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ABSTRACT

The human unr gene encodes an 85 kDa protein which
contains five cold shock domains (CSD). The capacity

of Unr to interact in vitro with RNA and its intracellular
localization suggest that Unr could be involved in
some aspect of cytoplasmic mMRNA metabolism. As a
step towards identification of Unr mRNA targets, we
investigated the RNA-binding specificity of Unr by an in
vitro selection approach (SELEX). Purine-rich sequences
were selected by Unr, leading to the identification of
two related consensus sequences characterized by a
conserved core motif AAGUA/G or AACG downstream

of a purine stretch. These consensus sequences are
11-14 ntlong and appear unstructured. RNAs containing

a consensus sequence were bound specifically by Unr
with an apparent dissociation constant of 1 x 108 M
and both elements, the 5 ' purine stretch and the core
motif, were shown to contribute to the high affinity.
When the N-terminal and C-terminal CSD were analyzed
individually, they exhibited a lower affinity than Unr for
winner sequences (5- and 100-fold, respectively) but
with similar binding specificity. Two combinations of
CSDs, CSD1-2-3 and CSD1*2-3-4-5 were sufficient to
achieve the high affinity of Unr, indicating some redun-
dancy between the CSDs of Unr for RNA recognition.
The SELEX-generated consensus motifs for Unr differ
from the AACAUC motif selected by the Xenopus
Y-box factor FRGY2, indicating that a diversity of RNA
sequences could be recognized by CSD-containing
proteins.

INTRODUCTION

Theunrgene (pstream of Nras) was identified as a transcription
unit located immediately upstream of therd¢-gene in the

genome of several mammalian species3). Theunr gene is

ubiquitously expressed in cell lines and tissie3) (It encodes

homozygous for a disruptednr allele die at mid-gestation
(O.Boussadi&t al, manuscript in preparation).

The CSD is the most evolutionarily conserved nucleic acid-
binding protein domain, found in bacteria and eukary@tgs. (

This domain ofC7f0 amino acid residues mediates binding to
single-stranded DNA and RNAG,7). Recent studies have
revealed similarities between the CSD and the RRMAR
recognition_notif), a motif found in a variety of functionally
diverse RNA-binding proteins and which has been characterized
in detail. The CSD contains the RNA-binding motifs RNP-1 and
RNP-2, which are the hallmark of RRM,9). Moreover, the
solution and crystal structure of a CSD determined from bacterial
cold shock proteins revealed a striking similarity with the RRM,
both domains folding in a compéggtarrel, with the basic and
aromatic amino acids of RNP-1 and RNP-2 being solvent
exposed 10-12). Those residues which make direct contacts
with RNA in the RRM protein U1A13,14) are also involved in
nucleic acid-binding of the bacterial protein CsfB)(

CSD proteins, prokaryotic and eukaryotic, have been found up
to now to be involved in two processes: transcriptional and
translational control. In prokaryotes, most studies have been
developed around CspA and CspB, the major cold shock proteins
in Escherichiacoli andBacillus subtilis, respectively. CspA and
CspB are massively and transiently induced after a temperature
downshift and are involved in the adaptation to cold shbgk (
These two homologous proteins consist of a unique 67 amino acid
CSD and function as transcriptional inducers of genes involved
in the cold shock response, most likely by binding to the open
transcription complex 1(--19). In addition, CspA has been
shown to increase translation of its own mRNA, by promoting
destabilization of secondary structureg)(

In eukaryotes, the Y-box factors (YB) have been described in
vertebrates; they contain a single CSD and an auxiliary basic-
aromatic tail domain. Initially, YB proteins were characterized as
transcription factors, interacting with a variety of double-stranded
or single-stranded DNA sequences in promo&rsSubsequent-
ly, some members of the YB family were identified as major
components of messenger ribonucleoprotein particles (MRNPs)

Unr, a highly conserved 85 kDa protein (99% amino acid identitin germ cells (FRGY2/mRNP4 and MSY1) and somatic cells
between rat and human), which contains five cold shock domai(g50) 21-25). In vitro, Y-box factors are involved in translational
(CSD). Unr is essential for mouse development, since embryosntrol, a positive or negative effect depending on the protein

*To whom correspondence should be addressed. Tel: +33 1 49 58 33 76; Fax: +33 1 47 26 88 36; Email: hjacque@infobiogen.fr



Nucleic Acids Research, 1999, Vol. 27, No. 81927

concentration 46). Specifically, inXenopus FRGY2/mRNP4 fragment into theBamHI and Pvul sites of E.coli expression
plays an essential role in the regulation of translation during eanector pRSETA (Invitrogen). The fusion protein derived from
embryonic development and is involved in coupling transcriptiothis plasmid contains a 36 amino acid tag that includes six
and translational repression of certain mMRN2A5Z8). consecutive histidine residues. Similarly, a cDNA with a stop

Besides the YB proteins, three other CSD proteins have beeadon at position +381 of the open reading frame, encoding a
described in eukaryote®rosophila YPS which contains one 127 amino acid protein (CSD1, amino acids 2-128), was
CSD and one RGG box9), CaenorhabditiselegansLin-28  subcloned in the same way in pRSETA (Invitrogen). The Unr
which contains one CSD and two zinc finger mofif§)@nd Unr.  derivatives CSD1-2-3 (amino acids 15-387) and CSD5 (amino
Lin-28 and YPS are cytoplasmic proteins and are likely tacids 629—-718) were generated by PCR uBifugturbo DNA
function in post-transcriptional regulation. Unr is also mostlypolymerase (Stratagene) and hummancDNA as template. The
localized in the cytoplasm, in part associated with the endoplasnitCR primers introduced an in-frame stop codon, as well as
reticulum B1), which suggests a role for Unr in cytoplasmicBanHI andHindlll sites at the 5 and 3-ends of the amplified
MRNA metabolism. Unr was recently shown to be required fdragment, respectively. The Unr mutant protein CSD1*2345 was
internal initiation of translation of human rhinovirus RN2¥). a gift from Dr R Jackson; this protein was purified frerooli as

In our initial characterization of the human Unr protein, wea C-terminal histidine-tagged prote8#J. In this mutant protein,
have determined that it has the capacity to inténagtro with  the essential phenylalanine of the RNP-1 motif of the first CSD
single-stranded DNA and RNA. Competition analysis of Unr—RNAamino acid 39) was mutated to alanine to prevent RNA-binding
interaction indicated that among simple polymers poly(A/G) waactivity of this CSD.
the best competitor, providing a first indication of its sequencg .. . d ificatioThe Hi d :
specificity. To further characterize the RNA-binding specificity rotein expression and purificatiohe His-tagged proteins
of Unr and eventually identify RNA ligands, we have usemhan V€€ expressded 'E.‘Cg“ BL% cells using the pET system
vitro selection/amplification approach (SELE3G). As previous (E’\(I)OE;/ algen) a? pl#”.f'e OUI.‘B ;N(;I’A-agam?re. c%lufrpn. gr,'\iﬂy'
studies with Unr 1) and FRGY2/mRNP43{) indicated that 20' ;Mmgr? pHrCéIeln ?_'qu;lélra € ln.ureab— t”g u'tﬁr(z lure]:’:\,
their interaction with RNA was inhibited by Mglwe o S—htl, pri /. ) ¥vas Incubate hWI b dm 0
performed two independent SELEX experiments, in the presen’?{i -NTA-agarose (Qiagen) for 40 min. The beads were
or absence of MgG! In this study we isolated high affinity ransferred into a column and successively washed with decreasing
binding sites for Unr and through mutagenesis of selected RNA ]ea concentrations (f;orr? 9 M to none) in the sarr|1e g“ﬁ?{{
we analyzed sequence requirement for Un—RNA interaction, WaioWing renaturation of the proteins. Proteins were eluted wit
also determined that a single CSD exhibits the same seque | of 500 mM imidazole and dialyzed against TNG buffer

g . } o mM Tris—HCI, pH 7.4, 150 mM NacCl, 10% glycerol). For
specificity as Unr, although with a 5-fold lower afinity. Unr, purification by SDS—polyacrylamide gel electrophoresis

was performed as previously describ@di) (prior to loading on
MATERIALS AND METHODS the NP*-NTA column. The length and protein concentrations
Oligonucleotides and DNA templates were estimated from SDS—PAGE electrophoresis after Coomassie

L . . Brilliant Blue staining, using protein molecular weight markers
Synthetic oligodeoxynucleotides (Oligo Express) used for SELEX¢ standard. Protein fractions were stored atC il use.
experiments were identical (Rev) or similar (T7 and Random N20

to those used by Tsatial (35): T7, 3-TGCATGGAT CCTAATA- In vitro selection
CGACTCACTATAGGGGCCACCAACGACATT-3  Random
N20, 3-CCCGGTGGTTGCTGTAAN)(ICAACTATATTTATC- A degenerate double-stranded DNA template was synthesized by
ACGGGT-3; Rev, 3CAACTATATTTATCACGGGTACTTA-  PCR using the three oligonucleotides T7, Rev and N20 (template
AGCTGTC-3. Restriction sites foBanHl and EcdRl were  for PCR reaction). PCR was performed withiig®f T7 and Rev
introduced in oligos T7 and Rey, respectively (underlined), foprimers and 120 ng of N20, with natiiefu polymerase
cloning. T7 primer contained a T7 RNA polymerase promote(Stratagene) for nine cycles.The resulting DNA pool consisted of
sequence. about 3x 102 molecules (1% unique sequences). An aliquot of
The mutant DNA templates were synthesized by PCR asug of the DNA pool wasn vitro transcribed with T7 RNA
described for the SELEX pool CO, using T7 and Rev as amplyolymerase (Gibco BRL) to give tR&P-labeled RNA pool CO.
fication primers. The oligonucleotide templates for mutagenesgelection steps were performed using Unr protein immobilized
have the same fixed sequences as oligo N20, but the 20 nt intergalN2*-NTA-agarose (five initial cycles) and by a gel mobility
sequence was substituted by the indicated sequences ir2Tablehift assay (five subsequent cycles). Selection of RNA on
For the two control oligonucleotides, Ctr and Sc Pu, the 20 minr-Ni2*-agarose beads was carried out in a batchwise fashion as
internal sequence was such as to minimize secondary structufgfiows: 5pug of purified His-Unr protein were mixed with b
similarly to most selected RNAs: Ctf:GTTAGTCCGATTGCC-  of Ni2*-NTA-agarose equilibrated with RNA selection buffer
ACTCT-3; ScPu, 5AACGATAATGCAATGGGCAA-3'. Before  [25 pg/ml BSA, 25ug/ml tRNA, 5 U/ml RNAguard (Pharmacia),

in vitro transcription, all PCR DNAs wetecdR| digested. 1 mM PMSF, 1 mM3-mercaptoethanol andub/ml of leupeptin,
Sequencing primer’ &5CTATGACCATGATTACGCC-3. antipain and aprotinin, in TNG buffer] in a final volume of 100
and incubated for 45 min at 25 with shaking. After three

Recombinant proteins washes with 0.5 ml of selection buffer,2Nagarose-bound

His-Unr protein was mixed with 200l of the same buffer
Constructs The human cDNA encoding full-length Unr containing 0.2%1g of labeled RNA pool and 80 U of RNAguard.
(767 amino acids), in which the ATG initiating codon wasAfter a 30 min incubation at 3C with occasional shaking, the
substituted by 8anH| site, was subcloned asBanHI-Smad  resin was pelleted at 10@Pand free RNA was removed by
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washing three times with 0.5 ml of ice-cold binding buffer. Bound a
RNA was eluted by two incubations with 0.4 ml of elution buffer
(0.1 M glycine—HCI, pH 4.0, 2fg/ml tRNA, 0.025% SDS, S ~ _ - i
5 mM MgCb), for 5 min at 35C. The eluate was extracted with R (s [ e (e [ [t —
phenol/chloroform and chloroform and RNA was ethanol cepi  cemd  cam copdesms
precipitated. Half of the selected RNA was reverse transcribed fc csp123 e[ o

1 h at 42C in 30ul of RT buffer (Promega), with 10 U of avian B U

myeloblastosis virus reverse transcriptase (Promega) and 100 | coo e e

of Rev primer. After phenol/chloroform and chloroform extractions,
the cDNAs were ethanol precipitated withu@ of tRNA. The
cDNAs were then diluted 2-fold and amplified by 15 cycles of
PCR, with 2.5 U of nativBfu polymerase, 600 ng of T7 and Rev CSDS —— ot
primers in 10Qul of PCR buffer. The PCR DNA product was then cans
in vitro transcribed and utilized for the next round of selection.
After the fifth cycle, the RNA pool was applied to Unr-less
Ni2*-NTA-agarose to remove non-specific RNA. Five additional
selection/amplification cycles were performed using a band shif
assay to separate Unr—RNA complexes. An aliquot of 50 ng o
labeled RNA pool was incubated in 4iiof selection buffer with

CSD1 Iﬂlld—-.:] —

csDL [] reaws moris

| smez moris

250 ng (70 nM) of Unr protein. Following a 30 min incubation at “:;E& %

30°C, Unr-bound RNAs were electrophoresed in an 8% poly- 3 |
acrylamide gel in 2 Tris—borate—EDTA buffer at*£ overnight, 215 — e —
at 2.5 V/icm. After a —70C gel exposure to X-ray hyperfilm os |

(Amersham Life Science), the bands corresponding to complexe
RNAs were located and excised. Elution was carried out in 0.5 M
NHzAc, 1 mM EDTA, overnight at 3. The eluate was

extracted with phenol/chloroform and chloroform and ethanol
precipited with 1ug of tRNA. RT-PCR was carried out as Figure 1.(A) Schematic representation of the Unr protein and of the mutants

: ; ~used in this study. The full-length human Unr protein and the CSD1, CSD5 and
described above. After the last PCR, the DNA was digested WltéSSDl-Z-S derivatives contain a 36 amino acid histidine tag at their N-terminus.

EcaRl and BanHI and cloned into the plasmid pUC13 and tpe csps are boxed and RNP1 and RNP2 motifs are indidj&DS-PAGE
50 individual clones were sequenced using a primer located 60 fialysis of purified proteins. Aliquots ofy® of each protein were loaded on
upstream of the random sequence. DNA sequencing wasl5% SDS—polyacrylamide gel that was stained with Coomassie Blue. The size

performed with Sequenase v.2.0 (US Biochemical Corp.) of the molecular weight markers is indicated on the left.

RNA transcription - .
P the plateau of binding and the plateau was assigned as 1.0. The

EcdRI-linearized clones dcaRI-digested PCR products wéme  reportedKy values are an average of three binding curves. The
vitro transcribed using 50 U of T7 RNA polymerase, withu@d  variation inKy values obtained from different experiments was
of [a-32P]JUTP (300 Ci/mmol) and 1 mM unlabeled nucleotides 20-30%.

Resulting labeled RNAs (62 nt long) were purified by phenol/

chloroform and ethanol precipitation and their integrity was checked€! retardation assay&NA/protein incubations were performed

by electrophoresis on a urea—acrylamide get?P]UTP incorpor- &5 described for nitrocellulose assays, in qul4tinal volume. .
ation was quantified to estimate RNA concentration. After cooling on ice, the mixture was directly loaded on a 3.8%

polyacrylamide gel (acrylamide:bisacrylamide, 40:1) containing

o - _ 5% glycerol and 25 mM Tris—glycine, pH 8.0. The gel was

Determination of RNA-binding affinities electrophoresed af € for 3—4 h at 20 V/cm and then dried. The
amount of free and bound RNA was analyzed with a phosphor

Nitrocellulose filter-binding assaysAliquots of 1-3 fmol of screen and a Storm 860 (Molecular Dynamics).

labeled RNA were incubated at 3D for 20 min in 20ul of

RNA-binding buffer (25ug/ml BSA, 10 ng of tRNA, 1 MM pegyiTs

B-mercaptoethanol and 1 mM PMSF, in TNG buffer), with

increasing amounts of protein as indicated. After cooling on ice

for 5 min, the reaction was filtered through a wet Qudbpore : : _hindi

nitrocellulose filter (Schleicher & Schuell) under gentle suctior%n vitro selection of Unr-binding RNA

and dried. Retention of labeled RNA was analyzed by liquido investigate the sequence requirements for Unr—RNA interac-

scintillation. Each assay included a control for RNA retention iion, we used the selection amplification procedure (SEIBK;

the absence of protein. Percentage of RNA bound to filters waie RNA population used consisted of 62 nt long molecules, with

corrected by substracting the retention of free RNA (1-2%) frorB0 nt of randomized sequencb), Selection of RNA—protein

data points. Affinity constants were derived by plotting thecomplexes was performed with hexabhistidine-tagged protein.

fraction of complexed RNA as a function of protein concentratiolRecombinant His-Unr protein was purified to homogeneity as

(36). Efficiencies of retention for the RNAs studied here rangegdhown in Figurd and we checked that the N-terminus His tag did

from 50 to 80%. The fraction of complexed RNA was taken fronmot alter the RNA-binding capacity of Unr (data not shown).



sequence

5 v 5

AUUGAUGAAGUAAAAAGCGAUGAguU
VWUGAAUGAGAGAGAAGUAAAAGguU
CauuAAAAGGUAAAAGGAAAGCGCgu
UWUAAAGGUAAGUAAAGCGGUAAgU
UWUCCCCGGAAGAUAAAGUAAGAQU
UUGUCACCCAGGAAAAGUAAGAQU
UUCAGUGGCGAAGUAAGAGAAAgQU
UUGCCCUCAAAAAGAGUAACAGQU
UWUWUCGAAAGAAAAGAGUAACUGguU
UUAAAAAAGGUAACGACUGAgu
UWUUGGACGGCUGAAGAAAGUAAgU
UUAAAAGGGAACCAUGAAGAAAguuga
UuGGAAUGGCGAAGAAAAGAAAguuga
UUAAGAGAAGAAGUACCCGAGCgu
UUAAAAGAAGUACCGCGAAAAAgU
UWUAGAAGAGAGCGUACGAAAAAgU
UuAAAGAACCGAAGAAGCGUACgUUga
UWUGAAAGAAAGUAUGUAAACCGgu
UWUuAAUAAGCUCCGUGAAAGUACQU
UWUGGCCAGAAGUGAUAAUGAAAgU
UuAAAAGAGAAGUGAAGGAGCgu
UWUGGUUGAUGGUAAAGUGAUACguU
UuGGGAGGCAGAAAGGAAAAGUguuU
UuACGAAAARAAGCUAAAAGAAAGQguUuUga
CUAAGAAACGUGCCUGAAUAguU

frequency (%)

60 56 52 56 68 84 76 0 0 68 S6
20 36 40 28 28 16 12 100 0 20
4 0 0 0 100 12
4 4 4 4 0 0 12 0 [

EECN]

Placam
&
-
&

80 92 92 84 96 100 88 100 0 88 68
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RBP1 (37,38). To prevent selection of RNAs that interact with the
Ni2* matrix (39), we used a band shift assay for the five
subsequent rounds of selection to isolate Unr—RNA complexes.
The first SELEX experiment, SELEX A, was performed in the
absence of MgGl After a total of 10 cycles, 46 clones were
sequenced.The sequences of 36 inserts of SELEX A are presentec
in Figure2. They showed a marked enrichment in purines (76%),
which was mostly due to adenine residues (49%). Visual
inspection of the sequences revealed the presence of a purine-rich
cluster of 11-14 nt containing a pyrimidine located near its
3'-end. The presence of this single pyrimidine residue provided
the basis for a unique alignment of these sequences. This was
further supported by an analysis with the polyphylogenetic
alignment program Clustal W which yielded two similar albeit
slightly different consensus sequences depending upon the nature
of the pyrimidine (Fig2A and B). More precisely, a first group
of 25 sequences contained a uridine while a second group of
11 sequences contained a cytosine. Using a threshold value of
75% to indicate a conserved position the following consensus
sequences were derived (FAAGUA(Pu) and (PWAAC-
G/a(Pu). In three clones of the first group, the aligned G and U
residues were derived from the downstream primer. Ten sequences
could not be aligned in either group, although the purine
enrichment was in the same range (72% Pu, 55% A). As such
‘scrambled’ purine-rich sequences display a lower affinity for
Unr, these sequences were not further analyzed.

comsensus [%]5 ARGURB, A second SELEX (SELEX B) was carried out under the same
conditions as SELEX A, except for the presence of 1 mM MgCl
After a total of 10 cycles, 50 clones were sequenced. The purine
clane sequence enrichment was similar to that observed in SELEX A and
5 \’ 3 27 sequences could be aligned in the two groups defined by the

78
66
72
39

103

81
77
75
67

UUGAAAAAAAAACAAGAAGAAGguU
UWUGGCCAAUAAGAAACAGACGCgu
UWUGAGUGGUGUAAGAAUAACGAgQuU
UUAGGCCUUAAAGAAGAAACGAgU
UUAAGGGGAAGAAGGAAUACGAguU
UUAAAACUAAGGACGGACGCGUgu
UWUAAGAAAGAACGGAACCAUGguU
UUAAAAGAAAAAGCGAAAACCGguU
UuAAUUAAAGAGCGCAACCGUgu

101 UUAAAAGAAAGGAACUAGAAACgU

60

UUCCGCCCCAGACGAGAAACAGgU

frequency(%) A 64 73 82 37 64 91 64 55 82 82 0 27 S5 45
G

18 18 9 27 27 9 36 36 9 18 0 64 36 55

results of SELEX A (not shown). As for SELEX A, the 23 other
sequences presented a high purine content, but the presence o
several pyrimidines made possible multiple alignments with the
consensus which did not provide additional information.

The presence of M( cation in the selection therefore did not
reveal other sequence motifs or structures in the Unr RNA targets.
In the subsequent analysis some sequences obtained in SELEX B
were included for comparison and were denoted ‘b’.

The high purine content of the selected sequences should
prevent the formation of secondary structure by Watson—Crick

U . . .
© 50510 000 0 0wao s o base pairs. To further investigate the structural context of the
Pu 52 5151 61 51100100 91 81100 0 S s 100 purine clusters, we analyzed 15 sequences using the Mfold
software {0). In 11 cases, and irrespective of the presence or
A A,AACG n f magnesium during th lection pr th I
consensus [ /g]7 A /A A A[zx/q c‘] absence of magnesium during the selection process, the selectec

sequence was clearly predicted to be located within a single-stranded
domain of the molecule. These results thus agree with the previously
observed lack of affinity of Unr for double-stranded RNBA)(

Figure 2. Nucleotide RNA sequences selected by Unr protein from a | summary, the same consensus motifs were obtained in the two
randomized pool. The names of the individual clones are given to the left of

each selected sequence. Individual sequences are classified as the GU gro'u ependgant SELEX eXpefnmentS' These consensus sequences ar
(A) or the AC groupB) and aligned by shared sequence motif indicated by Characterized by the motif AAGUA or AAZ, located down-

bold, underlined characters. The variable region is in capital letters andstream of a 5-8 nt long purine stretch.

nucleotides belonging to thé &d 3 flanking constant regions (two or more

are shown) are in lower case. The frequencies of nucleotides selected at each

position of the bolded underlined region and the two deduced consensus motifaffinity of Unr for the selected RNAs

are shown at the bottom of each group of selected sequences. Individual bases

are specified when they appear with a frequeni%. To further characterize the interaction of Unr with the selected
sequences, we first used a gel mobility shift assay. Individual
Ten rounds of selection/amplification were performed. For theequences were transcribed from the corresponding plasmids
first five rounds of selection, His-Unr protein immobilized on aafter linearization at their-&nd, yielding molecules of the same
Ni2*-NTA matrix was used, as described for the identification o§ize as those used in the SELEX experiments. F&jpresents
specific RNA ligands for the splicing factors ASF/SF2, SC35 anthe results obtained with three different Unr-selected sequences
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RNAS Ctr 76 10b 77
EI:IJ'I.:I.’] nM 0 10 25 50 0 10 25 50 0 10 25 50 0 10 25 50

Y

% 10 11 12 13 14 15 18

Figure 3. Gel mobility shift assay of His-Unr with several selected and unselected RNAs. Aliquots of 2 #ilalfeled RNAs were incubated with increasing
protein concentrations and the products were resolved by native gel electrophoresis as described in Materials and Melihsslsnahaed were from SELEX A
(RNAs 76 and 77) or SELEX B (RNA 10b). A random RNA (Ctr) was used as a control. The RNAs are numbered on top and th@nsrafddivaare indicated
above the lanes. Positions of free RNA (probe) and RNA—protein complexes (C) are indicated with arrows on the left. s8dAenser are presented in Figure 2 (RNAs
76 and 77) or in Table 1 (RNA 10b).

(76, 10b and 77) and a non-selected sequence (Ctr), in which38b and 10b) had a dissociation constant of 10-12 nM, the fourth
of the 20 nt variable region are pyrimidines. As shown irone (28b) being 15 nM (Tabig. Thus, the sequences isolated in
Figure3A, Unr bound the three selected sequences efficientiBELEX B had the same affinity for Unr as those obtained in
(e.g. lanes 6-8, 10-12 and 14-16), 50% of the RNA being shift @&ELEX A. To further investigate the role of magnesium, we used
at a Unr concentration of 10-25 nM. In contrast, a shift waketerologous conditions to determine the dissociation constants
detected only at the highest protein concentration tested with tbesequences from the SELEX A and B experiments (i.e. 1 mM
non-selected sequence Ctr (50 nM, lane 4). These results indicktg?* for the A sequences and no #dor the B ones). The
that Unr binds specifically and with high affinity to the selectegoresence or absence of #dnad no effect on the affinity of Unr
sequences and with no apparent preference for sequences offtitéhese sequences. Further studies indicated that the presence o
GU or AC consensus group (FB). 5 mM Mg?* induced a 2-fold reduction in the affinity of Unr for

In these experiments, one major band was observed whiskquences derived from both SELEX experiments (data not
could be accounted for by the formation of 1:1 RNA-Unrshown). Thus, the presence of magnesium modified neither the
complexes. However, at the highest Unr concentration one or twiature of the selected RNAs nor the affinity of Unr for these
minor species could also be observed (Eitanes 8, 12 and 16). sequences. In the subsequent experiments, binding assays were
These more slowly migrating species suggest the presencepefrformed in the absence of magnesium.
several Unr molecules within one complex, either as the result ofThe dissociation constants of a total of 13 sequences are
an interaction of additional Unr molecules with the flanking RNAcompiled in Tablé.. Ten sequences had dissociation constants of
sequences or because of the formation of Unr multimers. 10+ 2 nM and three had slightly high&g values (16, 18 and 20,

These band shift experiments were suggestive of an appareespectively). Thus a majority of the isolated sequences are high
dissociation constant for the selected sequences in the 20 raffinity binding sites with indistinguishable affinities for Unr, a
range. To refine and extend this analysis to a larger set of selected sequences having slightly lower affinities. As the SELEX
sequences, we used a nitrocellulose filter-binding assay4{Fig. procedure is known to converge very slowly in the presence of
Figure 4A presents representative binding curves of five semultiple targets with comparable affinities these results clearly
guences of SELEX A. As is frequently observed in nitrocelluloseindicate the efficiency of the selection.
binding assays4(,42), the plateau did not reach 100%, even at More specifically, data presented in Tallldndicate that:
higher Unr concentrations (data not shown). The dissociatigii) high affinity binding sites were identified in the GU as well as
constants were therefore derived from the Unr concentratidhe AC consensus group, confirming the results of the gel shift
yielding half-maximum retention. Of the five sequences analyzegkperiments; (ii) interruption of the upstream purine stretch as in
(Fig. 4A), four (77, 58, 88 and 85) had dissociation constants afequences 98 and 29b slightly decreases the affinity (at most
10+ 2 nM and therefore could not be distinguished by this ass&yfold); (iii) comparable dissociation constants of Unr for
(Table 1). The fifth one (98) had a 2-fold greater dissociatiorsequences 85, 88 and 76 which contain respectively five, two and
constant of 20 nM. Concordant with the shift assay, Unr binds thane purines downstream of the pyrimidine indicate that 'the 3
non-selected Ctr sequence with a much lower affinity @Ay.  purines are dispensable for efficient binding.

Figure4B presents the results of the nitrocellulose filter-binding In summary, all of the aligned selected RNA sequences,
assay for four sequences isolated in SELEX B. In thesghether of the GU or AC consensus group, are bound with a high
experiments the binding buffer was supplemented with 1 m&t Mg affinity by Unr. Moreover, single base changes-{My) have
in accordance with the SELEX conditions. Three sequences (Aery limited effect on Unr—RNA recognition.
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I—D—Cﬂ w77 —@—98 —@—58 —A—88 +85I [—D—C(r ~@—4b —@—36b ——28b —aA—10b

T T T T T T 80 T T

sl A ]

60

40

RNA BOUND (%)

RNA BOUND (%)

a —0
0 1 ol 1 1 L
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
UNR concentration (anM) UNR concentration (anM)

Figure 4. His-Unr binding curves on several selected RNAs. Graphs show some results of filter-binding experiments, in which tige pécmniziexed labeled
RNA retained on the filter is plotted against the amount of protein added to the binding reaction. The protein concerriihmisereas RNAL0* c.p.m.) is
held at a constant concentration of 0.15 nM. Binding reaction and filtration are described in Materials and Mgthedbation mixture does not contain MgCl
(B) incubation mixture contains 1 mM MgCISymbols used to represent selected RNAs and Ctr RNA (control) are indicated at the top.

Table 1.Kq values of Unr for selected RNAs introduction of a pyrimidine at position +1 (mutant 85MT4) had
no significant effect. These results therefore confirm the limited
CONSENSUS TYPE  RNA SEQUENCES X (o) effect on Unr binding of point mutations within the consensus. In
mutants M3 and M5, pyrimidine-rich sequences were introduced
P a5 GAGAGAAGUAAA 11 to preserve only the conserved core motif. These mutations
o8 GAAAAGAGUAAC 10 reduced the interaction by 2.5- to 3-fold, revealing that the core
76 AGAAGAAGUACC 10 motif surrounding the pyrimidine is not sufficient for a high
08 UGAUGAAGUAAA 21 affinity interaction. Eliminating the conserved core motif while
58 AGGAAAAGUgUU 13 preserving the upstream purine stretch (mutant MT3,
10b AAAAAAAGUAAG 12 AGUA -, UUCU) decreased the affinity by 5-fold, demonstrating
36b AAGAAAGGUAAC 10 the importance of the core motif for Unr—RNA interaction.
23b AAGAAAAGUGCA 12 These results underscore the importance of the observed
28b GGAAAAGguUuUga 16 organization of the consensus sequences and suggest that, by
290 AAAAUGAGUGAU 18 itself, a high purine content should not be sufficient to create an

optimal binding site for Unr. To confirm this we generated an
RNA target with a 70% purine content but containing no stretch

10 . . . . .
AcC 77 AGAAAGARCGGAA of more than three purines (Sc Pu). Despite its high purine
78 AAAAAAAACAAGA 8 . . ..
content, this sequence displayed a 10-fold lower affinity for Unr.
16b UAAGAGAACAAAA 12

In summary, both the upstream purine stretch and the conserved
environment of the pyrimidine contribute to the high affinity for
o _ Unr. The presence of only one of these elements reduces affinity
Th?ftwo consensus sequences are indicated by their conserved GU or Abe a factor of three and, in their absence, the affinity decreases by
motirs.
(@The name of each selected RNA tested is given on the left and the ‘b’ set a factor of 10.
of sequences were derived from the SELEX B experiment.

(b)K 4, apparent affinity of RNA ligands for His-Unr was determined from  RNA binding properties of Unr derivatives
nitrocellulose-filter binding assays. Eakkh value is the average of three

independent experiments. Standard deviation&708s. .SinC(.a.Un( contains five CSDs and two consensus sequences were
identified in the SELEX experiments, it was possible that different
RNA sequence requirements for binding CSDs had selected these two sets of sequences. To assess the ro

of individual CSDs we constructed three proteins, which are
To assess the functional significance of the upstream purisehematically presented in Figd#s. CSD1 and CSD5 contain the
stretch and of the adjacent conserved motif, mutations welterminal and the C-terminal CSD of Unr, respectively; CSD1-2-3
introduced in two selected sequences, 85 and 78 (Table contains the three N-terminal CSDs. These proteins were
Introduction of a single pyrimidine within the upstream purineexpressed with a His tag Eicoli and purified on a Ni-NTA-
stretch (mutant 85M2) decreased the affinity slightly, while theagarose column to near homogeneity as shown in Fijuhd/e
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Table 2. Mutational analysis of the consensus RNA binding sequences of Unr
—--10b -9-77 —+Ctr -o-Sc Pu
-B-36b 78 - MT3 -B-M3
RNA variants Binding Ratios
A 80 A
-14 0 +5
85 GAAUGAGAGAGAAGUAAAAG 1
2 GAAUGAGAGUGAAGUAAAAG 0.6 60 /
M3 CCAUUAUCCGUAAGUAAUCA 0.4 £
<
ur3s GAAUGAGAGAGAUUCUAAAG 0.2 z
40 =
wr¢ GAAUGAGAGAGAAGUUARAG 1 2
@
B 20 Lo ff
-10 0 +9
78 GAAAAAAAAACAAGAAGAAG 1
M5 CUACGCUAAACAAGUCAUAT 0.3 o ; ) .
0 50 100 150 200
CSD1 concentration (nM)
sc Pu AACGAUAAUGCAAUGGGCAA 0.1

Binding ratios were derived from binding curves, using a filter-binding  Figure 5. RNA binding specificity of CSD1. The binding of CSD1 to
assay at a Unr concentration of 10 nM using RNA 85 (A) or RNA 78 (B) Unr-selected RNAs, mutant RNAs and random control RNAs was analyzed
as reference. Sc Pu was compared to RNA 85. RNA 85 and 78 belong to theusing a nitrocellulose filter-binding assay as in Figure 4. Each binding curve
GU and AC consensus groups, respectively. The values are the average ofepresents the results of three independent measurements. Symbols used to
three determinations. Mutated nucleotides are indicated in outline. represent tested RNAs are indicated at the top.

Table 3.RNA binding affinity of Unr derivatives

first investigated the binding affinity and specificity of CSD1. As  Pretein Binding  affinities T3

shown (Fig5), CSD1 had a 5-fold lower affinity for the winner
sequences than Unr. However, the specificity of CSD1 was
comparable with that of Unr, as the control RNAs Ctr and Sc Pu
as well as the mutated sequences M3 and MT3 were poOlynr 10 10 0.2
substrates for CSD1. Importantly, CSD1 did specifically interact

with both groups of selected sequences: GU (10b and 36b) and*”'
AC (77 and 78). We then analyzed the binding of the other Unrcsp1-2-3 10 12 0.2
derivatives with two sequences of the GU group (10b and 36b)
two of the AC group (77 and 78) and the MT3 mutant (Ctr RNA
was also included and gave concordant regitlithose of MT3; CsD 5
data not shown). These results are summarized in 3akl8D5

had a r.nUCh 'OWer affinity for RNA thap the .Other protekig ( . Apparent dissociation constani;(values) were determined as in Table 1.

Ya'ue,s 'r! the micromolar range), but still reta'm_ed $0me S_peC|f|C—TWO RNAs of the GU group (10b and 36b) and of the AC group (77 and 78)

ity. With its three CSDs, CSD1-2-3 was almost indistinguishable yere used. The binding affinities are the mean of four measurements (two

from the full-length Unr protein (Tabl®) indicating that the  with each RNA); standard deviations were 20-30%. The MT3 relative

interaction of Unr with the selected sequences does not require allinding was determined with the filter assay at a protein concentration of

the CSDs. We also investigated the behavior of a full-length Unr15 nM (300 nM for CSD5) and using sequence 77 as a reference.

protein carrying a mutation within the first CSD (CSD1*-2-3-4-5;

32). Despite the lack of a functional CSD1, this protein exhibiteghscuyssioN

both high affinity and selectivity for the winner sequences (Table

3) In this study,in vitro selection experiments were performed to
These results indicate that a single CSD (CSD1) can account figtermine the RNA-binding specificity of the human Unr protein.

a specific interaction with the two groups of winner sequence$wo SELEX experiments were carried out, differing only by the

This observation is also true for the C-terminal CSD (CSD5)resence or absence of MgCIn both experiments, long

although in this case, the overall affinity for RNA is reduced byurine-rich sequences (11-14 purines and a single pyrimidine)

100-fold. The presence of three CSDs as in CSD1-2-3 is sufficiewere recovered after 10 rounds of selection. Alignment of the

to confer the same affinity for the winner sequences as tleequences of 36 of 46 clones (SELEX 2K)gand of 27 of

full-length protein indicating that not all the CSDs are requireds0 clones (SELEX +Mg) identified two related consensus

Intriguingly, the presence of a functional CSD1 is not required tmotifs: 5-(PUSAAGUA(PU)-3 and 5-(PukAACS/a(Pup-3

achieve either affinity or specificity, suggesting the existence atharacterized by an upstream purine tract and an adjacent

redundancy between the CSDs of Unr. conserved motif surrounding the pyrimidine. Selected RNA

Kd (nM) Relative Binding

GU Group AC Group

55 50 0.08

'CSD1*2-3-4-5 16 15 0.2

~. 1500 ~.1500 0.3
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sequences from either consensus group bound Unr with a higlith a 5-fold lower affinity. Moreover, although a protein which
affinity (Kq values in the range of 10 nM), as determined byontains only the C-terminal CSD (CSD5) has a much lower
nitrocellulose and mobility shift assays. Stable secondary structurasinity for RNA than Unr Ky values in the micromolar range),
that rely on canonical base pairs do not exist for the two consensusetained a similar sequence specificity. Thus, these studies
sequences, suggesting that Unr discriminates between RNA vlicate that a single CSD has the ability to interact with the two
their primary sequences rather than their secondary structuoensensus sequences obtained in the SELEX experiments. In this
Interestingly, the affinity of Unr for the selected sequences showsspect, Unr differs from many of the RBPs with multiple RRM,
little sensitivity to the presence of Mgh contrast to our previous as in several instances it has been shown that the observed
observation with longer RNA substrates. One possibility, which wsequence specificity requires the contribution of several RRMs:
are currently investigating, is that on long RNA moleculeASF/SF2, 87); PABP, 64,55); nucleolin, 66); Sxl, 7).
multimeric Unr complexes are formed which are sensitive to the Within Unr several CSDs are required to achieve a high affinity
presence of M. Alternatively, magnesium could act via an effectfor the selected sequences indicating that several CSDs can
on RNA conformation, by stabilizing secondary structures, whicbontribute to the binding energy. The properties of CSD1 suggest
are frequently extensive on long RNA molecules. that the N-terminal CSD could be the major contributor to the
Unr binds specifically to the selected RNAs; its affinity forbinding energy, other CSDs, as in CSD1-2-3 and Unr, playing the
selected sequences is at least 10-fold higher than for non-seleatelé of auxiliary domains. However, analysis of CSD1*2-3-4-5
control sequences. Independently of the nature of the pyrimidine, treveals that CSD1 is not absolutely required for high affinity
interaction of Unr with selected RNAs is characterized by a highinding, indicating that other CSDs can substitute for it. Taken
affinity (Kq = 8-20 nM) which varies little between individual together these results suggest that within Unr several CSDs can
sequences. These data indicate that Unr—RNA recognition is raintribute to the binding energy, but that several combinations of
rigidly sequence dependent. To better understand the basisG8Ds can lead to similar RNA—protein interaction. This and the
Unr—RNA binding specificity, mutations were introduced in twoidea that a single CSD is sufficient to achieve the observed
of the selected RNAs. While a single base change interrupting teequence specificity lead to the proposition that there is some
purine stretch decreases the affinity by less than 2-fold, eliminatimgdundancy between the CSDs of Unr. Further studies will be
one of the elements of the consensus, i.e. the upstream puniequired to determine how many CSDs can simultaneously
stretch or the pyrimidine-containing core motif, decreases thateract with a substrate.
affinity by 3- to 4-fold. Finally, scrambling of a selected sequence Up to now, a characterization of RNA binding specificity for
leads to a 10-fold lower affinity. Together, these data eliminate th@SD proteins using the selection/amplification procedure has
possibility that Unr affinity for RNA depends only on the purineonly been performed for Unr (this work) and for the two
content of the molecules; they support the notion that the twwomologous Y-box proteins FRGY1 and FRGY&B)( Unr and
parts of the consensus sequences, the upstream purine stretchFR@Y1/FRGY2 have the capacity to bind RNA with sequence
the adjacent pyrimidine-containing core motif, are necessary gpecificity, but distinct consensus sequences were obtained. The
constitute an optimal substrate for Unr. consensus for FRGY1 and FRGY2 (AACAUC) clearly differs from
Two broad classes of RNA-binding proteins can be distinguishetle two related purine-rich consensus sequences for Unr. FRGY1
with respect to their RNA target structures. In the first class, RBR&d FRGY2 contain only one CSD (almost identical in the two
interact with stem—loop structures. These proteins include Ulproteins) and one additional tail-binding domain. As shown by
(43), U2B" (44), nucleolin ¢5), iron regulatory factor IRFE)  Bouvetet al (58), it is the CSD that determines RNA-binding
and elF-4B 47). Proteins from this class can bind to their RNAspecificity of FRGY1/FRGY2, the tail domain contributing to the
targets with high affinityl{g = 10-°-10-11 M) and specificity. In  overall affinity. The bacterial cold shock proteins CspA and CspB,
the second class, RBPs interact specifically with single-strandedhich consist of only a single CSD, bind RNA with a low affinity
RNA sequences. These proteins include poly(A)-binding proteifiq = 3x 10°-5x 106 M) and a broad specificitys59). It thus
(48), the splicing factors ASF/SF2, SC35 and $4,49), the appears that the CSD can mediate specific RNA interactions, as
polypyrimidine tract-binding proteint@,50), and the polyadeny- observed for Unr and FRGY1/FRGY2, or more relaxed ones, as
lation factor CstF %1,52). SELEX analysis of the binding reported for CspA and CspB. In this respect, the CSD behaves
specificity of these proteins usually leads to degenerate consensinsilarly to the RRM, which can bind to a variety of RNA sequences
sequences reflecting the existence of several high affinity bindingth various levels of specificity6Q,61). According to the analysis
sites. Point mutations of the conserved nucleotides of theskéthe human U1A protein6@,63), the high level of amino acid
consensus sequences are often associated with limited variativagation between CSDs (up to 70%) should allow a large range of
in affinity in vitro (49). Unr, with its degenerate consensus angequence specificity.
limited sensitivity to point mutations, clearly belongs to this class Because of the sequence flexibility of the consensus, the results
of proteins. In this class, it is interesting to note the analogy withf the present study do not allow a direct identification of the
PTB, a protein involved in regulation of splicing9(50) and mRNA targets for Unr. However, an ongoing study of cellular
internal initiation of translation5@) for which the SELEX factors involved in internal initiation of translation of the HRV-2
consensus is similarly organized with a core motif embedded ihinovirus has identified Unr as one of the3@)( This raises the
a pyrimidine-rich sequence PTB(). possibility that Unr could be involved in internal initiation of
As Unr contains five CSDs, the pool of selected sequencémnslation of cellular mRNAs. Indeed, an increasing number of
could be the resultant of the sequences selected by individwallular mRNAs, including those of some growth factors and
CSDs. Specifically, the two consensus sequences, which differ dgvelopmental regulators, have been shown to be translatable by
the nature of the pyrimidine, could have been selected by distiriaternal initiation 64-66). The consensus identified in this work
CSDs. However, a protein which contains only the N-terminaill foster studies on the role of Unr in internal initiation of
CSD (CSD1) exhibits the same sequence specificity as Unr, albi@nslation bothin vitro andin vivo.
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