS 30

that Arg114 of RBD 112 plays a key role in the recognitionN 12
D 5 of NRE nucleotide C8, suggesting a direct interaction

M18 UACCGAA S 30 between these two residues.
T 30
R 13
D 13

DiscussionQ 13
M19 UUCCGAA R 85

A genetic system to study the interaction of aK 15
dual-RBD protein with its RNA target

Saturation mutagenesis was performed on amino acid 114 of RBD Nucleolin, a major non-ribosomal nucleolar protein, inter-
112. Cells were co-transformed with the resulting plasmid library acts specifically with an RNA stem–loop structure (NRE)
(pR114Lib) and pLacNRE, pLacM11, pLacM18 or pLacM19.

through its first two RNA-binding domains (RBD 112)Transformants containing an RBD 112 variant that could bind the
(Ghisolfi et al., 1996; Serinet al., 1996, 1997). We haveco-resident reporter mRNA were identified by their white or light blue

colony phenotype on X-Gal plates. The pRBD112 plasmid in these successfully used a rapid genetic screening procedure in
cells was isolated and sequenced. Indicated for each NRE is the E.coli (Jain and Belasco, 1996) to study the interaction of
frequency with which various amino acids appeared at position 114 this dual-RBD protein and its RNA target. This geneticamong the isolates. The number of individual RBD 112 clones that

approach is based on the ability of RBD 112 to specificallywere sequenced was 15 for the wild-type NRE, 17 for M11, seven for
M18 and seven for M19. repress translation of alacZ reporter transcript by binding

Table VI. Repression ratios of Arg114 variants with NRE mutants

wt NRE M6 M10 M11 M12 M13 M16 M18 M19
UCCCGAA UCCCGAA UCCCAAA UGCCGAA UCGCGAA UCCGGAA UCGGGAA UACCGAA UUCCGAA

wt pRBD 1-2 36.36 2.2 2.0 6 0.2 2.0 6 0.3 2.1 6 0.7 7.66 0.4 1.46 0.3 1.3 6 0.1 6.9 6 0.7 12.56 0.9
R114
R114S 5.86 0.5 0.9 6 0.2 0.906 0.02 4.5 6 0.6 1.7 6 0.2 0.96 0.1 1.1 6 0.1 10.76 0.4 4.5 6 0.8
R114T 4.16 0.1 1.0 6 0.2 1.1 6 0.2 4.7 6 0.4 3.8 6 0.6 0.96 0.1 0.896 0.02 9.6 6 0.8 3.6 6 0.2
R114N 5.26 0.5 1.1 6 0.3 0.9 6 0.2 4.6 6 0.6 3.8 6 0.3 0.96 0.2 0.9 6 0.1 10.26 0.4 6.1 6 0.3
R114D 1.66 0.1 1.0 6 0.1 0.8 6 0.1 4.5 6 0.5 1.2 6 0.1 1.36 0.1 1.016 0.01 2.7 6 0.6 1.5 6 0.2
R114Q 2.56 0.3 0.986 0.01 1.1 6 0.1 3.15 6 0.02 1.3 6 0.1 1.46 0.1 1.116 0.02 5.0 6 0.3 2.2 6 0.1
R114K 7.96 0.7 1.0 6 0.1 1.1 6 0.2 4.5 6 0.4 7.9 6 0.3 1.56 0.3 1.176 0.03 6.8 6 0.9 5.6 6 0.1

Cells containing one of nine pLacNRE reporter plasmids were transformed with wild-type pRBD112, any of seven different pRBD 112 variants
mutated at codon 114 or pACYC184 andβ-galactosidase activity was determined. Repression ratios were calculated fromβ-galactosidase levels in
each of the resulting strains. Repression ratios in boldface indicate binding affinities at least twice as high as observed for the wild-type RBD 112
protein with the same RNA [(Ri–1)/(Rj–1) .2].
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to an NRE hairpin inserted close to the ribosome-binding indicating that Tyr45 plays an important role in determin-
ing the RNA-binding specificity of nucleolin. This tyrosinesite. The degree of repression (the repression ratio) correl-

ates quantitatively with the binding affinity of the protein residue potentially could interact with NRE nucleotides
through a ring-stacking interaction, as observed for thefor Kd values between 10 nM and 10µM, validating the

use of this genetic system to study the interaction between corresponding RNP-1 residue of U1A (phenylalanine),
and/or by hydrogen bonding (Oubridgeet al., 1994;the RBD 112 protein and the NRE.

This genetic approach was first used to begin to identify LeCuyeret al., 1996). Its replacement with phenylalanine
would result in the loss of a single side-chain hydroxylamino acids important for binding. Our aim was not to

identify every amino acid involved, but only to determine group. Further studies will be required to determine the
structural basis for the increased affinity of the Y45Fwhether critical residues would be found in one or both

RBDs. From the small number of defective RBD 112 variant for many different NRE mutants.
mutants that were sequenced, it is clear that amino acids
important for RNA binding are located in both RBDs Model for the interaction of a dual-RBD protein

with an RNA stem–loop(Table III). Among these amino acid residues are some
that are potentially involved in direct contact with the It is becoming increasingly evident that the RNA-binding

specificity of a large number of proteins that containRNA (Phe4, Asn2, Arg36, Asn40), as well as others more
likely to be involved in maintaining the structural integrity mutiple CS-RBDs results from cooperation between two

RBDs (Burd and Dreyfuss, 1994b; Shamooet al., 1994;of the RBDs (Leu8, Phe48, Phe107, Asp109, Leu111,
Ile128, Phe130). Two of these important residues, Arg36 Kanaaret al., 1995; Tacke and Manley, 1995; Chung

et al., 1996). So far, no high-resolution structure for theand Asn40, are located in an RBD 1 protein loop (the
β2–β3 loop) that corresponds to one of the most variable RNA complex of such a protein is available. The structural

constraints suggested by our present genetic data and byregions among different RBD domains. The importance
of this loop for RNA binding by nucleolin is consistent additional binding studies with deletion and point mutants

(Serin et al., 1997) make it possible to propose a three-with previous studies of two other RBD proteins (U1A
and U2B9) that implicate a corresponding protein loop in dimensional model for the nucleolin–NRE complex. In

building the model, we have taken advantage of thedetermining their binding specificity (Scherlyet al., 1990;
Bentley and Keene, 1991). homology of each nucleolin CS-RBD to the N-terminal

CS-RBD of the splicesomal protein U1A, whose structureTo identify likely contacts between nucleolin protein
residues and NRE nucleotides, we used our genetic system as a complex with hairpin II of U1 snRNA has been

determined crystallographically (Oubridgeet al., 1994).to screen for RBD 112 variants better able to bind mutated
NRE stem–loops (Table IV and Figure 3). Although such A detailed description of the construction of this model

can be found in Materials and methods.gain-of-function mutations are expected to be rare in
RNA-binding proteins, we were able in this manner to The resulting model of the NRE complex of nucleolin

RBD 112 (Figures 4 and 5) has a number of attractiveidentify Arg114 as a key residue for the specificity of the
interaction between RBD 112 and the NRE. Our genetic features. In it, the interaction of RBD 1 with the NRE

stem–loop bears a strong resemblance to the interactiondata clearly demonstrate that this arginine residue is
required for tight binding to the wild-type RNA. Various of U1A with U1 hairpin II. Thus, RBD 1 residues Asn2,

located at the beginning of theβ strand 1 (RNP-2),amino acid substitutions at this position can alter the
binding specificity of nucleolin with regard to the identity and Arg36 and Asn40, located in the protein segment

connectingβ strands 2 and 3, are proposed to interactof the nucleotide at position 8 of the NRE, improving
binding to the mutant RNA while impairing binding to with the NRE loop (Figure 5A), consistent with their

critical role in NRE binding and with the proximity ofthe wild-type target. These nucleotide substitutions do
not appear to cause any major rearrangements in RNA the corresponding U1A residues to the loop of U1 hairpin

II. RBD 1 residues Phe4 (β1, RNP-2) and Tyr45 (β3,conformation, as judged by enzymatic probing (Ghisolfi
et al., 1996; P.Bouvet, unpublished data), suggesting RNP-1) are proposed to stack with NRE nucleotides C10

and G11, respectively (Figure 4). These two aromaticthat the altered specificity of the corresponding protein
suppressor mutants is a consequence of a localized struc- residues are critical for RNA binding by nucleolin, as are

the bases with which they are proposed to interact (Tablestural accommodation. These findings suggest that Arg114
lies in close proximity to C8 in the nucleolin–NRE I–III, Figures 2 and 3; Ghisolfiet al., 1996), and their

homologs in U1A (Tyr13 and Phe56) are known to stackcomplex. This amino acid residue is located in the protein
loop connecting helix A andβ strand 2 of RBD 2. As this on adjacent loop nucleotides of U1 hairpin II (C10 and

A11). In light of growing evidence that such base stackingprotein loop is situated quite far from the intermolecular
interface in the RNA complex of the N-terminal CS-RBD interactions may be an evolutionarily conserved mechan-

ism of CS-RBD–RNA interaction (Birneyet al., 1993;of U1A, our genetic data suggest that different CS-RBDs
can use different protein surfaces to dock with their Nagaiet al., 1995), it seems reasonable that this recognition

mechanism would apply to the interaction of RBD 112RNA targets.
Other interesting protein mutations improve binding to with the NRE stem–loop.

In contrast, the proposed docking mode of RBD 2 withmutant NREs yet do not significantly affect binding to
the wild-type RNA target. In these cases, the affected the NRE stem–loop is quite different. This would explain

the distinct distribution of the critical RBD 2 residuesprotein residues are located within the conserved RNP-2
and RNP-1 motifs of RBD 1 (Asn2, Tyr45) and RBD 2 identified in our genetic screens, none of which mapped

to β strand 1 (RNP-2) or theβ2–β3 loop. Instead, we(Tyr127). The Y45F variant, in particular, was isolated in
screens for suppressors of three different NRE mutants, identified altered-specificity mutations affecting residues
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Fig. 4. Stereo-view of the computer model of the interaction between the RBD 112 protein and the NRE RNA stem–loop. RBD 1β1, β3 strands
are displayed in indigo andβ2, β4 in magenta. RBD 2β1, β3 strands appear in deep blue andβ2, β4 strands in blue. Aromatic residues from
RBD 1 are displayed in ball-and-stick mode, in blue for Phe4 and in red for Tyr45. The corresponding nucleotides from the NRE with which they
are stacked appear in stick mode, in blue for C10 and red for G11. The specific contact between the Arg114 side chain and C8 has been color-coded
in brown. Hydrogen atoms have been omitted for clarity.

in helix A (Glu108) and in the loop connecting helix A RNA complex of the dual-RBDs of nucleolin plausibly
accounts for much of our mutational data. This geneticand β strand 2 (Arg114). A key feature of the model is

that Arg114 of RBD 2 is shown contacting nucleotide C8 approach constitutes a first step towards a high-resolution
determination of the structure of this complex, which isof the NRE loop, which would account for our genetic

evidence that the identity of amino acid 114 determines currently being investigated by NMR and X-ray crystallo-
graphy.the binding specificity of nucleolin at this RNA position.

The relaxed binding specificity of the E108D mutant
(Table IV) and the severe impediment to binding caused

Materials and methodsby several other mutations in RBD 2 helix A (Table III)
may result from a repositioning of the adjacent helix A–β2 Plasmids

The pRBD112 plasmid containing the two RBDs of nucleolin necessaryloop, which contains Arg114 and appears to be critical
and sufficient to confer the RNA-binding specificity of full-length proteinfor RNA binding (Figure 5B). Our genetic evidence that
(Serinet al., 1997) was constructed by insertion of the RBD 112 geneRBD 2 binds RNA in a novel manner expands the as a 502 nucleotideNdeI–SalI PCR fragment in the corresponding sites

repertoire of possible RNA-binding surfaces in CS-RBDs of pREV1 (Jain and Belasco, 1996), placing the RBD 112 synthesis
under the control of an isopropyl-β-D-thiogalactopyranoside (IPTG)-and raises the possibility that other dual-RBD proteins
inducible promoter. Six additional amino acids (MRGSIH) are presentrecognize RNA in a similar asymmetrical manner involv-
at the N-terminus of the RBD 112 protein, but do not affect its bindinging one RBD that binds in a U1A-like fashion and another
affinity and specificity (data not shown). The parent plasmid is derived

RBD that binds in a distinct mode. from pACYC184 and confers the resistance to chloramphenicol. The
It is worth noting that in the proposed model for the sequence of the RBD 112 protein is shown in Figure 1. pR1LL and

pR2LL (with the mutation L43L45 and L125L127 in RBD 1 and 2RNA complex of nucleolin, the RNA-binding platforms
respectively) were constructed by insertion of the mutated RBD 112of RBD 1 and RBD 2 (β sheets) are positioned in an
cDNAs (as anNdeI–SalI fragment) (Serinet al., 1997) within theantiparallel orientation on the same face of the protein. A pRBD112 plasmid. To construct the pLac derivative plasmids, the

similar relative orientation has been reported recently for sequence corresponding to the stem–loop IIB of the HIV-1 RRE was
deleted from pLACZ-IIB plasmid (Jain and Belasco, 1996), and aBamHItwo RBDs of hnRNP A1 in the absence of RNA (Shamoo
site was introduced one nucleotide upstream of thelacZ Shine–Dalgarnoet al., 1997; Xuet al., 1997).
element to give pLacBHI plasmid. pNRE-lacZwas generated by introdu-Another interesting feature of the model is that, unlike
cing the oligonucleotide 59 GATCATAAAGTGCAACCGAAATCCCG-

their RBD 1 counterparts, the aromatic residues in theβ1 AAGTAGGAACAA 3 9 hybridized to the complementary strand into the
(RNP-2) andβ3 (RNP-1) strands of RBD 2 are prevented BamHI site of pLacBHI. The underlined sequence corresponds to the

18 nucleotide motif identified by SELEX (Ghisolfiet al., 1996) necessaryfrom stacking with NRE loop nucleotides by the proposed
and sufficient for a specific interaction of nucleolin. The construction ofcontact between Arg114 and C8, which would force these
the different NRE mutants fused to thelacZ gene was performedRBD 2 residues to lie some distance from the RNA– following the same strategy, using oligonucleotides with the appropriate

protein interface. Whether this RBD can employ its mutations. Plasmid constructions were confirmed by sequencing.
Random mutagenesis of the RBD 112 gene was performed using aunderutilized RNA-binding potential to interact simul-

PCR procedure (Cadwell and Joyce, 1992). Reaction conditions were:taneously with a second RNA molecule while remaining
0.5 mM MnCl2, 7 mM MgCl2, 10 mM Tris–HCl pH 8.4, 50 mM KCl,bound to the NRE remains to be determined. If so, this
30 pmol (each) of primers, 20 fmol of template, 1 mM dCTP and dTTP,

would raise the possibility that the capacity to bring two 0.2 mM dATP and dGTP and 5 U ofTaq polymerase (Boehringer) for
different RNA molecules or two distant regions of the 30 cycles of 94°C for 1 min, 45°C for 45 s, 72°C for 45 s. The

mutagenized RBD 112 gene was then substituted for the correspondingsame RNA molecule into close proximity might be a
fragment of pRBD112. A plasmid library (pRBD112M) of 25 000widespread property of many such dual-RBD proteins
independent clones was obtained by transforming the resulting ligationwhose RBDs are thought to function cooperatively in products intoE.coli. Sequencing of 10 individual clones indicated the

recognizing a shared RNA target. presence of one mutation every 300 nucleotides; therefore, on average,
each RBD 112 gene (502 nucleotides) should contain 1–2 mutations.In conclusion, the model that we have proposed for the
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Fig. 5. (A) Proposed contacts between the R12 protein and the NRE. The color-coding of the contacts already described in Figure 4 is the same,
blue for Phe4/C10, red for Tyr45/G11 and brown for Arg114/C8. Three new potential protein–RNA contacts are indicated. The critical positioning of
G11 could be reinforced by a contact with Asn2 or Thr2 (in the case of the efficient NRE-binding N2T mutant displayed in Table IV). Arg36 could
interact with the phosphate of G14, most likely through a hydrogen bond with one of its oxygens, and Asn40 amidic CO could form a hydrogen
bond with A6 NH2. Their respective mutants R36G and N40K do not mediate proper binding (see Table III). The side chains of the conserved
RNP-2 and RNP-1 residues from RBD 2, Leu90 and Tyr127 respectively, are displayed in deep blue. (B) Key residues identified by the genetic
screen and potentially involved in the stability of RBD 112 protein structure are shown. The asterisks designate those residues whose mutation has
been shown to be detrimental to NRE binding. The amino acids with which they potentially interact have been displayed in the same color. Phe107
could form a hydrophobic interaction with Leu111, both residues being essential (see Table III). Glu108 acidic CO could form a hydrogen bond with
Glu112 main-chain NH. These two pairs of interacting residues are in the close vicinity of Arg114, probably contributing to its critical positioning.
Two other pairs of potential interacting residues are located in RBD 1, Leu8–Leu17 through hydrophobic contact, and Asn7–Glu77 through hydrogen
bonding between amidic NH2 and acidic CO. They are likely to stabilize the orientation of the RNP-2 motif (β1 strand) and hence the proper
register of Phe4 with C10.
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pR114Lib was generated by PCR mutagenesis with oligonucleotides urea gel. [α-32P]CTP incorporation was quantified to estimate RNA
concentration.59 GAGATCNNNTTGGTTAGCCCAGGATGGG 39 and 59 CTGGCTA-

ACCAANNNGATCTCCAAGGC 39, where the position of amino acid For gel retardation assays, 10 fmol of labeled RNA were incubated
in 10 µl of TMKC buffer (20 mM Tris–HCl pH 7.4, 4 mM MgCl2,114 was completely randomized.
200 mM KCl, 20% glycerol, 1 mM dithiothreitol, 0.5 mg/ml tRNA,
4 µg/ml bovine serum albumin) with the indicated amount of proteinScreening for altered-specificity RBD 1F2 variants

Preliminary experiments indicated that a high level of RBD 112 for 15 min at room temperature. The mixture was loaded directly on an
8% polyacrylamide gel (acrylamide:bis5 60:1) containing 5% glycerolexpression was toxic forE.coli cells. We therefore used anE.coli strain,

WM1/F9 (recA56 arg– lac-proXIII nalr rif r/F9lacIq), that makes high in 0.53 TBE at room temperature. After electrophoresis, the gel was
dried and subjected to autoradiography.levels of the lac repressor and therefore significantly represses the

expression of the RBD 112 protein in the absence of IPTG. This strain
was used for all the experiments. Reporter plasmids and pRBD112 or

Molecular modeling of the RBD 1F2–NRE complex
its derivative plasmids were co-transformed into WM1/F9 strains using Models were generated using the Biosym Technologies modules
the CCMB procedure (Hanahanet al., 1991) and plated on minimal INSIGHTII, BIOPOLYMER, DISCOVER, DOCKING and HOMO-
medium containing glucose (0.4%), arginine (0.001%), proline (0.001%), LOGY (version 230), run on a Silicon Graphics Indigo Elan workstation.
0.1 mM CaCl2, 2 mM MgSO4, ampicillin (100µg/ml), chloramphenicol The model of the 18 base stem–loop fragment corresponding to the
(33µg/ml) and X-gal (30µg/ml), with or without 1 mM IPTG. Screening NRE RNA was built in two steps. The stem was first built using the
of altered specificity RBD 112 protein was then performed as described A-form RNA duplex parameters provided by the BIOPOLYMER module.
by Jain and Belasco (1996). Briefly, to identify mutations that disrupt Taking into account similarities between the U1 hairpin II and NRE
the interaction of RBD 112 with wild-type NRE, pRBD112 and pLac- loops (Ghisolfiet al., 1996), we then used the atomic coordinates of the
NRE were co-transformed in WM1/F9 and plated on the minimal plates sugar–phosphate backbone of U1 hairpin II loop as a framework to build
containing X-gal, IPTG, ampicillin and chloramphenicol. After 36 h, the NRE loop (residues P6–P12; accession number in the Brookhaven
blue colonies were picked up, and inoculated into LB medium with Protein Databank: pdb1urn). After appropriate base substitution and
ampicillin, chloramphenicol and 1 mM IPTG until an OD600 of 0.3 was addition, the NRE stem and loop were merged and the resulting structure
reached. Then, cultures were assayed forβ-galactosidase activity and was refined by an energy minimization procedure consisting of 500 steps
the production of full-length RBD 112 protein was checked by Western of steepest descent followed by 1000 cycles of conjugate gradients to a
blot analysis. Colonies that express the RBD 112 protein variant to a maximum derivative of 0.1 kcal/A/mol, using the DISCOVER consistent
level comparable with the wild type, and that were unable to repress the valence forcefield (CVFF).
expression of NRE-lacZ, were selected and the corresponding plasmid Homology modeling of each nucleolin RBD was performed using a
pRBD112 mutant isolated for sequencing of the RBD 112 gene. standard protocole (Greer, 1991) in the HOMOLOGY module and X-ray-
Screening for suppressor mutations was performed with the same derived coordinates of U1A first RBD as a reference (PDB code:
strategy, except that, in this case, colonies that were lighter blue in color pdb1urn). The assignment of the structurally conserved regions (SCRs)
than colonies with the wild-type pRBD112 plasmid were selected. was based on the original RBD’s alignment (Kenanet al., 1991). The
Colonies were first re-selected on minimal plates with or without IPTG, main modeling steps involved the transfer of coordinates between SCRs,
then assayed forβ-galactosidase activity and the production of full- the building of loops and a final structural refinement by energy
length RBD 112 protein before isolation of the corresponding plasmids minimization and molecular dynamics.
for sequencing. The 12 residue linker between the two nucleolin RBDs was firstβ-Galactosidase assay in solution was performed as described by appended to RBD 1 in an extended structure and the peptidic bond made
Miller (1972). Colonies were incubated overnight at 30°C in 2 ml of with the second RBD. Then appropriateΦ andψ angles were assigned
Luria–Bertani medium with ampicillin, chloramphenicol and 1 mM to each linker residue according to its predicted secondary structure
IPTG. Then, 2 ml of new medium, with IPTG, was inoculated with (using both the Chou–Fasman and GOR II algorithms), a type-I9 turn
60 µl of the overnight culture and incubated for 2 h at 37°C prior to structure for the four N-terminal amino acids (KGRD) (Smith and Pease,
harvesting and assaying forβ-galactosidase activity.β-Galactosidase 1980) and a right-handedα-helical structure for the following five
activities are given in Miller units: OD4203103/min/vol (ml)/OD600 and (SKKVR); several possible predicted configurations were explored for
were determined for each reporter plasmid from at least two different the last three residues (AAR), giving rise to a few potential RBD 112
transformations and with three independent colonies each time. structures. We kept as the most likely structure the one which did not

present any steric clash and offered the quickest convergence when
Protein production and purification subjected to an extensive cycle of minimization and dynamics.
The wild-type RBD 112 gene and interesting variants were subcloned Docking of RBD 112 with the NRE stem–loop was performed within
between theNdeI and BamHI site of the pet15b plasmid (Novagen). the DOCKING module by systematic searching for orientations of the
Recombinant plasmids were transformed into theE.coli strain BL21- RNA that offered a proper stacking interaction between RBD 112 Phe4
(DE3)plysS. Cells were grown at 37°C in LB (supplemented with and Tyr45 and two NRE nucleotides. The best fit corresponding to the
100 µg/ml ampicillin and 33µg/ml chloramphenicol) until an OD600 of complex with the minimum energy of interaction was selected.
0.5 was reached. Cells were induced with IPTG (1 mM) for 2 h, then
rifampicin (150µg/ml) was added, and the cultures were grown for a
further 3 h at 37°C. Harvested cells were resuspended in buffer A
(50 mM Na-phosphate pH 8, 300 mM NaCl) with DNase I (5µg/ml) Acknowledgements
and lysed by sonication. After centrifugation (30 min at 10 000g), the
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(NP-947) and a Faculty Research Award (FRA-419) to J.G.B. from thewith buffer A and four with buffer B (Na-phosphate 50 mM pH 6,
American Cancer Society.300 mM NaCl, 10% glycerol), tagged protein was eluted with buffer C

(buffer B 1 0.5 M imidazole). The supernatant was applied on a G-25
column (NAP 5-Pharmacia) equilibrated with 100 mM KCl and 10 mM
Tris–HCl pH 7.5. Concentrations were estimated with Bradford reagent References
(Biorad protein assay) and checked by SDS–PAGE.
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