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Expression cloning and characterization of a novel gene that encodes
the RNA-binding protein FAU-1 from Pyrococcus furiosus

Akio KANAI", Hanako OIDA, Nana MATSUURA and Hirofumi DOI?

Doi Bioasymmetry Project, Exploratory Research for Advanced Technology (ERATO), Japan Science and Technology Corporation, 4-1-8 Kawaguchi, Saitama 332-0012, Japan

We systematically screened a genomic DNA library to identify
proteins of the hyperthermophilic archaeon Pyrococcus furiosus
using an expression cloning method. One gene product, which
we named FAU-1 (P. furiosus AU-binding), demonstrated the
strongest binding activity of all the genomic library-derived
proteins tested against an AU-rich RNA sequence. The protein
was purified to near homogeneity as a 54 kDa single polypeptide,
and the gene locus corresponding to this FAU-1 activity was also
sequenced. The FAU-I gene encoded a 472-amino-acid protein
that was characterized by highly charged domains consisting of
both acidic and basic amino acids. The N-terminal half of the gene

had a degree of similarity (25 %) with RNase E from Escherichia
coli. Five rounds of RNA-binding-site selection and footprinting
analysis showed that the FAU-1 protein binds specifically to the
AU-rich sequence in a loop region of a possible RNA ligand.
Moreover, we demonstrated that the FAU-1 protein acts as an
oligomer, and mainly as a trimer. These results showed that the
FAU-1 protein is a novel heat-stable protein with an RNA loop-
binding characteristic.
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INTRODUCTION

It is currently proposed that RNA, not DNA, was present
during the initial stages of life on earth [1]. Thus analysing
RNA metabolism in a very ancient organism, such as the
hyperthermophilic archaeon, could lead to new insights into
the fundamental regulation of genes. On the other hand, recent
progress in various genome projects has also revealed complete
genomic DNA sequences for the archaea, especially Pyrococcus
species [2—4], that grow in deep sea hydrothermal vents at
approx. 100 °C. However, only half of the total proteins deduced
from these genomic DNA sequences could be assigned a
putative cellular role by searching their similarities against
certain databases. Therefore a systematic analysis of proteins at
the genomic level by function may be a valuable strategy for
characterizing proteins for post-genome projects. In this respect,
use of an expression cloning method in the test tube [5,6] or a
biochemical genomics approach in yeast [7] may turn out to be
very useful.

We have developed an efficient highly sensitive method for
identifying new genes encoding for DNA/RNA-binding proteins
in the hyperthermophilic archeon Pyrococcus furiosus. This
system has several advantages: (a) P. furiosus has only approx.
2000 genes and its complete genomic nucleotide sequence is
already available (http://www.genome.utah.edu/); (b) the encoded
proteins are mostly heat-stable and easy to handle biochemically;
and (c) most of the genes involved in nucleic acid metabolism
in archaea are similar to those found in eukarya, and the regu-
lation mechanisms are simpler in the former than in the latter.
In the present study, we systematically screened an expression
genomic library to isolate unidentified genes encoding for
DNA/RNA-binding proteins from P. furiosus. Gel-shift assays

detected approx. 50 DNA/RNA-binding activities. We isolated
and characterized the FAU-1 protein, a gene product that can bind
the r(A-U),, sequence from P. furiosus. These results indicate that
FAU-1 is anovel RNA loop-binding protein that forms oligomeric
structures in nature.

MATERIALS AND METHODS

Construction of an expression genomic DNA library from P. furiosus
and systematic screening for genes that encode DNA/
RNA-binding proteins

A library was constructed essentially as described by Kaiser
and Murray [8], except that a plasmid vector was used instead
of A phage. Briefly, genomic DNA isolated from a culture of
P. furiosus was partially digested with Sau3Al, and the resulting
DNA fragments were fractionated by electrophoresis on a 0.6 %
(w/v) agarose gel. Fragments with molecular size of approx. 7 kb
were prepared from the gel and ligated into a BamHI-cleaved
PRSET A plasmid vector (Invitrogen). The ligated plasmid was
transformed into the Esherichia coli strain DH5«, and the colonies
thus obtained (approx. 9.6 x 10* colony forming units/ug of P.
furiosus DNA) were used to screen for new genes.

To make the protein pools, we first collected 30 independent
E. coli colonies and then incubated the pooled colonies in 15 ml
of Luria—Bertani broth containing 50 pg/ml of ampicillin for 16 h
at 37 °C. The culture was divided into three groups: 0.5 ml of the
culture was used to produce a glycerol stock of pooled E. coli;
2.0 ml was used to prepare the plasmid pools; and 12.5 ml was
used to make each of 80 protein pools. After the 12.5 ml of
E. coli culture was collected by centrifugation (11000 g for
10 min at 4 °C), the resulting pellet was dissolved in ice-cold
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20 mM Tris/HCI (pH 8.0), and proteins were then extracted
following a brief sonication (30 s). The extract was heat-treated at
85 °C for 15 min to denature endogenous E. coli proteins, and
then centrifuged at 17000 g for 10 min at 4 °C to separate the
extract from the cellular debris. The supernatant was stored as a
protein pool at — 80 °C until use. The 80 pools represented 2400
individual clones, which was expected to cover the 2 megabase
genome for P. furiosus twice.

Expression and purification of recombinant FAU-1 protein

The plasmid clone pAL66-38 A2, containing P. furiosus genomic
DNA that codes for a product that has AU-rich RNA-binding
activity (FAU-1 activity), was overexpressed in E. coli strain
DH5«, and was then extracted by sonication (30 s) in a buffer
containing 150 mM Tris/HCI (pH 7.5), 2 mM EDTA, 0.25 mM
4-amidinophenylmethane-sulphonyl fluoride (‘APMSF’) and
0.2 % Tween 20. This extract was heat-treated at 80 °C for
15 min to denature endogenous E. coli proteins and then dialysed
against buffer A [50 mM Tris/HCI (pH 7.5), 1 mM EDTA, 0.2 %
Tween 20, 7 mM 2-mercaptoethanol and 10 % (v/v) glycerol].
The dialysed lysate (approx. 10 ml per 500 ml of E. coli culture)
was loaded on to a 6 ml RESOURCE-Q column (Amersham
Biosciences) equilibrated with buffer A and eluted with a
linear gradient of NaCl (from 0-1.0 M) in buffer A. Fractions
containing peak RNA-binding activity (samples eluted between
0.2-0.5 M NaCl) were pooled. The pooled lysate was mixed
with an equal volume of buffer A/2 M ammonium sulphate and
was applied on to a 1 ml RESOURCE-PHE column (Amersham
Biosciences) equilibrated with buffer A/1 M ammonium sulphate.
Bound proteins were eluted with buffer A. The eluted fractions
containing protein with RNA-binding activity were diluted with
buffer A until their conductivity reached that of buffer A. The
fractions were then loaded on to a 1 ml poly(U)-Sepharose
column equilibrated with buffer A. The column was again eluted
with a linear gradient of NaCl (from 0-1.0 M) in buffer A.
Fractions containing proteins with peak RNA-binding activity
(samples eluted between 0.5-1.0 M NaCl, fractions 15-25) were
pooled. SDS/PAGE showed that the purity of the FAU-1 protein
in the final preparation approached near homogeneity. The
N-terminal sequence of the purified FAU-1 protein was
determined by sequential Edman degradation (Takara).

To express the His-tagged FAU-1 protein (FAU-1H protein),
we subcloned the FAU-I gene into the pET-23b expression
vector by PCR using region-specific oligonucleotides as primers.
These oligonucleotides were designed to provide PCR products
with Ndel and Xhol sites at the 5'- and 3'-termini respectively.
The resulting construct (termed pET-FAU1H) contained the
sequence coding for the FAU-1 protein (472 amino acids) and
six consecutive histidine residues (His-tag) at the C-terminus
to be used as an affinity tag for purification. The nucleotide
sequence of the insert was confirmed to be the original sequence.
Recombinant FAU-1H protein was overexpressed in E. coli
strain BL21(DE3) under the control of the phage T7 promoter.
Protein was then extracted by sonication (30 s) in a buffer
containing 20 mM Tris/HCl (pH 8.0), 500 mM NaCl, 5 mM
imidazole and 0.1 % Triton X-100. The extract was heat-treated
at 80 °C for 15 min to denature endogenous E. coli proteins
and then centrifuged at 12000 g for 10 min at 4 °C to separate
the cell debris from the extract. The FAU-1H protein was
purified using a 5 ml Ni*"-Sepharose column according to the
manufacturer’s instructions (Novagen). The protein with peak
RNA-binding activity was purified further by RESOURCE-Q
column chromatography equilibrated with buffer A at a flow rate
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of 1 ml/min. SDS/PAGE showed that the purity of the FAU-1H
protein in the final preparation approached near homogeneity.
The amount of protein in each fraction was determined by the
Bradford assay using BSA as a standard.

Antibody production and immunoblot analysis

A polyclonal antibody was raised in rabbits against a synthetic
peptide corresponding to the predicted amino acid sequence 430—
446 of the FAU-1 protein (plus cysteine at the C-terminus).
The immunogen peptide was conjugated to keyhole limpet
haemocyanin and the antiserum was used for immunoblot
analysis.

For immunoblot analysis, proteins were separated by
SDS/PAGE and transferred on to nitrocellulose membranes
(Schleicher und Schiill) using a semi-dry transfer cell (Marysol).
Membranes were probed with anti-FAU-1 antibody and developed
using an alkaline phosphatase-conjugated goat anti-rabbit
immunoblot assay kit according to the manufacturer’s instructions
(Bio-Rad).

Gel-shift assay

Binding reactions containing *’P-end-labelled RNA/DNA
(30000-50000 c.p.m.; 1-2 x 10° c.p.m./pmol DNA or RNA)
and either 8-620 ng of purified FAU-1 or approx. 1-3 ug of
extract from E. coli expressing the P. furiosus genomic DNA
were incubated at 75 °C or various temperatures for 15 min
in 20 ul of RNA/DNA-binding buffer [10 mM Tris/HCl (pH
7.5), 50 mM NaCl, 0.5 mM EDTA, 2.5 mM MgCl,, 5% (v/v)
glycerol, 1 mM dithiothreitol and 200 ng of poly(dI-dC)]. The
RNA/DNA-protein complexes were analysed by electrophoresis
on a non-denaturing 6 % (w/v) polyacrylamide gel. The gels were
dried and the quantity of DNA/RNA-protein complexes was
evaluated by scanning the radioactive image using a computerized
image analyser (Fuji).

For competition analysis, an excess quantity of homopolymers
(1 or 3 pg/reaction), poly(dT), poly(dA), poly(C), poly(U),
poly(A) (Amersham Biosciences) or an excess amount of yeast
tRNA was added to the reaction mixture. The sequences for the
oligonucleotides used are as follows: r(A-U),, 5-r(AUAU-
AUAUAUAUAUAUAUAU)-3'; 1(G-C),p, 5-1(GCGCGCGCG-
CGCGCGCGCGO)-3'; d(A-T),0, 5'-d(ATATATATATATATATAT-
AT)-3;d(G-C),9,5-d(GCGCGCGCGCGCGCGCGCGC)-3; and
5N-22D, 5'-1(ACGUCUAGGCUAUCUGCACUGGCCGU)-3'.

In vitro selection of RNA ligands

The linear N15 oligonucleotide library [5'-GGATACTTACC-
TGGCAGGA(N),sCACTGGCCGTCGTTTTACA-3'] was amp-
lified by PCR using BS-T7 (5-AATGTCGACTAATACGA-
CTCACTATAGGGATACTTACCTGGCAGGA-3") and BS-R
(5'-TGTAAAACGACGGCCAGTG-3") primers. The resulting
PCR products were used to generate a pool of randomized **P-
labelled RNAs by using an in vitro transcription kit (Ambion).
RNA gel-shift assays were performed using purified FAU-1H
protein to select binding sequences from the RNA pool. Selected
RNAs, which corresponded to the positions of shifted RNA
bands in the gel-shift assay, were eluted and extracted with
phenol/chloroform (1:1, v/v), followed by ethanol precipitation.
The pellets were resuspended in diethyl pyrocarbonate-treated
water and reverse-transcribed by rTth DNA polymerase (Toyobo),
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generating a PCR template for the next round of selection. The
selection process was carried out for five rounds.

RNase footprinting analysis

The 5'-terminus of the synthetic ribonucleotide 5N-22D was
radiolabelled with [y-*?P]JATP using the T4 polynucleotide
kinase. Prior to RNase footprinting analysis, the labelled probes
(200000 c.p.m.; 1x10° c.p.m./pmol RNA) were incubated with
various amounts of the FAU-1 protein (0-2 ng) or BSA in
DNA/RNA-binding buffer at 22 °C for 15 min. RNases were
diluted and added to the above reaction mixtures. After 15 min
incubation at 22 °C, the digestion reactions were stopped by
adding 40 ul of stop buffer [1 M Tris/HCI (pH 7.5) and 8§ M
urea]. For preparation of a sequence ladder, the SN-22D RNA was
incubated with 50 mM NaOH at 22 °C for 15 min. The cleavage
products were separated by electrophoresis on denaturing 20 %
(w/v) polyacrylamide gels containing 8 M urea and visualized
using a computerized image analyser (Fuji).

Gel filtration of FAU-1 oligomers

Purified FAU-1H protein (150 pg), obtained from poly(U)-
Sepharose column chromatography fractions, was preincubated
in 200 ul of buffer B at 75 °C for 15 min. The reaction mixture
was loaded on to a 24 ml Superdex 200 HR10/30 gel-filtration
column (Amersham Biosciences) equilibrated in buffer B and run
at 0.25 ml/min (0.25 ml/fraction). Protein peaks were identified
by immunoblot analysis of the collected fractions using the anti-
FAU-1 antibody.

Chemical cross-linking analysis

FAU-1H protein (0.4 M) was incubated in buffer containing
50 mM Tris/HCI (pH 8.0), 10 mM NacCl, 2.5 mM MgCl, and
various concentrations of bis(sulphosuccinimidyl) suberate (BS?;
0-1.0 mM) at 22 °C for 20 min. Reactions were stopped by
adding 1 M Tris/HCI (pH 8.0) and analysed by SDS/PAGE [2-
15 % (w/v) gels]. Bands were visualized by immunoblot analysis
using the anti-FAU-1 antibody. For estimating high-molecular-
mass complexes, cross-linked phosphorylase b markers (Sigma)
were used.

RESULTS AND DISCUSSION

Systematic identification of DNA/RNA-binding proteins
by expression cloning

We made an expression genomic DNA library for P. furiosus.
After preparing the P. furiosus genomic DNA, partially digested
DNA fragments (average size approx. 7 kb) were ligated into
a pRSET A plasmid vector. Although the vector contained the
T7 RNA polymerase promoter sequence, gene expression from
P. furiosus genomic DNA was observed in E. coli without
induction of T7 RNA polymerase. Because P. furiosus promoter
sequences may also work in E. coli, we chose to use the E. coli
strain DHS5«, which does not endogenously contain the T7 RNA
polymerase gene. Next, we prepared protein pools consisting of 30
independent colonies of E. coli in the library. These protein pools
were heat-treated to denature endogenous E. coli proteins. This
heat-treatment step is very effective for detecting the DNA/RNA-
binding activities from proteins derived from P. furiosus with a
low background. Because the genome of P. furiosus has 1 908 256
bases, screening of 1200 clones (40 pools of 30 clones) should

cover the whole genome [9]. Thus 12 h is enough to screen a
genome of this size.

Since we are interested in nucleic acid metabolism in archaea,
we performed a gel-shift assay in order to systematically detect
DNA/RNA-binding activities in the library using a series of
probes, such as r(A-U),y, 1(G-C),y, d(A-T),, and d(G-C),,. As a
result, we identified approx. 50 nucleic-acid-binding activities
and found that many of these activities were r(A-U),,-binding
activities. In the present study, we focused on one of the r(A-U),,-
binding proteins and named it FAU-1 (P. furiosus AU-binding).
We chose this name because the protein possesses the strongest
r(A-U),,-binding activity that we could find in the genome, and
because r(A-U),,-rich sequences correspond well with several
biological activities, including RNA stabilization [10,11] and
degradation [12—14].

Identification of the FAU-1 gene

The extracts of 40 pools (1200 independent clones) were screened
with r(A-U),, probes, and 12 positive pools containing r(A-
U),-binding activity were obtained. Among the positive pools,
three (plasmid pools 66, 67 and 80) had exactly the same band-
shift pattern, as analysed by gel-shift assay, and possessed the
strongest binding activity to the r(A-U),, probe at 75 °C (FAU-
1 activity). We isolated one plasmid clone, termed 66-38, in the
second screening from the 66 plasmid pool. The protein product of
clone 66-38 possessed two bands (B1 and B2) in a gel-shift assay
(Figure 1B), identical with the result from the original plasmid
pool 66. Plasmid clone 66-38 was found to contain a 7.8 kb insert
(Figure 1A), and we mapped the DNA fragment using restriction
enzymes. In order to determine the location of the FAU-I
gene, we prepared three deletion mutants derived from the
original 66-38 insert, using the appropriate restriction enzymes.
We tested for FAU-1 activity by overexpressing each deletion
mutant and analysing each extract. Figure 1(B) demonstrates
that the 3.2 kb insert in plasmid 66-38A2 was sufficient to
detect FAU-1 activity. However, the other mutant (plasmid 66-
38A1) completely abolished the FAU-1 activity, suggesting that
the FAU-1 gene or the promoter sequence responsible for its
expression is located in the 1.3 kb region between HindIIl and
Pstl. We then determined the nucleotide sequence for the insert
of plasmid 66-38A2 (GenBank® accession number AB055587)
and found a region that contains a possible open reading frame
(ORF) starting with GTG as the first codon. This putative gene
encodes a hypothetical protein consisting of 472 amino acids with
a calculated molecular mass of 54 kDa.

To determine whether or not the ORF identified by the deletion
analysis truly represents FAU-1 activity, we purified the protein
produced from plasmid 66-38 A2 from the E. coli extract to near
homogeneity (Table 1 and Figure 2). Purification yielded approx.
0.1 mg of the FAU-1 protein from 1 litre of E. coli culture.
The product from a final poly(U)-Sepharose column yielded a
purified protein that had an apparent molecular mass of 54 kDa
as determined by SDS/PAGE (Figure 2B). This finding is in
agreement with the value determined by the deduced amino acid
sequences for the gene. Protein from the column also possessed
RNA-binding activity (Figure 2B and 2C), indicating that the
purified 54 kDa protein is indeed FAU-1. Furthermore, we made
a new construct encoding the FAU-1 protein fused to a His,-
tag (FAU-1H), expressed the plasmid in E. coli and purified
the resulting product to near homogeneity. The FAU-1H protein
also possessed r(A-U)j-binding activity at high temperature.
However, the FAU-1H protein produced only band B1 and not
band B2 when analysed by gel-shift assay (see Figure 4A). Our
preliminary results suggested that the partial degradation of the
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Figure 1  Determination of FAU-1 gene locus

(A) Restriction enzyme map of the FAU-7 genomic clone and its deletion derivatives (A1-3).
The 7.8 kb insert from plasmid pAL66-38 is shown. The box indicates the position and direction
of the FAU-1 gene. The numbers show positions of the restriction enzyme sites in kb. (B)
RNA gel-shift assay using extracts from overexpression of the product of the deletion mu-
tants in E. coli. Heat-treated fractions of E. coli extracts expressing pAL66-38 or its deletion
mutants (A1-3) were used for the gel-shift assay. The 32P-end-labelled oligonucleotide r(A-
U)1o was incubated with approx. 3 g of extract in RNA/DNA-binding buffer. RNA—protein
complexes were analysed by electrophoresis on a non-denaturing 6 % (w/v) polyacrylamide gel.
Samples were analysed in duplicate. B1 and B2 denote the positions of the RNA—protein
complexes.

Table 1

Aunit is defined as the amount of the fraction required to shift approx. 1 pg of a 20-mer r(A-U)qg
oligonucleotide probe.

Purification steps for the FAU-1 protein

Purification Activity Protein Specific activity Purification
step (units) (mg) (units/mg) (~fold)
Heat-extract 260000 15.3 17000 1
RESOURCE-Q 230000 41 56000 3
RESOURCE-PHE 450000 0.49 920000 54
Poly(U)-Sepharose

Fraction 20 55000 0.012 4600000 271

Fraction 21 55000 0.009 6100000 359

FAU-1 protein results in the generation the B2 band (results not
shown).

We determined the N-terminal amino acid sequence of the
purified protein to be Ser-Thr-Glu-Ser-Glu-Ile-Ala (Figure 3).
This sequence is located just four amino acids downstream from
the putative initiation amino acid (GTG codon for Met) and 22
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Figure 2 Purification of the recombinant FAU-1 protein

(A) An elution profile for poly(U)-Sepharose column chromatography. The fraction showing
peak RNA-binding activity from RESOURCE-PHE column chromatography was loaded on to a
poly(U)-Sepharose column (Amersham Biosciences) equilibrated with buffer A; the flow rate
was set at 0.2 ml/min and 0.2 ml fractions were collected. Lo and FT denote the fraction load
and flow-through respectively. (B) SDS/PAGE of proteins from the poly(U)-Sepharose column
chromatography. Aliquots of the fractions from the poly(U)-Sepharose column were subjected
to SDS/PAGE [10-20 % (w/v) gels), and the gels were stained with Coomassie Brilliant Blue
(Wako). Lane M, molecular-mass markers in kDa. (C) RNA gel-shift assay using aliquots
of the fractions from the poly(U)-Sepharose column. The 32P-end-labelled oligonucleotide
r(A-U)1o was incubated with the purified FAU-1 protein on a poly(U)-Sepharose column in
RNA/DNA-binding buffer. RNA—protein complexes were analysed by electrophoresis on a non-
denaturing 6 % (w/v) polyacrylamide gel. B1 and B2 denote the positions of the RNA—protein
complexes.

amino acids upstream from the first methionine (ATG codon for
Met). Three of the first four amino acids in the possible ORF are
encoded by GTG codon in the frame. All four of these amino
acids are missing from the purified FAU-1 protein. The reason for
this deletion of four amino acids is unknown.

Primary structure of the FAU-1 protein

From the nucleotide sequence analysis of the genomic clone
(plasmid 66-38A2), we deduced that the complete amino acid
sequence for the FAU-1 protein consists of 472 amino acids
(Figure 3). After searching the PSI-BLAST search engine
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Figure 3 Amino acid sequence of the FAU-1 protein

(R) Schematic representation of the structure of the FAU-1 protein. The protein can be
approximately divided by its amino acid content into acidic [aspartate (D) or glutamate (E)],
basic [arginine (R) or lysine (K)], mixed-charge regions (+/—), and proline (P)-rich region. A
putative leucine (L) zipper is found in the middle of the protein. (B) Amino acid sequence of the
FAU-1 protein. The deduced amino acid sequence for the FAU-1 polypeptide was aligned every
seven amino acids (where single-letter amino-acid notation has been used). Numbers indicate
the amino acid position. Basic amino acids (K, R and H) are shown in bold, acidic amino acids
(D, E) are in italics, and leucines (L) in the putative leucine zipper are boxed. The N-terminal
amino acid sequence of the purified protein is underlined.

(http://www.ncbi.nlm.nih.gov/BLAST/), we found that the top
six similar proteins were all from archaea. The data for all
these proteins came from archaeal genome projects, and all of
the proteins were classified as hypothetical proteins. In the
Pyrococcus species, the FAU-1 protein shares 86 % identity with
the 472-amino-acid hypothetical proteins from both P. horikoshii
[National Centre for Biotechnology Information (NCBI) protein
database accession number BAA29186] and P. abyssi (NCBI
protein database accession number CAB49039) [2,3]. Although
the FAU-1 protein showed no significant similarity to any pro-
tein whose functions are well known at either the nucleotide or
the amino acid level, weak similarity was observed between the
FAU-1 protein and the RNase E/RNase G protein family at
the N-terminal site [25-30% identity with RNase E from E.
coli (NCBI protein database accession number S27311), RNase
E from Porphyra purpurea (NCBI protein database accession
number AAC08097), RNase G from Chlamydia pneumoniae
(NCBI protein database accession number D72015) and the
454-amino-acid hypothetical protein TM1606 from Thermotoga
maritima (NCBI protein database accession number B72235)].
The C-terminal half of E. coli RNase E can be approximately
divided by amino acid content into basic and acidic amino
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Figure 4 Characterization of RNA-binding activities

(A) Temperature-dependent RNA-binding activities of recombinant FAU-1 and FAU-1H
proteins were examined by gel-shift analysis. The 32P-end-labelled oligonucleotide r(A-U)q
(50000 c.p.m.; 1-2 x 106 ¢.p.m./pmol RNA) was incubated with 60 ng of the purified FAU-1 [a
fraction from the poly(U)-Sepharose column chromatography] or the His-tagged FAU-1,
FAU-1H (a fraction from the RESOURCE-Q column chromatography) at various temperatures.
(B) Competitive RNA gel-shift assay. The 3’P-end-labelled oligonucleotide r(A-U)g
(50000 c.p.m.; 1-2 x 10 c.p.m./pmol RNA) was incubated with 50 ng of purified FAU-1
in the presence of 1 or 3 g of competing unlabelled homopolymers or tRNA.

acid regions. The same feature was observed for the FAU-1
protein. The secondary structure prediction for the FAU-1 protein
was based on the computer programs developed by Chou and
Fasman [15] and Garnier et al. [16]. This prediction suggested
that approximately half the amino acids of the whole FAU-1
protein contribute to an «-helix structure (results not shown).
We therefore arranged the amino acid sequence for the FAU-1
protein into a series of seven amino acid residues and found that
the charged amino acids are regionally assembled (Figure 3).
This suggested that the acidic and basic amino acid regions are
located as clusters in the tertiary structure of the FAU-1 protein. A
putative leucine zipper is found in the middle of the FAU-1 protein,
providing the possibility that the FAU-1 protein can oligomerize.
The oligomeric structure of the FAU-1 protein is discussed later
(see below).

Characterization of RNA-binding activity of the FAU-1 protein

We carried out several experiments to determine the biochemical
characteristics of the RNA-binding ability of the purified FAU-1
protein. Initially, RNA-binding activities at various temperatures
were examined using both purified FAU-1 and FAU-1H proteins
(Figure 4A). RNA-FAU-1 protein complexes were observed at
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Figure 5 In vitro selection of the RNA ligand for the FAU-1 protein

B

K5-2 UGGUUAGGCUGUCUG
H5-3 GGAUCAGGCUAUUGG
H5-6 CAGGGCGUAUUUGAC
N5-7 AUGGCAUAUCUUGAC
N5-8 UGACCAGGCUAUUGG
N5-9 CAGCAGCAUAUUGGA
N5=10C CGCUCAGGCUAUCUG
N5-11 CGAGCAGGGAAUCGC
H5-12C CAGUGACUAUCUGUA
H5-14C CUGUGAGCAUUUCUA
N5-15 CGAUCAGGAUGUUGG
N5-16 CAGGUGCACGURGGA
N5-18C CAGUAGCAUGUUGGA
N5-19C CGGAAAGGAUAUCUG
N5-20C UGGAGCGGGCUUAUG
N5-21 CGCCCGGGCUAUCUG
N5-22 CGUCUAGGCUAUCUG
N5-23 CAGUUGCGCAUCGGA
N5-24 UGGCUAGGAUAUUGG
HN5-51 CAGGAGGCAARUGAC
H5-53 UGGACAGGGARAUAGC
N5-54 CGUUCAGGCUAUCUG
N5-55 CGUCUAGGCUAUCUG
N5-56 CAGUGAGCACCUGUA
N5-57 CGGAARGGCUAUCUG
H5-60 CGACUAGGCUAUCUG
N5=-62C CAGACAGCCCGGUCAC
N5-63 GGGCUAGGCAAUCGG
NS5-64 CGAGCAGGCUAUCGG
H5-65 UAGUGACGAUCUGU
N5-66 CGGUUVAUGGCAUGG
H5-67 CGGGAAGGCUAUCUG
N5-68 CAGCGCAARUAUGGA
CONSENSUS GGCUALU

AU C

(R) Schematic representation of the in vitro selection protocol used to select for the RNA ligand recognized by the FAU-1 protein. (B) Sequences remaining (33 in total) after five rounds of selection
are shown. A 7 nt consensus region was found in these sequences, consisting of GGC(U/A)(A/U)U(U/C).

every temperature tested (0-95 °C). Poly(U) and tRNA com-
petitively blocked binding between FAU-1 protein and r(A-U),,
(Figure 4B), suggesting that the FAU-1 protein mainly recognized
uridine and that perhaps a specific secondary structure is necessary
for efficient binding.

In order to know the most suitable RNA sequence for
recognition by the FAU-1 protein, we performed in vitro
selection experiments for RNA ligands (Figure 5). After five
rounds of selection and amplification, all 33 of the analysed
sequences contained an AU-rich sequence. Interestingly, the AU-
rich sequence is followed by a GC-rich sequence. Therefore the
consensus sequence obtained by the selection was found to be
GGC(U/A)(A/U)U(U/C). According to a computer prediction of
possible secondary structures for the selected RNA ligands, the
GC-rich sequences may contribute to the formation of possible
stem structures by hybridizing with the conserved primer-
annealed sequences (discussed later). We determined the apparent
equilibrium dissociation constant (K,) of the FAU-1 protein for
both the r(A-U),, probe and 5N-22D, a selected probe that is
a synthetic ribo-oligonucleotide containing the 5N-22 sequence
and part of a conserved primer-annealed sequence. Figure 6
shows the normalized binding curves. The affinity of the SN-22D
RNA ligand (Ky = 7 x 107 M) is three times that of the r(A-
U)o ligand (K4 = 2 x 1077 M). These results suggested that the
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Figure 6 Binding affinity of FAU-1H for r(A-U),, (A) and 5N-22D (®) RNA

The data for each curve were normalized to the saturation point for the FAU-1H protein. The Ky
value is equal to the protein concentration at which 50 % of the highest RNA-binding activity is
shown. The 5N-22D RNA ligand has three times the affinity (Ky = 7 x 108 M) of the r(A-U)yo
ligand (Kg = 2 x 10=7 M). Similar results were obtained in two independent experiments.

FAU-1 protein recognizes a specific sequence, probably an
AU-rich sequence, in the loop region of a tertiary RNA
ligand.
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Figure 7 RNase footprinting analysis of the 5N-22D RNA in the absence or presence of the FAU-1H protein

The %2P-end labelled 5N-22D RNA was digested with RNase | (A and B), RNase A (C) or nuclease P1 (D) in the absence or presence of the FAU-1H protein. In (A), BSA was used instead of the
FAU-1H protein as a control. Alk denotes that RNA was partially alkaline hydrolysed. Brackets delineate sequences protected against RNase digestion. Arrowheads represent major hypersensitive

sites by RNases.

In order to clarify the FAU-1-binding sequence on the SN-22D
RNA, we performed RNA footprinting analysis (Figure 7). The
addition of the FAU-1 protein to the binding reaction mixtures at
three different concentrations showed the protection of specific
bases against nuclease attack (Figures 7B-7D). However, BSA
did not protect those same sequences. The strongest binding was
observed between the positions Cy and A,,; these positions are
located in the loop region in the SN-22D probes. A second, weakly
protected site was found between C,, and G, positions that are
also located in the loop region of a possible stem—loop structure.
Several hypersensitive sites were detected against the nucleases
used. These results showed that the FAU-1 protein is a loop-
binding protein and can specifically recognize AU-rich sequences
in this region (Figure 8).

4
| 56
[ ’U‘F*' » 9 u-, 12
A-C-G C-U-A-G-G-C A
N g S it S OO 1
U~—G~C~ \ ~y—c
| C n u 'r_
26 16 =14 13

Figure 8 Possible secondary structure of the selected RNA ligand 5N-22D
and the RNase footprints of the FAU-1H-binding regions

Protected sequences are indicated by lines (thick line, strong binding; thin ling, weak binding).
The arrowheads represent major RNase hypersensitive sites.
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Figure 9 FAU-1H protein exists in nature with oligomeric structures

(R) Superdex 200 HR10/30 gel-filtration column chromatography elution profile. Fractions
showing peak RNA-binding activity from poly(U)-Sepharose column chromatography were
loaded on to a Superdex 200 HR10/30 gel-filtration column (Amersham Biosciences); the flow
rate was set at 0.25 ml/min and 0.25 ml fractions were collected. (B) SDS/PAGE of proteins
collected from a Superdex 200 HR10/30 gel-filtration column. Samples of the fractions from
the column were subjected to SDS/PAGE [10-20 % (w/v) gels], and the gels were stained with
Coomassie Brilliant Blue (Wako). Lane M, molecular-mass markers (in kDa). The arrowhead
indicates the position of the FAU-1 protein. (C) RNA gel-shift assay using samples of fractions
obtained from a HR10/30 gel-filtration column. The 5'-%2P-end-labelled oligonucleotide r(A-
U)so was used as a probe. RNA—protein complexes were analysed by electrophoresis on a
non-denaturing 6 % (w/v) polyacrylamide gel. Arrowheads indicate the positions of the RNA-
FAU-1H complexes.

Oligomeric structure of the FAU-1 protein

To determine the native size of the FAU-1 protein, we initially
carried out size-exclusion chromatography. The FAU-1 protein
was eluted in three peaks, fractions 20, 24 and 29 (Figure 9A).
Comparison with molecular-mass standards showed that these

© 2003 Biochemical Society

origin -

kDa sg84-

487-
390-

292-
250-

195-
150-

ol |
100-
75-

mem <
50- -

Figure 10 Chemical cross-linking analysis of the FAU-1H protein

FAU-1 protein (0.4 M) was incubated with various concentrations of BS® (0—1.0 mM) at 22 °C
for 20 min. Reactions were stopped and then analysed by SDS/PAGE [2—15 % (w/v) gels]. Bands
were visualized by immunoblot analysis. Arrowheads indicate the oligomers formed. Molecular-
mass markers (in kDa) are shown on the left.

peaks correspond to molecular masses of approx. 150, 300 and
450 kDa respectively. SDS/PAGE showed that each peak con-
tained mainly the 54 kDa purified FAU-1 polypeptide (Figure 9B).
These results showed that the FAU-1 protein is made up of
homotrimer, homohexamer and homononamer structures. The
majority of the oligomeric structures were shown to be trimers.
Each fraction was also assayed for its RNA-binding activity in
gel-shift assays. Figure 9(C) shows that the three protein peaks
also resulted in three band-shifting positions, suggesting that each
oligomeric structure has RNA-binding capabilities.

To confirm the oligomeric structures of the FAU-1 protein,
we conducted chemical cross-linking analysis. As shown in
Figure 10, three distinct polypeptide species were found by cross-
linking the purified FAU-1 protein with the BS?® cross-linking
reagent, and these were shown to be a monomer, trimer and
hexamer. A band corresponding to the FAU-1 nonamer was very
faint. In this cross-linking experiment, the trimer was shown to
be the most abundant species.

Possible function for the FAU-1 protein

In the present study, we identified and characterized the RNA
loop-binding protein FAU-1. The FAU-1 protein is characterized
by highly charged domains consisting of both acidic and basic
amino acids. Its N-terminal half shares a degree of similarity to
RNase E from E. coli (25%). In 1994, Wang and Cohen [17]
reported that the human gene ard-/ complements a temperature-
sensitive mutant of the rne gene in E. coli. The ard-1 gene
product possesses site-specific single-stranded endoribonuclease
activity that functionally resembles RNase E [18]. On the other
hand, NIPP-1 was identified from bovine nuclear extracts as an
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inhibitor of protein phosphatase-1. cDNA cloning of NIPP-1 and
analysis of its gene structure revealed that the ARD-1 and NIPP-1
peptides are isoforms encoded by a single gene and that they share
the same, albeit alternatively spliced, precursor RNA [19,20].
We found that all four proteins, FAU-1, RNase E, ARD-1 and
NIPP-1, contained highly charged amino acid clusters. However,
these proteins had no significant amino acid similarities with
one another, except between ARD-1 and NIPP-1. Moreover, it
has been reported that NIPP-1 preferentially binds to AU-rich
sequences [21] and is associated with pre-mRNA splicing factors
[22,23]. A recent study [24] suggested that RNomics in archaea
reveals a further link between splicing of archaeal introns and
rRNA processing. In this respect, the FAU-1 protein may be
involved in RNA metabolic processes, such as the degradation,
processing or structure-dependent recognition of RNA. Because
a genetic engineering system for P. furiosus is not yet available,
analysis of FAU-1 protein function in vivo remains very difficult.
However, our present findings may provide a unique example of
a heat-stable RNA-binding protein.

We thank Dr Gota Kawai and Dr Taichi Sakamoto for critical reading of the manuscript. We
also thank Professor Masaru Tomita for scientific encouragement.
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