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1. INTRODUCTION

The organelle of protein synthesis, ribosome, consists of four RNA species and
80 different proteins in mammals. Ribosomal components make up about 15%
of cellular protein and 85% of RNA. The functional principle and fundamental
organization of the ribosome have been conserved throughout the evolution,
although the ribosomes vary in primary structure and number of its constitu-
ents. In higher organisms, the machinery of the ribosome is more sophisticated
and considerably less understood. Eukaryotic ribosomes are larger (up to
4,2 kDa in mammals compared to 2,5 kDa in bacteria), they contain more
different RNA and protein molecules.

In vitro, the peptide bond can be synthesized without the ribosomal proteins,
only by the Escherichia coli 23S rRNA (Nitta et al., 1998). In a mature ribo-
some, however, indispensable protein components have been described (Uhlein
et al., 1998). Ribosomal proteins, that account only one-third of the ribosome
mass, may have several functions. They could be structural elements required
for stabilization of functional conformation of rRNA, serve regulatory func-
tions in a translational process or even have activities outside the ribosome, not
related to protein synthesis.

Assembly of the eukaryotic ribosome subunits occurs in the nucleolus. To
ensure balanced supply of a large number of ribosome constituents in response
to cellular growth rate and differentiation, their synthesis and nucleolar trans-
port must be specifically coordinated.

The first fundamental step in elucidating the ribosome biosynthesis mecha-
nism is isolation and characterization of genes for all ribosomal components.
Determination of the amino acid sequences of mammalian ribosomal proteins
has been completed recently, but genes for only 20 different proteins have been
described so far. Genes encoding mammalian ribosomal proteins are scattered
over the genome and belong to the families consisting of multiple copies of a
given gem.. As a rule, however, there is only one active copy for each ribo-
somal protein gene and the other 5...20 copies are pseudogenes.

The present work describes a detailed structural analysis of two mammal-
ian — human and mouse — homologous genes encoding ribosomal small
subunit protein S7 and regions important for its nuclear and nucleolar localiza-
tion. The biological function of S7 is largely unknown. Experimental data indi-
cate that S7, located at the ribosomal interface, is involved in the mRNA-40S
subunit interaction (Mundus et al., 1993) and in the elF-3 attachment site for-
mation (Westermann and Nygérd, 1983). Molecular characterization of the
mouse S7 gene provides information for further gene targeting experiments to
obtain information for consideration S7 as a candidate gene for genetic disor-
ders.



2. REVIEW OF LITERATURE

2.1. Mammalian ribosomal proteins

2.1.1. Organization and structure of ribosomal protein genes

In eukaryotic cells, rp genes are distributed throughout the genome. While in
yeast most rp genes have two transcriptionally active copies (Planta and Mager,
1998), all mammalian ribosomal proteins are encoded by a single intron-con-
taining functional gene (with an exception of human S4). Using intron-specific
STS mapping, human genes for 75 rps have been localized recently; 51 of them
for the first time (Kenmochi et al, 1998). All chromosomes but 7 and 21 carry at
least one rp gene. Despite success in genomic mapping and amino acid sequence
determination, isolation of rp genes has been impeded by the large number of
pseudogenes present in the genome. In addition to the single functional (transcrip-
tionally active) gene, a typical rp gene family consists of up to 20 pseudogenes.
Processed promoterless pseudogenes contain a poly(A) tail, are flanked by direct
repeats and most probably originate from integration of reversed transcription of
mMRNA into the genome in germ-line (VVanin, 1985; Weiner et al, 1986).

Despite their large number and dispersion in the genome, mammalian rp
genes have similar architecture. This suggests that common structural elements
contribute to the coordinate regulation of their transcription and translation.
Typical features of rp genes are short 5’ leader sequence, lack of canonical
TATA box, small first exon and transcription start site located usually at the C
residue within a polypyrimidine tract. All mammalian genes have one of the
introns near the 5’ end, very close to the initiation codon. 5’ end of a gene is
located in a CpG — rich island, feature which is especially associated with
“housekeeping” genes; and a gene is a member of a multigene family. Among
mammalian rp genes described so far, rat S5 is the only one present in a single
copy (Kuwano et al., 1992). Although one can not rule out the possibility that
another functional gene exists in some cases, only the human S4 has been
shown to have two active copies (Fisher et al., 1990). These genes are located
on the chromosomes X and Y and encode functionally interchangeable iso-
forms of S4, which differ at 19 of 263 positions. In contrast, two rp genes {L10
and L36a) have been mapped solely on the X chromosome.

To date, about 20 different mammalian rp genes have been cloned and char-
acterized to the different extent (Table I). In few cases, homologous genes from
different organisms are available. Analysis of S14 mammalian, insect, proto-
zoan and two fungal genes has shown that exon-intron structure has been con-
served only in vertebrates. Among lower eukaryotic species, intron locations
are dramatically different (Rhoads and Roufa, 1991). In 56, human gene has an
extra intron compared to the mouse homolog (Pata et al, 1992; Pata and
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Metspalu, 1996). In S7, lower eukaryotic homologs have less introns than verte-
brates, but the positions of existing introns are similar.

L7a is located in a cluster of six unrelated housekeeping genes, covering
about 45 kb (Huxley and Fried, 1990). The organization of this locus is con-
served between human, mouse and chicken, but not in Fugu and invertebrates
(Armes and Fried, 1996; Armes et al, 1997). Whether such tight clustering in
higher vertebrates is of functional significance or has been formed by random
gene shuffling, is unclear.

Table I. Mammalian ribosomal protein genes. H, Homo sapiens-, m, Mus musculus. The
table with direct links to nucleotide data and Medline references can be accessed at
http://www.ebc.ee/~tannilo/rp-genes.html

Gene Accession No Reference
rat P2 X55153 Chan and Wool, 1991
HL7 L16557 Seshadri et al., 1993
mL7 M29015 Meyuhas and Klein, 1990
HL7a X61923 Colombo et al., 1991; DeFalco et al., 1993
mL7a X54067 Huxley and Fried, 1990
HL9 u09954 Mazuruk etal., 1996
HL19 X82201; AF003626 Davies and Fried, 1995
rat L19 X82202
H L23a AF001689 Fan etal., 1997
m L30 K02928 Wiedemann and Perry, 1984
m L32 K02060 Dudov and Perry, 1984
HL41 ABO1087 Go et al., 1998 (direct submission)
HS3 L16016 Polakiewicz et al., 1995
H S3a X87373; 283334 Nolteefa/., 1996
m S3a 783368 Rebane et al., 1998
HS4 AF041428 (X); Zinn etal., 1994

AF041427 (Y)
HS6 X67309; M77232 Pata et al., 1992; Antoine and Fried, 1992
m S6 754209 Pata and Metspalu, 1996
HS7 225749 Annilo etal, 1995
mS7 AF043285 Annilo et al., 1998
HS8 X67247 Davies and Fried, 1993
HS14 M13934 Rhoads etal., 1986
H S15 (rig)  M32405 Shigaetal., 1990
rat S15 D11388 Takasawa et al., 1992
m S16 M1 1408 Wagner and Perry, 1985
HS17 . M18000 Chen and Roufa, 1988
m S24 X71972 Xu etal., 1994
HS25 M64716 Imai etal., 1994
HS26 U41448 Filipenko et al., 1998
HS30 (faul) X65921 Kas etal., 1992
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2.1.2. Regulation of expression

Transcriptional regulation

In response to changes in the physiological conditions and during embryogene-
sis, the synthesis of ribosome components is coordinately regulated (Faliks and
Meyuhas, 1982; Baum and Wormington, 1985; Larson et al, 1991). Diverse
mechanisms regulating transcription, transcript stability, splicing, translation,
post-translational modification and protein stability are involved in modulation
of rp production. Although rp genes are considered to belong to “housekeep-
ing”, ubiquitously expressed class of genes, the level of expression of rp
MRNAs varies developmentally and from tissue to tissue, being highest in the
tissues with elevated protein synthesis rate like liver and fetal brain (Mazuruk
etal, 1996). During Xenopus embryogenesis, rp genes display spatially distinct
tissue-specific expression (Scholnik et al, 1997). Decreased accumulation of
rps during terminal differentiation of mouse myoblasts is regulated both at the
transcriptional and translational level (Agrawal and Bowman, 1987). Expres-
sion of at least six rp genes is specifically down-regulated 5-10 fold when
human fibroblasts become senescent (Seshadri etal, 1993).

Unlike bacterial rp genes, genes encoding mammalian rps are not clustered
in the genome and therefore their transcription rate is determined by the in-
dividual promoter strength. Approximately equal level of transcription of all rp
genes could be achieved by sharing a similar promoter structure. Mammalian rp
promoters are distinguished from other polymerase M promoters by having es-
sential elements located over only a 200 bp region up- and downstream of a cap
site including intragenic sequences in the first exon and the first intron (Hariha-
ran et al, 1989; Meyuhas and Klein, 1990). In addition, they lack a consensus
TATA box, but in many cases, A+T rich region in positions -20 to -30 is
present. Interestingly, in mouse 576, this A+T rich sequence functions as an
essential functional promoter element (Hariharan and Perry, 1990).

To date, expression of the L32 gene is one of the best studied. Four m-acting
sequence elements (two of them upstream and two downstream of the TSP) and
binding of three trans-acting factors to these sequences have been confirmed
experimentally (Hariharan et al, 1989; Yoganathan et al, 1992; Curcic et al,
1997). In contrast to other rp genes, rat L19 has an important promoter element
farther upstream, between -210 and -250 (Davies and Fried, 1995).

A common feature of the rp genes and some other genes related to protein
synthesis is a polypyrimidine tract surrounding TSP, which is involved in tran-
scriptional as well as in translational regulation (Levy et al, 1991; Avni et al,
1994). Polypyrimidine tract usually consists of an uninterrupted sequence of
about 7-13 pyrimidine nucleotides with a C residue at a cap site. It determines
the position of the transcription start site; one or several purine substitutions in
the 5’ pyrimidine tract causes the displacement of the major TSP (Chung and
Perry, 1991).



Regulation of human S14 transcription involves two antisense RNAs from
intron 1 as positive regulators and S14 protein itself as a negative regulator
(Tasheva and Roufa, 1995). S14 binds to antisense regulatory RNAs and to its
own mRNA at the 5’ noncoding region. The exact molecular mechanism by
which the antisense RNAs stimulate and S14 protein inhibits transcription of its
own mMRNA is unclear. Similar short antisense transcripts have been detected
from introns of human 577 and S24 (Chen and Roufa, 1988; Xu and Roufa,
1996). In addition, although S14 promoter contains the TATA motif 26 bp
upstream of the first exon, its transcription does not require this sequence
(Rhoads and Roufa, 1987).

Rp promoter structure seems to be modular; various rp promoters are not
composed of exactly the same set of modules, but each combination creates a
promoter that appears to have a similar efficiency and allows concerted expres-
sion of rp genes. Sequential deletion of regulatory factor-binding sites results in
a progressive loss of promoter activity.

Best characterized factors regulating rp gene transcription are RFX-1 (a),
GABP (R), y and 5 (YY-1/NF-E1/UCRBP). 6 factor is a zinc-finger protein
(Hariharan et al., 1991). Factor y binds to the A+T rich sequence in L32 pro-
moter and may play a role similar to TATA-binding protein in transcription ini-
tiation (Yoganathan et al, 1993). a and B have been previously characterized
as proteins regulating transcription of different genes (Safrany and Perry, 1995;
Yoganathan et al., 1992). R factor binds to a DNA element with a purine-rich
core sequence 5’-GGAA-3\ Putative binding sites for these factors are present
in the promoter region of many rp genes. It seems that the set of transcription
factors collectively specifies transcription level and though the major determi-
nants have been identified in some cases (Chung and Perry, 1993; Safrany and
Perry, 1995), none of the factors has complete predominance. Therefore, even
when the main factor is limiting, the other factors could insure sufficient activ-
ity of rp genes.

Translational regulation

In growth-arrested cells, about 80% of rp mRNAs are present in the form of
translationally inactive ribonucleoprotein particles (mMRNPs) (Meyuhas et al.,
1987). Translational control involves fast regulation of the translationally ac-
tive fraction of rp mRNA according to protein synthesis rate in the cell. After
mitogenic stimulation, majority of rp mRNAs becomes associated with poly-
somes (Kaspar et al., 1990). Rp gene expression is regulated at the translational
level in early development (Amaldi et al., 1989), in response to various stimuli
(Hammond and Bowman, 1988) and in differentiation (Agrawal and Bowman,
1987). Translational regulation is mediated primarily, but not only by a 5’ ter-
minal oligopyrimidine tract (TOP) of rp mRNAs (Mariottini and Amaldi, 1990;
Levy et al.,, 1991; Hammond et al., 1991; Kaspar et al., 1992; Avni et al.,
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1994). This polypyrimidine tract may be of variable sequence and length, but
there is only one mammalian rp gene described with nonpyrimidine TSP;
namely mouse S24, which has a cap site at a G residue (Xu et al., 1994). The 5’
TOP mediated translational regulation mechanism is conserved between the
animal and plant kingdom (Shama and Meyuhas, 1996).

Some trans-acting factors that bind sequences in the 5’ UTR have been
described, namely p56 in mouse (Severson et al., 1995); La (Pellizzoni et al.,
1996) and cellular nucleic acid binding protein CNBP in Xenopus (Pellizzoni et
al., 1997). An additional regulatory factor Ro60 that is necessary for the bind-
ing of La and CNBP proteins was identified recently (Pellizzoni et al., 1998).
Despite these results, the mechanism of translational regulation is still poorly
understood.

Regulation of rp gene expression could even be more complicated. For ex-
ample, three different species of mouse S24 mRNA are produced in a cell-
specific manner through alternative splicing (Xu et al., 1994). Alternative S24
proteins contain an extra lysine or tripeptide PKE at the C-terminus. It is
supposed that this tripeptide is an essential part of a nuclear localization signal
and its lack, destroying the NLS, leaves in differentiated cells S24 into the cyto-
plasm instead of being transported to the nucleus (Vladimirov etal., 1996).

Certain rp mRNAs are overexpressed in different cancers (Barnard et al.,
1993). Systematic data whether this results in overproduction of rps and con-
tributes to the malignant transformation, or is only reflection of abnormal tran-
scriptional regulation, is lacking. In overexpression experiments with up to 34
extra copies of S16 and L32 in mouse myoblasts, accumulation of respective
mMRNAS increases proportionally to the gene copy number, but the normal level of
rps is maintained by rapid degradation of overproduced protein (Bowman, 1987).

2.1.3. Ribosomal proteins and their function(s)

Mammalian ribosome has a mass of about 4,5 MDa, but 80 proteins constitute
only one third of this. 40S subunit contains one molecule of 185 RNA and 30
proteins, 60S subunit contains 5S, 5,8S and 28S RNA and 50 proteins. Ribo-
somal proteins are small and basic, with average molecular weight about 18,5
kDa (ranging from 3,5 to 47). Rps are very ancient molecules and at the same
time well conserved evolutionarily. For instance, E. coli L2 can be replaced by
its human or archaebacterial homolog without affecting translational activity
(Uhlein etal., 1998).

More than 15 bacterial rp structures have been determined using NMR
spectroscopy and X-ray crystallography (Ramakrishnan and White, 1998). For
eukaryotic rps, no 3-dimensional structure information is available. However,
even prokaryotic structures reveal very interesting information. None of the
proteins studied contains a folded domain with a molecular weight over
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17 kDa. Larger molecules contain two subdomains that are joined together.
Genetic events like gene fusion (S5, S8 and L9), insertion (S4 and L1) and gene
duplication (L6) have probably happened before the emergence of the present-
day ribosome. The structure of L30 and L7/L12 is very similar, suggesting that
these molecules are evolutionary related. A number of predicted DNA and
RNA binding motifs have been also confirmed by structural analyses. S27, S29,
L37, L37a, S27a and L40 have zinc finger domains and have a potential to bind
to nucleic acids. It is not clear whether these motifs are functional today or
reflect a former function of these proteins. For example, in S29 the zinc finger
motif can be found in homologs from different species, however not always
entirely intact (Chan et al., 1993). Several rps (L7, L9, L12, L13, L35, L37,
L37a,S2, S9) have motifs related to bZIP (basic region leucine zipper) element
that mediates protein dimerization and nucleic acid binding (Wool et al., 1995).
Mammalian rps from different species are very similar, 32 of them are identical
between rat and human. Most probably, rps from all eukaryotic species are
homologs, because even yeast and mammalian proteins have average identity of
60% (Wool etal., 1995; Mager etal., 1997).

A number of experimental data indicate that individual rps could modulate
different cellular processes (reviewed in Wool et al., 1995; Wool, 1996). The
list of rps with extraribosomal functions is extending and only few of them are
mentioned here as examples. L7 is involved in translational control; the bZIP
domain in L7 mediates the formation of homodimers, which inhibit translation
by specifically binding distinct mRNAs (Neumann et al., 1995). In addition,
constitutive expression of this protein leads to cell cycle arrest in Gi and
induces apoptosis by a hypothetic pathway where L7 inhibits specifically trans-
lation of anti-apoptotic proteins (Neumann and Krawinkel, 1997). Suppression
of previously enhanced S3a expression can trigger apoptosis (Naora et al.,
1998). S3 can act as an endonuclease in the DNA repair system. Evidence that
rps can perform activities not related to protein synthesis has raised the
question whether rps have been compiled from preexisting proteins with other
cellular functions rather than evolved as specifically ribosomal components.

Drosophila Minute mutants can be considered as examples of multicellular
organism with limited amount of individual rps. Drosophila heterozygous for
Minute mutations (approximately 50 loci scattered throughout the genome)
exhibit distinctive dominant complex phenotypes including delayed larval de-
velopment, reduced viability and fertility, reduced body size and short, thin
bristles. In a number of cases it has been confirmed that Minute phenotypes are
due to mutations affecting rp genes, including rp49/L32 (Kongsuwan et al.,
1985), L9 (Schmidt et al., 1996), L19 (Hart et al, 1993), S3 (Andersson et al.,
1994), S3a (van Beest et al., 1998), S5 (McKim et al., 1996), S13 (SaebOe-
Larssen and Lambertsson, 1996). Similar but not identical phenotypes are asso-
ciated with reduced levels of various components required for protein synthesis,
for example inactivation of ribosomal RNA genes (Kay and Jacobs-Lorena,
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1987). Minutes are non-additive, providing additional indirect evidence that
affected genes code for proteins with similar functions that act in a concerted
way. Investigating partial revertants of a strong Minute phenotype produced by
P-element insertion in the promoter region of the gene encoding rp S3, a corre-
lation between reduced S3 mRNA levels and severity of the Minute fenotype
was shown (SaebOe-Larssen et al., 1998). It has been also demonstrated that
Minute phenotype can be rescued by a cloned rp gene (Kongsuwan et al., 1985;
Schmidt et al., 1996). In addition, it is possible to generate the Minute pheno-
type by expression of antisense rp mRNA (Qian et al., 1988; Patel and Jacobs-
Lorena, 1992). Any mutation affecting ribosome structure or assembly might
result in a Minute phenotype, but in the same time it is unlikely that any muta-
tion in any rp gene results in similar phenotype.

Human S4X and S4Y proteins function interchangeably in ribosomes, al-
though the Y isoform makes up only ~10% of the total male S4 protein. S4X is
one of seven housekeeping genes identified that has an Y-linked homolog and
is not dosage compensated; it escapes X inactivation. It has been suggested that
haploinsufficiency of S4 contributes to the Turner syndrome, a consequence of
X-chromosome monosomy (Fisher et al., 1990, Kenmochi et al., 1998). The
role of S4 in Turner syndrome is under suspicion but is not ruled out com-
pletely. Interestingly, rat S4 is identical to human S4X isoform. This means that
the selective pressure has operated preferentially on S4X rather than Y isoform
although they are most probably derived from a single common ancestor gene.
Mouse S4 is X-linked and undergoes inactivation. Y-linked S4 homologs are
present only in primates.

Large subunit contains three proteins that have distinct features: PO, Pl and
P2. These proteins are acidic, phosphorylated and they are related to E. coli
L10 and L12. P2 binds to the elongation factor 2 (Vard et al., 1997).

In Saccharomyces cerevisiae, loss of most of the rp genes one by one is
lethal. A database of yeast protein characteristics can be accessed at
http://www.proteome.com/YPDhome.html. Effect of the lack of a single protein
could be crucial in the ribosome assembly, where a copy of each of the proteins
is required. Ribosome assembly involves a series of independent reactions and
therefore deficiency of a single protein could lead to assembly termination.
Qsrlp (L10 according to rat nomenclature), one of the few proteins added to
60S subunits in the cytoplasm, is essential for ribosome subunit joining, thereby
controlling translational initiation (Dick et al., 1997).

Determination of three-dimensional structure of the 80S rat ribosome at 25A
resolution (Dube et al., 1998a) and rabbit reticulocyte ribosome at 21A resolu-
tion (Dube et al., 1998b) revealed that eukaryotic and prokaryotic ribosomes
are very similar in the intersubunit cavity area but significant differences were
observed in the outer surface. A larger mass and number of proteins in the
mammalian ribosome results in a significant number of protrusions, extending
in all directions. The large flat part on the outer surface of the large subunit
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(FRS, flat ribosomal surface) appears to be an ideal surface for docking on the
endoplasmic reticulum.

Although described poorly, it is known that the number and primary struc-
ture of mitochondrial rps is different from the cytoplasmic ones. Of 34 yeast
mitoribosomal large subunit proteins identified, 13 show a high degree of simi-
larity to E. coli rps and 19 are not related to any other rps (Kitakawa et al.,
1997; Graack and Wittmann-Liebold, 1998).

Knowledge of the role of post-translational processing of rps in mammalian
cells is limited. Tissue-specific methylation of the rat L29 has been observed,
but the function of this modification is not known (Williamson et al., 1997). S6,
which phosphorylation correlates with upregulated translation of especially 5’
TOP mRNAs is most probably one of the targets of mitogenic signalling
pathway (Peterson and Schreiber, 1998).

S7, the object of the present study, specifically interacts with 28S rRNA
(Nygérd and Nika, 1982) and large subunit protein L7 (Witte and Krawinkel
1997). Interaction of L7 and S7 is probably mediated by the bZIP domain of L7
and the putative leucine zipper domain of S7. Binding of S7 and L7 suggests
that these proteins are important for 40S and 60S subunit interaction during the
translation.

2.1.4. Ribosome assembly

Ribosomal subunits are assembled in the nucleolus. Therefore, 5S rRNA, which
is synthesized outside the nucleolus and rps, synthesized in the cytoplasm, must
be transported to the nucleoli. After a number of maturation steps, preribosomal
subunits are exported to the cytoplasm where a few late-assembly proteins join
them. Although the primary mechanism regulating ribosome synthesis is con-
trol of rRNA synthesis (Krauter et al., 1979), diverse mechanisms regulate also
the production of rps, as discussed in section 2.1.2.

During maturation and assembly with the 80 rps, pre-rRNA transiently
associates with about 150 different snoRNA species that assist cleavage, nu-
cleotide modification (methylation and pseudouridinylation) and formation of
the correct structure of the pre-rRNA (for review see Tollervey and Kiss,
1997). While in plants and yeast most of snoRNAs are synthesized from poly-
cistronic transcripts (Leader et al.,, 1997), a large majority of vertebrate
snoRNAs is encoded within introns of genes for the proteins that play a role in
ribosome synthesis (as nucleolin) or rps (Cecconi et al., 1996; Rebane et al.,
1998). In some cases, however, mammalian snoRNAs are encoded in introns of
the genes which do not encode protein in their exonic sequences (Tycowski,
1996). Although the gene that houses human U19 snoRNA does not code for a
protein in its exons, 5° terminus of its RNA is very similar to polypyrimidine
stretch found in vertebrate rp genes (Bortolin and Kiss, 1998). This may
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indicate that expression of snoRNA-coding genes and rp genes is coordinated
by similar promoter elements.

The control of ribosomal synthesis involves two main problems: First,
coordination of the production of four rRNAs and 80 proteins. Second, how
cells regulate the number of ribosomes appropriate for the growth rate or nutri-
tional conditions. Short-term regulation of ribosomal production is apparently
achieved at levels of translation, assembly and turnover of rps, while long-term
coordination depends on uniform promoter strength.

If the synthesis of a single rp or RNA is terminated, most other proteins and
RNAs of the same subunit are degraded (Fabian and Hopper, 1987; Moritz et
al., 1990; Wittekind et al., 1990). Therefore, turnover of ribosomal constituents
results upon disassembly of incompletely assembled subunits. Yeast mutant ri-
bosomes defective in rp L16 (one of rps highly conserved between eu- and
prokaryotes) are defective in assembly rather than function, indicating the
crucial role of assembly in ribosome biogenesis (Moritz etal., 1991).

2.2. Nucleocytoplasmic transport

2.2.1. Mechanism of nucleocytoplasmic transport

Biogenesis of ribosomes involves transport across the nuclear envelope on both
directions. The assembly of preribosomal subunits in the nucleolus requires
initial import of rps to the nucleus. After that, subunits are exported to the
cytoplasm.

The directed movement of macromolecules into and out of the nucleus
occurs through the nuclear pore complexes (NPCs). NPC is highly dynamic, the
largest supramolecular complex in the eukaryotic cell with a mass about
125 MDa (for recent reviews, see Doye and Hurt, 1997; Ohno et al., 1998).
NPC has a central channel with a functional diameter of up to 26 nm for active
transport. In principle, small molecules up to 60 kDa can move through the
NPC by passive diffusion, but actually, transport of most proteins including
histones (Breeuwer and Golfarb, 1990) and rps (Rout et al., 1997) and all RNA
species is mediated by a highly selective, active transport mechanism.

Nuclear import is mediated by nuclear localization sequences within the
imported proteins and transport factors known as karyopherins (in yeast) or
importins, Import of NLS-bearing proteins can be divided into two steps: i)
binding at the NPC proteins (nucleoporins), a process dependent on the pres-
ence of cytosolic components and ii) translocation across the central gated
channel of the NPC, a step that requires energy and is assisted by additional
factors like small GTPase Ran and Ran-interacting proteins (for detailed
review, see Mattaj and Englmeyer, 1998).
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The model of the first discovered and best characterized so called “classi-
cal” nuclear import pathway involves the importin a/B heterodimer receptor
complex (Enenkel et al, 1995). Importin a binds the import substrate with the
“classical” NLS and B docks the trimeric complex to the NPC. In nucleoplasm,
importin B is released due to its direct binding to Ran-GTP (Moroianu et al,
1996). Since importin a alone has lower affinity for the NLS than does the a/R3
heterodimer, the import substrate is released from the complex.

Crystallographic analysis of the yeast karyopherin a in the absence and
presence of a “classical” monopartite SV40 T antigen NLS has revealed that
binding of the NLS peptide occurs at two conserved sites within the helical
surface groove (Conti et al, 1998). The larger binding site recognizes five basic
residues, the smaller site binds specifically only two residues. These two
binding sites match the bipartite NLS consensus. The distance that separates the
two binding sites allows a 10 residue spacer between two basic clusters. This is
in agreement with experimental data showing that the distance between two
basic clusters can be increased but not decreased without affecting the nuclear
transport (Robbins et al, 1991). Aspartate and glutamate residues around the
edges of the binding sites avoid the presence of amino acids other than lysine
and arginine in the ligand. The crystal structure also explains the relative
importance of each of the positions in the NLS and especially the requirement
of the second lysine of the motif KKxK.

Pathways using different importin B homologs that bind to their NLSs di-
rectly rather than via importin-a like adaptor have been recently described
(Ohno et al, 1998). Several receptors of importin B family are involved in the
nuclear transport of hnRNP and ribosomal proteins (Jakel and Gorlich, 1998).
Alternative import pathways use separate docking sites on the NPC (Mutvei et
al, 1992; Nehrbass etal, 1993).

As the importin a contains an NLS by which it binds to importin B, importin
a originally could have been a transport substrate itself, a-independent pathway
seems to be evolutionary more ancient. During the course of evolution, several
alternative pathways may have evolved to separate the import processes of
major classes of import substrates. This reduces competition for import recep-
tors between imported molecules.

Interestingly, nuclear export receptors, that mediate transport out of the nu-
cleus, are also members of importin 3 family. The directionality of the transport
is presumably achieved by assymmetric distribution of the GTPase Ran.
Nuclear Ran is loaded with GTP, while cytoplasmic Ran is in the GDP-bound
form (Richards et al. 1997).
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2.2.2. Nuclear import signals

“Classical” NLS consists of 5-20 amino acids and contains several lysine and
arginine residues but does not fit a tight consensus. Single cluster of positively
charged residues is known as monopartite NLS [for example, import signal of
SV40 large T antigen (Kalderon et al., 1984)]. In bipartite NLS, two stretches
of basic residues are separated by mutation-tolerant linker region of
10-12 amino acids. Best studied is a bipartite signal of the nucleolin (Robbins
et al., 1991). When fused to a normally cytoplasmic reporter protein, NLS is
sufficient to direct the chimeric protein to the nucleus. Monopartite SV40 T
antigen NLS mutant defective in nuclear import can be rescued by placing two
basic amino acids 10 residues upstream of the NLS, thereby rendering defective
monopartite NLS into functional bipartite signal (Makkerh et al., 1996). The
list of proteins that have different or more complex import signals than the
“classical” one, is extending. For instance, the hnRNPAI M9 domain rich in
glycines and aromatic residues is capable to direct both import and export
(Michael et al., 1995).

Import signals for rps are very basic but in some cases have greater com-
plexity than the classical NLS. Nuclear targeting sequences for three yeast rps,
L3, L29 and L25 have been defined (Moreland et al., 1985; Underwood and
Fried, 1990; Schaap et al., 1991). In L25, the NLS-containing region adds
-50% to the mass of the protein compared with its prokaryotic homologs. This
suggests that the addition of NLSs may account in part for the larger mass of
eukaryaotic rps. These sequences are not very similar to the NLSs of substrates
transported by the “classical” system. In contrast, three NLSs of human S6 are
very similar to each other and to “classical” NLS (Schmidt et al., 1995).

A number of studies have been described mechanisms controlling nuclear
import by modulating NLS activity. The activity of NLS can be regulated in a
tissue-specific manner or during development (Standiford and Richter, 1992).
Nuclear import can be precisely regulated by such mechanisms as masking/un-
masking of NLS (Zabel et al., 1993), phosphorylation (Jans and Hubner, 1996)
and cytoplasmic retention domains (Sittler et al., 1996). The efficiency of the
minimal NLS can be strongly affected by the protein context (Roberts et al.,
1987) or even by distant regions (Gao and Knipe, 1992). Multiple signals can
cooperate to increase transport efficiency (Roberts et al., 1987). Even the well-
studied SV-40 T-antigen NLS requires domain N-terminal to the NLS for full
activity (Rihs and Peters, 1989). As shown recently, neutral and even acidic
amino acids can be essential for nuclear import (Makkerh et al., 1996).
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2.2.3. Import pathways for ribosomal proteins

It is estimated that about 100 rps are imported and 3 ribosomal subunits are ex-
ported through each (-5000) NPC per minute in a growing HeLa cell. In yeast,
the maximum rate of rp nuclear import could be up to 15 molecules per NPC
per second (Rout et al., 1997). Rps are small enough to passively diffuse into
the nucleus. However, free cytoplasmic rps are degraded rapidly within few
minutes (Bowman, 1987) and they concentrate 50-fold in the nucleolus within 5
minutes of their synthesis. Therefore, they require active nuclear import what
has been demonstrated in many cases (Moreland et al., 1985; Underwood and
Fried, 1990; Schaap et al., 1991; Schmidt et al., 1995; Russo et al., 1997;
Quaye et al.,, 1996). Active and receptor-mediated transport makes nuclear en-
try more rapid and also prevents disadvantageous interactions in the cytoplasm.
Some rps may be imported as complexes. For instance, nuclear localization of
S3a has been confirmed with antibodies, although the protein itself does not
have nuclear import ability (Hoth, 1993). Such “piggyback” mechanism is also
involved in import of transcription factor E2F (De la Luna et al., 1996) and
yeast Cdc2 protein kinase (Booher et al., 1989)

Nuclear import pathways used by rps have been studied in yeast and human
cells. In a recent study, it was demonstrated that three human rps, L23a, S7 and
L5 can each be imported alternatively by any of the four import receptors
importin B, transportin, RanBP5 and RanBP7 (Jakel and Gorlich, 1998). The
classical oc/3 heterodimer pathway plays only a minor role. However, each of
the rps behaves somewhat differently. S7 binds the importin a and apparently
can also use the classical a/B heterodimer pathway. In addition, it was shown
that L23a does not have different binding sites for each of the receptors. The
nuclear import receptor binding is mediated by a 32 amino acid extremely basic
domain (residues 32-74) which is absent in bacterial homologs of L23a but
conserved among eukaryotes. C-terminal domain of L23a (residues 75-156) is
conserved between eukaryotes, eu- and archaebacteria. One of rp import fac-
tors, transportin, mediates also import of hnRNP proteins, which have glycine-
rich M9 domain import signal. It is interesting that transportin has distinct and
nonoverlapping binding sites specific for very basic NLS-containing domain of
L23a and M9 domain.

In yeast, nuclear import of rps is primarily mediated by a member of im-
portin 8 family Kapl23p/Yrb4p (Rout et al., 1997). Although import receptors
for human rps have been identified, mammalian homolog of this protein has not
been described yet. Yeast but not E. coli rps bind with high affinity to purified
Kap 123. In the absence of Kapl23p, another R importin Pselp/Kapl21p (the
yeast homolog of human RanBP5), originally characterized as a factor affecting
protein secretion (Chow et al., 1992), substitutes it. Unlike Kap95p (yeast ho-
molog of a-dependent importin ), Kap123p requires no partner but interacts
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directly with its transport substrates. Kapl23p does not associate with mature
ribosomes, confirming the suggestion that to prevent recognition by the import
factors, the NLSs are masked in the mature ribosome.

The fact that rps are imported by several transport factors suggests that nu-
clear import pathways have back-up mechanisms. Different import receptors act
in concert as a partially redundant system, providing the flexibility necessary to
coordinate the efficient nuclear import of rps under a variety of conditions.
Interestingly, a single receptor can import very different substrates. Transportin
has distinct binding sites for L23a and M9 domain and it mediates also import
of other hnRNP proteins, which have no sequence similarity to M9 or L23a
(Siomi etal., 1997).

Export of ribosomal subunits is poorly understood. Kinetic competition
analysis has revealed that a saturable factor in 40S subunit export is specific
and is not limiting for tRNA export (Pokrywka and Goldfarb, 1995). However,
40S subunits can compete with tRNA for intranuclear RNA-binding retention
sites. Cytoplasmic transport of microinjected ribosomal subunits from the
Xenopus oocyte nucleus is a facilitated, saturable, energy-dependent process
reaching a maximum rate of about 107 subunits per minute per oocyte (Bataille
et al, 1990). Surprisingly, ribosomal subunits from yeast and even Escherichia
coli are efficiently exported from the Xenopus oocyte (Bataille et al., 1990).



3. PRESENT INVESTIGATIONS AND DISCUSSION

3.1. Genomic structure of two mammalian ribosomal
protein S7 genes (References I and 111)

Isolation and primary sequence ofthe human 57 gene

At first, the human 57 cDNA was isolated. Expression library screening with
the rat S7-specific antisera yielded six positive clones. A complete sequencing
of the largest clone revealed a single open reading frame of 577 nucleotides.
Unfortunately, this human 57 cDNA clone was missing the 5’-noncoding se-
guence, ATG start codon and following two nucleotides, but contained a ca-
nonical polyadenylation signal (AATAAA) 13 nt downstream of the TAA stop
codon. To isolate a genomic clone, the human lymphocyte DNA library was
screened using 57 cDNA as a hybridization probe. Five clones were isolated.
To exclude possible pseudogenes, restriction mapping and a hybridization using
57 cDNA as the radioactive probe was carried out. Four clones were identified
as pseudogenes, because their restriction pattern resembles that of the cDNA.
One clone was suspected to contain the intron-containing 57 and was selected
for more detailed characterization. The restriction mapping with Ecolll,
BaTLU, Pstl, #mdI13, Kpnl and Xmal localized the 57 into three HmdIll frag-
ments. Overlapping fragments covering the gene were subcloned and se-
guenced. Human 57 gene spans about 5,5 kb and contains seven exons and six
introns (Fig. 1in reference I). Exons are 65-151 nt and introns 131-2318 nt in
length. All splice donor and acceptor sites have perfect consensus (GT/AG) and
the sequences immediately upstream of the 3’ splice sites are pyrimidine-rich,
which is common in mammalian introns (Mount, 1982). The initiation codon
context GCCAUGU deviates a little from the optimal A/IGCCAUGG (Kozak,
1986). The promoter region was analyzed for the presence of binding sites for
common transcription factors and compared to other mammalian rp gene pro-
moters. No consensus TATA or CAAT boxes were found, although a relatively
AJT rich area is located between positions -50 and -36. Between nt -147...
-142 and -116...-111 two binding sites for transcription factor GABP
(CGGAAR) are present. Sequence CCTCGCGC at positions -19...-12 is simi-
lar to the conserved binding site for nuclear factor of the L7a promoter
(TCTCGCGA) (Colombo and Fried, 1992).

The first exon of 57 contains 72 nt of untranslated sequence and the ATG
start codon is located in the second exon. While in most human rp genes
described so far (L7, L7a, S3, S4, S6, S8, S17 and S24) the starting Met and the
following 1-3 aa are coded by the first exon, there are some cases in which the
ATG codon resides in the second exon (S14 and S30). As the first intron of the
mouse L32 has been demonstrated to contain a transcriptional regulatory
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element (Chung and Perry, 1989), that, as suggested, must be located inside the
approximately 200 bp promoter area, the notable shortness of the first exon of
the mammalian rp genes may be important for transcriptional regulation.

Computer analysis for the distribution of CpG dinucleotides in S7 revealed
that the first three closely located exons are surrounded by a CpG rich region.
Intron 4 includes two Alu-like sequences at nt 1480...1600 and 1780...2080;
there is also an Alu-like sequence in the 5 flanking region at nt -580..-320
(Jurka and Milosavljevic, 1991).

Isolation and characterization ofthe mouse S7 gene

The gene encoding the mouse homolog of ribosomal protein S7 was isolated
using PCR-based approach, assuming that the coding sequences of mammalian
genes are conserved enough to allow amplification of mouse DNA with oli-
gonucleotides designed according to human DNA sequence (Annilo et al.,
1998a). After testing several oligonucleotide combinations, primers T1 and N/P
(see Fig. lin reference M), flanking intron 4 in human S7 were chosen. PCR
with these oligonucleotides generated two bands from mouse genomic DNA.
The shorter PCR product was about 120 nucleotides in length, that corresponds
to the distance predicted from the cDNA and was therefore assumed to be de-
rived from the intronless pseudogenes. The larger product was about 500 nu-
cleotides, indicating that the intron should exist between these two primers.
This fragment was extracted, labelled and used to isolate the mouse S7 gene
from the genomic library.

The mouse S7 gene is approximately 5 kb in length and exon sequences
match the cDNA sequence perfectly (Fig. 1in reference Ill). Vertebrate intron-
containing S7 genes from Fugu rubripes (Cecconi et al., 1996), Xenopus laevis
(Mariottini et al., 1993), and Homo sapiens (Annilo et al., 1995) have been
described earlier. Introns in the vertebrate genes are located at identical posi-
tions. The largest S7 gene is that of X. laevis, with introns about 2 to 3 times
longer than in other vertebrates. In addition, genomic sequences from
Caenorhabditis elegans (GenBank Z75714), Saccharomyces cerevisiae
(GenBank Z71372 and X94335) and Schizosaccharomyces pombe (GenBank
Z68198) are available. C. elegans gene is lacking introns at positions where
vertebrates have the 2nd and 5th intron. Both copies of C. cerevisiae S7 gene
have one intron which position corresponds to the mammalian 3rd intron.

Interestingly, U17 snoRNA is processed from the introns of Xenopus (Cec-
coni et al., 1996) and Fugu (Mariottini et al., 1993) S7 genes, but not from
mammalian S7 genes. Human and mouse U17 are encoded within the introns of
U17 host gene U17HG, that have similar organization but do not have protein-
coding potential (Pelczar and Filipowicz, 1998).

Mammalian ribosomal protein genes S6, S14, S24 and L7 have extensive
homology in the first intron within each gene pair (Pata and Metspalu, 1996).
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When we compared the introns of mouse and human 57 genes, only a short
homologous region within the first intron was detected (mouse nucleotides
163... 189, 22 identities of 27), while mouse and human 56 have 63% identity in
a 350 nucleotide region. Whether this short homology reflects functional sig-
nificance in 57 remains unknown. The initiation codon in mouse 57 is located
at the second exon and has a context GCCAUGU which is similar to the opti-
mal (Kozak, 1986). The polyadenylation signal is located 12 nucleotides down-
stream from the TAA stop codon.

The promoter region of mouse 57, like many other ribosomal protein gene
promoters, lacks a canonical TATA box, but contains a number of consensus
elements described in promoters of vertebrate ribosomal protein genes. Three
GA-binding protein (GABP, R-factor) sites (consensus CGGAAR) in inverted
orientation are located at positions -16...-21, -37...-42, and -78...-83 (Genu-
ario and Perry, 1996). Sequences between nucleotides 55...65 (first untranslated
exon) and 201...210 (antisense strand in the first intron) are very similar to the
6-factor binding element (consensus c¢/g@gCg/tGCCATCT) described in the
promoters of mouse L30 and L32 genes (Hariharan et al., 1989). At positions
27..35 in the 5’ untranslated region and 213...221 in the first intron are located
the sequences with very high homology to L7a BoxA element, which in L7a is
conserved between mammals and chicken (Colombo and Fried, 1992). The
presence of transcription factor binding sequences supports the suggestion that
the isolated gene is transcriptionally active. 5-elements, BoxA-like and GABP
elements can be found in the promoter region of all vertebrate S7 genes, sug-
gesting that these are essential functional promoter elements. The region span-
ning first three exons of mouse S7 gene is GC rich (G+C content 61% com-
pared to 48% in the whole sequenced region). The ratio of CpG/GpC dinucleo-
tides in this area is 0.96. These data indicate that, like in other rp genes, a CpG
island at the 5’ end of the S7 gene is present.

Determination ofthe transcription start sites of human and mouse S7

The 5’ end of the human and mouse mMRNA was mapped by the primer exten-
sion assay. A single product obtained from human mRNA using primer El
corresponds to a C residue (Fig. 2 in reference 1), which is indicated as nt 1 in
Fig. 1in reference I. This cytidine is located within a pyrimidine tract of 12 nt
in length, which, however, is interrupted by one G.

The major transcription initiation site of mouse S7 gene is located at T residue
79 nucleotides upstream of the translation initiation codon. Minor bands at C
nucleotides at 5 and 14 nucleotides farther upstream were also detected (Fig. 3 in
reference I'T). These nucleotides are located within a pyrimidine-rich sequence;
the main start point is embedded in a polypyrimidine tract of 13 nucleotides in
length. Heterogeneity of start sites is not unique to mouse 57, it has also been
observed in human L19 (Davies and Fried, 1995) and S14 (Rhoads et al., 1986).
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Genomic localization

Chromosomal localization of human 57 was determined by PCR on the panel of
the human/hamster somatic cell hybrid DNAs with intron-specific primers
16-5" (forward) and 16-3’ (reverse). This experiment showed that 57 maps on
chromosome 2. The chromosomal position was specified by FISH. The locus
for 57 was assigned to 2p25, the most telomeric chromosomal band of the short
arm of chromosome 2 (Fig. 4 in reference ). In addition to 57, at least three
other rp genes are located on chromosome 2, namely S27A, L31 and L37A
(Kenmochi et al., 1998). The chromosomal localization of the mouse 57 gene
has not been determined but most probably it is located on chromosome 12;
within region homologous to human 2p25.

S7 genefamily

The number of human 57 gene copies was evaluated by Southern blot analysis.
Hybridization of the radioactive cDNA probe to Bell, BstEl, EcoRI and Xbal
digests of HeLa DNA suggests that there are 8-10 copies of 57 in the human
genome.

Using fragment from intron 5 of the mouse 57 as a probe, the bands with
lengths as expected from the primary structure of the 57 gene were detected.
This demonstrates that intron-containing mouse 57 gene is present in the single
copy. The filter was stripped and then hybridized to mouse 57 cDNA probe
(Fig. 4 in reference Ill). Detection of multiple cDNA-hybridizing bands sug-
gests that there are 10-12 additional copies (most likely processed pseu-
dogenes) of 57 in the mouse genome.

$7 protein

The protein predicted from the cDNA is rich in basic residues, contains 194 aa
and has molecular weight of 22.1 kDa. The amino acid sequence of S7 was
compared against the GenBank database using BLAST programs at
http://www.ncbi.nlm.nih.gov/ (Altschul et al., 1997). Predicted proteins for
which complete cDNA or genomic sequence is known, are aligned in Fig. 2 in
reference 1M The human S7 is homologous to r-proteins isolated from other
species: rat (Suzuki et al., 1990), Xenopus laevis (Mariottini et al., 1988),
Anopheles gambiae (Salazar et al., 1993), Manduca sexta (EMBL L20096) and
Arabidopsis thaliana (EMBL Z47607 and Z47625) (100%, 98%, 71%, 73%
and 49% identity at an aa level, respectively). A large number of EST’s poten-
tially coding S7 homologs from different eukaryotic species is also available,
but many of them are partial or possibly erroneous. No archaebacterial or
eubacterial homolog was found by database similarity search. Two highly
conserved regions of the protein (amino acids 98..109 and 115...118) are
involved in the nuclear and nucleolar import of S7 (Annilo etal., 1998b).


http://www.ncbi.nlm.nih.gov/

3.2. Analysis of nuclear and nucleolar localization of S7
(Reference I1)

To identify the sequences responsible for nuclear and nucleolar targeting of
ribosomal protein S7, constructs expressing fusion proteins of the wild-type or
mutated S7 sequences with E. coli B-galactosidase were designed. Different
cDNA fragments or oligonucleotides were cloned into the shuttle vector
pKHIlacZ (Figs. 1, 2A and 2C in reference I1). SAOS-2 cells were electropo-
rated with 2-4 fxg of plasmid DNA and after 24 to 48 h post-transfection were
stained with X-gal for B-galactosidase activity.

S7 accumulates the reporter protein within the nucleoli

Expression of the construct wtS7, lacking only the first two amino acids of S7
(starting Met and Phe), showed that S7 was able to transport the reporter
protein to the nucleus, where it accumulates into the nucleoli (Fig. 3A). Partial
nuclear staining of R-galactosidase in a control experiment (Fig. 3J) could be a
technical artifact due to cytoplasmic staining above the nucleus (Russo et al.,
1997).

Deletions from the amino- or the carboxy-terminus were generated to
investigate the role of different fragments of S7 in transport. Deletion of the
first 80 amino acids (AN8O) resulted in nuclear localization as in the case of the
full-length S7 (Fig. 3B). The construct lacking amino-terminal 120 residues
(AN120) or N-terminal 113 residues (A114C) showed reduced transport and
staining was present in both the cytoplasm and nucleus (Fig. 3C and 3D). In
addition, constructs AN120 and Al 14C were not capable of localizing into the
nucleoli.

Requirements for nuclear targeting sequence in peptide-NLS and S7 protein
are different

Sequence n5Lys-Arg-Pro-Argl8 within the extremely conserved region of S7 is
very similar to the nuclear import sequences in ribosomal protein S6 (Schmidt
et al., 1995). To verify its functionality, oligonucleotides encoding this peptide
were inserted into the 5’ end of lacZ gene. Indeed, efficient transport of 3-ga-
lactosidase into the nucleus, but not to the nucleoli was observed (Fig. 3E).
While the minimal S7 NLS 113KRPR118is very similar to the NLSs of ribosomal
protein S6 (KRRR and KKPR), it differs from signals of yeast L29 (Under-
wood and Fried, 1990) and L3 (Moreland et al., 1985) and rat L31 (Quaye et
al, 1995), which are longer and contain amino acids other than lysine, arginine
and proline.

Impact of individual amino acids within the NLS-tetrapeptide and S7 protein
to nuclear transport efficiency was studied as a next step. Every single amino
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acid was substituted at a conservative or nonconservative manner (Fig 2C). As
a conservative mutation we considered another basic amino acid, as a noncon-
sevative one, asparagine.

In a tetrapeptide, all mutations except for proline substitutions reduced nu-
clear transport (Figs. 3F-3H). Interestingly, impact of the mutations in the S7
protein context was different. Only prolinell7 appeared to be critical, while sub-
stitution of any of the basic amino acids did not impair transport (Figs. 4A-C).
Possible explanations are: 1) presence of a turn in a polypeptide chain due to
proline is essential for nuclear targeting signal function within a mature S7, but
not in the tetrapeptide; and 2) the context of the full-length protein can support
and strengthen the partially defective NLS. Furthermore, none of the S7 muta-
tions abolished nucleolar localization, suggesting that residues within the NLS
that are essential for effective nuclear import are not critical for nucleolar accu-
mulation once inside the nucleus.

Analysis of the nucleolar accumulation

To find out, which region besides the NLS controls the nucleolar targeting of
S7, either the highly conserved region 78...86, which is rich in charged residues
(S7-Al, see Fig. 2B), the arginine-lysine rich region 98...109 (S7-All), the
minimal NLS (S7-Alll), or the motif similar to NLS 42KRIRYb (S7-AlV) was
deleted. The results demonstrated that regions 78...86 (S7-Al) and 142... 145
(S7-AVI1) can be deleted without any impact upon nuclear or nucleolar location
(Figs. 4D, 4G). Deletion of amino acids 98...109 (S7-All) and 115...118
(minimal NLS, S7-Alll) prevented nucleolar accumulation and resulted in a dis-
tribution of the fusion protein between the nuclear and cytoplasmic compart-
ment (Figs. 4E, 4F). Since none of these deletions resulted in completely or
preferentially cytoplasmic location, combinations of deletions | and M, 1l and
I, and 1l and 1V were constructed. S7-Al/U and S7-All/TV had cytoplasmic
staining similar to S7-All (Figs. 4H, 4J). Simultaneous deletion of amino acids
98...109 and 115...118 (S7-All/lll, containing 9 basic residues of 16) affected
nuclear import most severely, resulting in preferentially cytoplasmic location
(Fig. 41).

These experiments demonstrate that effective nuclear and nucleolar accu-
mulation of S7 requires both the minimal NLS and an adjacent basic region. To
test whether the domains necessary for nucleolar targeting have functional
significance outside of the S7 protein context, location of the chimeric protein
S7/98-118 was studied (Fig. 31). Indeed, these 21 amino acids were sufficient
for nuclear transport and nucleolar targeting of the reporter protein. Within the
full-length S7, unlike when out of the protein context, the tetrapeptide
UK RPR1B alone is not sufficient for the nuclear import. Constructs that con-
tained the minimal NLS but not the sequence BRRILPKPTRKSRI1® (S7-All,
S7-Al/ll and S7-AILTV) showed, in addition to nuclear, also cytoplasmic
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staining. Fusions J1114C and S7-AlH, in which the minimal NLS was deleted,
were not preferentially cytoplasmic, but also showed considerable nuclear ac-
cumulation. Only when the minimal NLS and region 98-109 were simultane-
ously deleted (S7-All/llN), localization of the resulting fusion protein was
similar to the R-galactosidase staining of the control experiment.

Interestingly, point mutations within the S7 protein S7-M3 and S7-M5
(Figs. 4B, 4C) had stronger effect than deletion of the whole minimal signal
S7-Alll (Fig. 4F). One possible explanation is that mutant NLS can bind to its
receptor but can not promote nuclear targeting, thereby reducing the free
cytoplasmic pool of receptors. Deletion of the NLS may also change the confor-
mation of the protein and thereby expose otherwise masked sequence with
nuclear targeting ability. In addition, import of rps is carried out by at least four
different receptors of importin R family (Jakel and Gorlich, 1998). Different
affinity of these receptors to different mutants can explain the fact that most of
the deletions and point mutations resulted only in reduced transport but not in
complete block of import.
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CONCLUSIONS

To understand the mechanisms responsible for the stoichiometric synthesis of
ribosomal components and flexible accommodation of the ribosome biosynthe-
sis to the cell requirements for protein synthesis, determination of the primary
structure and genomic organization of the ribosome components is fundamen-
tal.

1. The intron-containing genes for the human and mouse ribosomal protein
S7 have been cloned and sequenced. As the sequenced genes contain introns
and promoter region and their exons perfectly match cDNA, it can be con-
cluded that the isolated genes are functional. The sequences can be obtained
from GenBank, accession #225749 (human S7 gene) and #AF043285 (mouse
S7 gene). These genes share the features typical to other mammalian ribosomal
protein genes — lack of consensus TATA box on the promoter area, short
untranslated leader, small first exon, CpG rich 5’ region and presence of the
family of the pseudogenes. Human S7 was mapped to the short arm of the 2rd
chromosome (2p25). The transcription start sites of S7 genes are located at the
pyrimidine residues within the oligopyrimidine tract.

2. S7 protein regions responsible for nuclear and nucleolar accumulation
were identified. Despite the fact that S7 contains a tetrapeptide sequence
I RPR118 which, when fused to the R-galactosidase, can function as an inde-
pendent NLS, effective nuclear and nucleolar transport of the S7 protein
requires the presence of another basic domain 8RRILPKPTRKSRI® In addi-
tion, a 21- amino acid S7 fragment containing these domains is sufficient for
nuclear and nucleolar accumulation of the B-galactosidase fusion. The conser-
vation of the nucleolar accumulation domain indicates that this region may
control nuclear and nucleolar accumulation of all S7 homologs and that the
mechanism leading to the nucleolar accumulation may also be conserved.
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IMETAJATE RIBOSOOMIVALK S7:
HOMOLOOGSETE GEENIDE ISOLEERIMINE NING
VALGU LOKALISATSIOON RAKUS

Kokkuvote

Ribosoomide biogeneesi rakus reguleeritakse kdigil etappidel, alates ribosoomi
komponentide geenide transkriptsioonist kuni subihikute (hinemiseni translat-
siooni alustamiseks. Kaesolevas té0s on uuritud kahe imetaja — inimese ja
hiire — ribosoomivalgu S7 geeni struktuuri ning identifitseeritud valgu piirkon-
nad, mis on vajalikud S7 transpordiks tuuma ning akumulatsiooniks tuuma-
kesse, kus valgud assambleeruvad ribosomaalse RNAga.

1. Kirjeldati ribosoomivalgu S7 geeni inimesel ning hiirel. Hiire geeni iso-
leerimise kaugem eesmadrk on ribosoomivalgu defitsiidi tdttu tekkida vdivate
héirete hindamine mudelhiire pdhjal. Et Drosophila'1on kirjeldatud umbes 50
samase fenotulibiga Minute mutanti, millest seni molekulaarsel tasemel ise-
loomustamist enamus on seotud ribosoomivalkudega, siis on alust arvata, et ka
imetajatel vdivad ribosoomivalkude ekspressiooni muutused olla suurte périlike
defektide pbhjuseks.

Isoleeritud geenid on samase pikkusega, 5 kuni 5,5 tuhat aluspaari, koosne-
des seitsmest eksonist ja kuuest intronist. S7 geeni intronid paiknevad imeta-
jatel identsetes positsioonides. Isoleeritud introneid sisaldav geen esineb nii
inimese kui ka hiire genoomis (ihe koopiana, protsessitud pseudogeene on
mdolemal juhul kiimmekond.

2. Punkt- ning deletsioonmutageneesi teel on identifitseeritud S7 piirkond,
mis mé&&rab valgu transpordi rakutuuma ja tuumakesse. S7 transport tuuma ja
tuumakesse soltub kaheosalisest signaalist (aminohapped 98... 109 ja 115...118).
Aminohappejérjestus 115...118 sisaldab nn. klassikalist tuumalokalisatsiooni
signaali, mis on funktsionaalne ka iseseisvalt. See jarjestus on v8imeline kull
importima valgu rakutuuma, kuid mitte tuumakesse. Jarjestus 98... 109 muudab
NLSi toime tugevamaks ja kindlustab valgu liikumise tuumakesse, ribosoomide
slinteesi kohta. Sama jarjestus iseseisvalt toimib aga samuti ebaefektiivselt.
Taispika S7 valgu puhul on seega efektiivseks akumulatsiooniks tuumakesse
vajalikud mdlemad valgu piirkonnad.

Transport rakutuuma toimub vastavate retseptorite abil, mis tunnevad é&ra
kindla aminohapete jérjestuse imporditavas valgus — tuumalokalisatsiooni sig-
naali. Edasine kogunemine tuumakesse sdltub tdendoliselt funktsionaalsetest
interaktsioonidest ribosoomi komponentide vdi ribosoomi assambleerimist
assisteerivate faktoritega.
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SUMMARY

We have identified a gene encoding the human ribosomal protein (r-protein) S7. The S7 gene contains seven exons
and six introns spanning about 6 kb. Organization of the gene is similar to that of Xenopus laevis S8, the only homologous
intron-containing gene isolated so far. An mRNA transcribed from this gene has an open reading frame (ORF) of 582
nucleotides (nt), which encodes a protein of 194 amino acids (22.1 kDa). The transcription start point (tsp) was mapped
by a primer extension assay to a C residue within a pyrimidine-rich tract. Human S7 (hS7) is identical to rat S7 (rS7)
and exhibits significant similarity with the X. laevis, insect and plant homologs. We have used fluorescence in situ

hybridization (FISH) to localize S7 to chromosome 2p25.

INTRODUCTION

The eukaryotic ribosome consists of more than 80
different r-proteins and four RNA species. Mammalian
rp genes are dispersed throughout the genome (Feo et al.,
1992) and are present in multiple copies, from which only
one contributes to the synthesis of mRNA, with the
exception of human r-protein S4X/Y genes where both
genes are transcribed and translated into proteins (Zinn
et al., 1994). Each gene is a single functional unit contain-

Correspondence to: Dr. A. Metspalu, Institute of Molecular and Cell
Biology, Tartu University, Estonian Biocentre, 23 Riia St, EE2400
Tartu, Estonia. Tel. (372-7) 420210; Fax (372-7) 420286;

e-mail: andres@ebc.ee

Abbreviations: aa, amino acid(s); bp, base pair(s); DAPI, 4-6diamino-
2-phenylindole; FISH, fluorescence in situ hybridization; hS7, human
S7; kb, kilobase(s) or 1000 bp; M., Manduca, nt, nucleotide(s); ORF,
open reading frame; PCR, polymerase chain reaction; r-, ribosomal;
rS7, rat S7; rp, gene encoding r-protein; S7, gene (DNA) encoding S7;
S7, human r-protein S7; snoRNA, small nucleolar RNA; SSC, 0.15 M
NaCl/0.015 M Na3-citrate pH 7.6; tsp, transcription start point(s);
X., Xenopus.

SSDI 0378-1119(95)00405-X

ing all the essential regulatory elements and therefore the
balanced production of the r-proteins requires a compli-
cated mechanism involving certain common control
points. A very high degree of similarity manifested by the
r-proteins from different organisms is the quality that
enables to uncover homologous r-proteins even from the
distant species.

There is increasing ground of belief that some
r-proteins may serve functions other than participation
in protein synthesis. Mammalian S27, S29, L7, L37, L37a
and a number of prokaryotic r-proteins have been
reported to have zinc-finger-like or other DNA binding
domains (Hemmerich et al., 1993; Chan et al., 1993).
Apurinic/apyrimidinic endonuclease (AP) activity has
been demonstrated in the case of Drosophila melanogaster
S3 (Wilson et al., 1993) and AP3, homolog of the human
PO (Grabowski et al., 1991). At present the r-proteins are
supposed to be a supplement to the earlier only RNA-
containing ribosome (Wool, 1993) and these findings may
be signs pointing to the former functions of these proteins.

A matter of great interest is the possible association of
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r-proteins with the genetic diseases. For example, suggesting that S6 can act as a tumor suppressor gene
haploinsufficiency of human S4, which is unique among (Watson et al., 1992).

the human rp genes by means of its two distinct isoforms S7 is one of the proteins (besides S3 and/or S3a, S6
(S4X and S4Y, locating in chromosomes X and Y, respec- and S14 and/or S15) that has been reported to play an
tively), is considered to play a critical role in Turner syn- important role in the template-40S subunit interaction
drome (Zinn et al., 1994; Fisher et al., 1990). It has been (Mundus et al., 1993). In this study we present the isola-
demonstrated in the case of Drosophila Minute mutants tion and characterization of the functional S7 gene and
that the haploinsufficiency of rp genes may have dramatic its mapping to 2p25.

results. Minutes are a class of over 50 genes, which pro-
duce in hemizygous condition a similar phenotype and
are recessive lethal (Kay and Jacobs-Lorena, 1987). It is EXPERIMENTAL AND DISCUSSION
proposed, and in two cases proved, that Minutes encode

the r-proteins (Andersson et al., 1994). The mutations (a) Isolation and characterization of cDONA and genomic
affecting the rp genes may reduce the overall rate of pro- clones
tein synthesis, lengthen the cell cycle and result in severe After screening the human cDNA expression library
developmental defects (Kay and Jacobs-Lorena, 1987). with the rS7-specific antisera, six positive clones were
Another interesting r-protein gene is S6. Mutations in the purified. The clone with the largest insert was subcloned
Drosophila melanogaster S6 result in tissue overgrowth, and sequenced. A single 577-nt ORF was detected with
cggect t tagccttt ggttcgricgaagttggt(:uul
: ct 99 g0
ict cegget ‘ttceqeetCTT GCCACGG/‘QCCGOATrrTCACCTGCTCTCCCGAQXWQOOTCTCWCCTAAQCCOOOOCTCGCCAACqeqtqacgqcctqctet
ggcgagegggaci
(OACAACCCGOAC«
M FSSSAKXVKPNGETKPDEFPE 20
TCCGGCATCTCCC t cctgctgttegttgcttcttagGCTC 542
S G I S A 26
TTCTGGAGCTGGACATGAACTCCGACCTCAAGGCTCAGCTCAGOGAACTGAATATTACGGCACCTA tec 692
LLELEMNSDLIKAQLRELNITAAEK 49
‘tcggggt gt >42
gggcatttggaccttaCtigcccttacttagttAtag tctctctaccet 992
gCCtgA»CH( t ttatgatt ttagtttgt acggtgttagtBataaggtcttcctatcctet® 1142
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CrACTACGCGAATTGGAOXAAAAGTTCAGTGGCAAGCATGTCGTCTTTATCGCTCAGgtatctgtCctactgt t t tgct tt etcatg’ 1442
L VRETLE K FSGKHVVFI1AQ 97
999 Acatggta*g 1592
Tt L ta«t B aai itttcccatatt: taactii tgc c 1742
tegggagys gg ggctgagtgggtgaa*cccegtctgtact*a 1892
a.. gac aac jaact 2042
gggggat atcgggaatgaagtgccaggattgacy gggtc«taggcatgggaaaggcgcatctggaa 3192
gALLLLgC tctgaatgatttat ggaagt*actccatagaagggtt tg morrrctcgaactttga*ct:ta.ceetgccattett 2342
cttgcctctaaagcagtatggc*gtt.acagcttCCCgtcaatttaaagtcttttttcactt(:gtCal:atgataatttttaccttacagAGGAGAA TCTR0CT AACCCAACTCOAAAAGCAG TACAAAAAATAAGCAMAGCCTCOCAG 2492
ILPKPTRKSRTKNKQKRPRUft
& tttagtagtt VC tat taatttgttcaagttgtagt o Tttt ttggtt tacg 2(15513
tCttagaattct: -tcacgCagecattgttcgecC (ttccCegAttat ] featt gaCgaghagga 2792
aaccattacttt.aat ttatctttgattt:t tt 2942
t ggaaatgtttatacctgAttgacttacaggttatctggeataaatctcaat tcgeatt Kagtatgttgtt 3092
c:cttcect tagtgt Ct ttaatttgtattgttactct gatc Aaggctgggataatttgctgattgcagctagtactagtagtgct 3242
ttctet tgt:C tat ggaaaggC: cCaCBgetCagtac! tttg«aa 3392
aactctt: ttaggaCttttt catg*cactta* tt -atccatag 3542
ctttagttt tcccaaattttcty ‘tcagtgtttctagtgggactgtacat Tt tect 3692
nrtrpranartratrttrru tat tgatagCtttcgggtatagcagggttettectet t 3542
‘fggaatctaat ‘ttccgtatttggg atgcttaatt: tcgtetl ; gatttgccttctaaaggtgatgagggttttg 3992
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Fig. 1 The nt sequence of the S7 gene with the predicted aa sequence (see section *). Numbering of nt starts from the tsp. Lower-case letters denote
inlrons and uppercase letters exons. Sequences according to which primers were designed are underlined. The putative GABP binding sites (nt
—147...—142 and —116...—111) and sequence resembling the L7a nuclear factor binding site (nt —19...—12) are in italics and underlined. The ATG
start codon is shown in bold. The tsp is marked with the caret (‘). the stop codon is marked with the asterisk (*) and the polyadenylation sequence

is double underlined. Methods: To isolate S7 cDNA, the human expression library in pEX vectors was screened with specific rat S7 antisera.
cDNA insert was subcloned into the pBluescript SK + (Stratagene, La Jolla, CA, USA) vector for sequence analysis. The 32P-labeled S7 cDNA

The
was

used to screen the human lymphocyte genomic DNA library in (XDASH vector (Stratagene, Catalogue No. 943202). Library screening and isolation
of the clones were performed according to protocols provided by Stratagene. Sequence analysis was carried out using the PC/Gene package of
programs. The nt sequence data are deposited in EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the accession Nos. M77233

(S7 cDNA) and Z25749 (S7 genomic sequence).



a poly(A)-tract preceded by a canonical polyadenylation
signal (AATAAA) 13 nt downstream from the TAA stop
codon. Comparison of the cDNA with database revealed
homology with rat S7 (89%), X. laevis S8 (81%),
mosquito Anopheles gambiae S7 (66%0) and tobacco hom-
worm M. sexta S7 (65%) cDNAs. With the aim to isolate
a genomic clone, the human lymphocyte DNA library
was screened using S7 cDNA as a hybridization probe.
Five clones were analyzed at first. After the restriction
mapping and the hybridization using S7 cDNA as the
radioactive probe, four of these were identified as pseu-
dogenes, because their restriction pattern resembles that
of the cDNA. One clone, which restriction with Hindlll,
the enzyme that does not cut the cDNA, generates
multiple cDNA-hybridizing bands, was suspected to con-
tain the intron-containing S7 and was selected for the
detailed characterization. The restriction mapping with
£coRI, BawH]I, Pstl, Hindlll, Kpnl and Xmal localized
the S7 into three Hindlll fragments. These fragments
were subcloned and sequenced. Nucleotide sequence,

IACGT

Ll

tttccgcct CTTGCTTCGGACGCCGGATTTT

Fig. 2. Primer extension analysis of the tsp (see section b A primer
extended product, shown in lane 1, corresponds to a C residue, which
isindicated as nt 1in Fig. 1 This cytidine is located within a pyrimidine
tract, which, however, is interrupted by one G. The lanes ACGT contain
sequencing reactions with the same primer to serve as markers. The
genomic sequence and the tsp, indicated by an arrow head, are shown
below. Methods: Primer extension was carried out using a 20-nt primer
that is complementary to the first exon of the human S7 gene between
nt53and 73 (5-CTTGCCGAGCCCCGGCTTAG). 20 ng of the primer
was end-labeled as described (Sambrook et al., 1989) and hybridized
to 50 ng of total RNA from HeLa cells. The annealed nucleic acids were
incubated at 37“C for 2h with 20 units of M-MuLV reverse tran-
scriptase (NE Biolabs) in the presence of 1mM each dNTP and
20 units of RNase inhibitor (Promega, Madison, WI, USA) in the
buffer provided by Biolabs. The samples were analyzed on a 6%
polyacrylamide/7 M urea gel.
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Fig. 3. Alignment of the proteins homologous to the hS7. The aa
sequences were deduced from cDNAs. Dots () indicate identity, hyphens
() indicate gaps that have been inserted to maximize identity. The
KRPR nuclear localization signal of the hS7 is shown in bold and
underlined. The following sequences are included in this alignment:
hs-MoTn sapiens S7, rr-Rattus rattus S7 (Suzuki et al., 1990), xI-A". laevis
S8 (Mariottini et al., 1988), ag-Anopheles gambiae S7 (Salazar et al.,
1993), ms-M. sexta S7 (Wang and Kanost, EMBL L20096)),
at-Arabidopsis thaliana S7 (Philipps and Gigot, EMBL Z47607 and
747625).

exon/intron structure and aa sequence deduced from
cDNA are shown in Fig. 1 S7 gene spans over 6 kb and
contains seven exons and six introns. Exons are 65-151
nt and introns 131-2318 nt in length. All splice donor
and acceptor sites have perfect consensus (GT/AG) and
the sequences immediately upstream from the 3' splice
sites are pyrimidine-rich, which is common in mamma-
lian introns (Mount, 1982). The initiation codon occurs
in the context GCCAUGU which deviates a little the
optimal A/IGCCAUGG (Kozak, 1986). No consensus
TATA or CAAT boxes were found, although a relatively
AJT rich area is located between nt —50 and —36. Two
binding sites for transcription factor GABP (CGGAAR)
between nt —147..—142 and —116..—I11 are present.
Sequence CCTCGCGC between nt —19..—12 resembles
the conserved binding site for nuclear factor of the L7a
promoter (TCTCGCGA) (Colombo and Fried, 1992).
The first exon of S7 contains 72 nt of untranslated
sequence and the ATG start codon is located in the
second exon. While in most human rp genes described so
far (L7, L7a S3, S4, S6, S8, S17 and S24) the starting Met
and following 1-3 aa are coded by the first exon, there
are some cases in which the ATG codon residues in the
second exon (S14 and S30). As the first intron of the
mouse L32 has been demonstrated to contain a transcrip-
tional regulatory element (Chung and Perry, 1989),
which, as suggested, must be located inside the approxi-
mately 200 bp promoter area, the notable shortness of



Fig. 4. Mapping of the human S7 to a chromosome 2p25 using FISH (see section c). Based on the analysis of DAf’I-banded metapha>es ,iud
prometaphases, the locus for S7 gene was assigned to 2p25, the most tclomcric chromosomal band of the chromosome 2 (indicated by the arrow4
Methods: Metaphase spreads were made from phylohcmagglulimn-slimulatcd normal lymphocytes on a microscope slide by standard procedures.
FISH was performed with biolin-11-dUTP labeled (Nick Translation Reagent Kit, BRL) S' genomic probe, essentially as described (Pinkel et al
1986; Lichter et a!,, 1988). The hybridization mixture contained 50% formamide'10% (w.v) dextran sulfate/2 x SSC/7.5 ng biotinylated probe/0.27 mg
of herring sperm DNA/0.075ing sonicated human placenta DNA (Ciibco, BRL) for competition (all per ml). For each slide, 150 ng of the labeled
probe was applied. Detection of the hybridized probe was performed using avidin-FTTC' and amplified once with additional layers of biotin>lated
goal antiavidin (both 5 ng/ml, Vector Laboratories) and avidin-FITC Nuclear DNA was counterstained with 1ng/ml propidium iodide and stained
with 5ng/ml DAPI. Slides were mounted in antifade medium, examined with 7eiss Axiophot microscope and photographed using Ektvachrome ASA

400 color film

the first exon of the mammalian rp genes may be impor-
tant for the transcriptional regulation.

Compared to the X. laevis S8, the only homologous
iutron-containing gene since described (Mariottini et al.,
1993), only the positions but not the lengths of the introns
were conserved. There is no obvious sequence similarity
between the introns of human and A’ laevis gene. It is
somewhat surprising, because U17XSS snoRNA is coded
in each of the six introns of the X. laevis S8 (Cecconi
et al., 1994), but the homologous human U17 snoRNA
is not encoded respectively by the introns of the S7, but
by the cell cycle regulatory gene RCC1 (Kiss and
Filipowicz, 1993). The other vertebrate intron-coded
snoRNAs have their genomic positions conserved (Prislei
et al., 1993).

The computer analysis for the distribution of the CpG
dinucleotides in the S7 revealed that the first three closely

located exons are surrounded by the CpG rich region.
Intron 4 includes two Afu-like sequences at nt 1480 to
1600 and 1780 to 2080: there is also /1/u-like sequence in
the 5' flanking region at nt —580 to —320 (Jurka and
Milosavljevic, 1991). In respect of its gene size, S7 is sim-
ilar to S14. They are both almost 6 kb, while the other
mammalian rp genes are smaller, about 3-4 kb.

The protein predicted from the cDNA contains 194 aa
and (22.1 kDa). The hS7 is homologous to r-proteins iso-
lated from other species: rS7 (Suzuki et al., 1990), A.
laevis S8 (Mariottini ct al., 1988), Anopheles gambiae S|
(Salazar et al.,, 1993), Maiiduca sexta S7 (Wang and
Kanost, EMBL L20096) and Arabidopsis thaliana SI
(Philipps and Gigot, EMBL Z47607 and Z47625) (100%.
98%, 71%, 73% and 49% identity at an aa level, respec-
tively; see Fig. 3). When aligned with rat, clawed frog and
insect homologs, three most conserved regions of the S7



protein were detected. These indude aa 78-95, 112-119,
and 140-160. One of them matches the nuclear localiza-
tion signal (u5Lys-Arg-Pro-Arg118) of the protein (Annilo
et al.,, 1994).

(b) Determination of the tsp of the S7

The 5 end of the mMRNA has been mapped by the
primer extension assay using primer El, which is comple-
mentary to the nt 53 to 73 in the first exon. A single
product obtained corresponds to a C residue (Fig. 2),
which isindicated as nt 1in Fig. 1 This cytidine is located
within a pyrimidine tract, which, however, is interrupted
by one G. The tsp occurring at a C residue within a
oligopyrimidine tract has been reported as a feature that
is required for the transcriptional and translational con-
trol of the r-protein mRNAs (Levy et al., 1991). This
polypyrimidine tract may be of variable sequence and
length, but there is only one mammalian rp gene
described whose 5' tsp is not a C; namely mouse S24,
which has a cap site at a G residue upstream from a
pyrimidine tract (Xu et al., 1994). In the case of S7, this
pyrimidine tract is 8 bp in length and is interrupted by
one G. These observations suggest, that, at least in some
cases, the presence of the G residue among the 5' terminal
pyrimidines enables the proper expression of the gene.
Although, it has been demonstrated that a single A resi-
due as a tsp preceding the general polypyrimidine tract
can affect the translational regulation (Avni et al., 1994).

(c) Chromosomal localization and number of copies

We have shown earlier, using PCR with the intron-
specific primers 16-5' (forward) and 16-3" (reverse) on the
panel of the human/hamster somatic cell hybrid DNAs,
that S7 maps on the chromosome 2 (unpublished results).
The chromosomal position was specified by FISH. Using
fluorescence microscopy, 237 metaphase spreads hybrid-
ized with S7 biotinylated genomic probe were examined.
Hybridization signals at homologous sites on the short
arm of chromosome 2 were seen in 203 (87.5%) meta-
phases; symmetrical doublets were present in 89 (37.5%)
metaphases. No detectable signal or nonspecific binding
was present in 24 spreads (14.3%). Based on the analysis
of DAPI-banded metaphases and prometaphases, the
locus for S7 was assigned to 2p25, the most telomeric
chromosomal band of the short arm of the chromosome
2 (Fig. 4). By now S7 is the sole rp gene located on the
2 chromosome. To determine the size of the S7 mMRNA,
we hybridized a radioactive cDNA probe against the
poly(A)+RNA from HeLa cells. A single band at 0.7 kb
was present (data not shown). To detect members of the
S7 gene family, we carried out Southern blot analysis.
Hybridization of the radioactive cDNA probe to Bell,
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BstEl, L'coRI and Xbal digests of HeLa DNA suggests
that there are 8-10 copies of the S7 (data not shown).

(d) Conclusions

(1) The primary structure of the human S7 gene is
presented. This gene shares the features characterizing
previously isolated rp genes - lack of consensus TATA
box on its promoter area, short untranslated leader, small
first exon, CpG rich 5' region, presence of the family of
the pseudogenes and location unlinked to other rp genes.

(2) The tsp of the gene is localized on a C residue within
a pyrimidine-rich tract.

(3) Human S7 maps on the short arm of the 2 chromo-
some (2p25).
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In the course ofthe eukaryotic ribosomal biogenesis,
both the nuclear import and export are involved. We
have studied the nuclear and nucleolar localization
of the human ribosomal protein S7. We examined the
aubcellular distribution of the S7:R-galactoeidase fu-
sion proteins in SAOS-2 cells. We have identified two
evolutionarily conserved domains, both of which are
necessary for S7 nuclear and nucleolar targeting:
amino acids 98 to 100 and 115 to 118. Out of the S7
protein context, a fragment 98.. .118, containing these
domains, is sufficient for nuclear transport and nu-
cleolar accumulation. Interestingly, a tetrapeptide
‘“KRPRII* which can act as an independent nuclear
localization signal (NLS), is not sufficient for exclu-
sively nuclear accumulation of the S7 protein if the
adjacent region 98...100 is deleted. In addition, site-
directed mutagenesis revealed that critical residues
for nuclear targeting in this tetrapeptide and in the
full-length S7 protein are different. While mutation of
a Pro"7significantly impaired nuclear import of S7,
similar substitution within the tetrapeptide-NLS had
no effect on nuclear targeting. This suggests that to
function perfectly, proper secondary structure of the
S7 nuclear targeting domain is required, c i*ee Acadomic
Praw

Assembly of the eukaryotic ribosomal subunits takes
place in the nucleolus where ribosomal proteins associ-
ate with four rRNA species (1). Ribosome biogenesis

1 Corresponding author: Dr. A. Metspalu, Institute of Molecular
and Cell Biology, Tartu University, Estonian Biocentre, Riia 23,
Tartu, EE2400, Estonia E-mail: andreneehc.ee.

Abbreviations: NLS, nuclear localization signal; NPC, nuclear pore
complex.
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requires that approximately 80 ribosomal proteins,
which are synthesized in the cytoplasm, have to be
imported into the nucleus. After a number of matura-
tion steps, preribosomal subunits exit the nucleus.
Nucleo-cytoplasmic transport occurs through the nu-
clear pore complexes (NPC); nuclear targeting of pro-
teins is specified by nuclear localization sequences
(NLSs) within the imported proteins. NLSs are pre-
dominantly short basic amino acid sequences with only
a limited homology in either a continuous or bipartite
motif(2). NLSs are not proteolytically removed during
transport and this allows nucleo-cytoplasmic shuttling
of many nuclear proteins, like Xenopus heat shock re-
lated proteins (3) and nucleolar proteins nucleolin, B23
(4) and Noppl40 (5). The mechanism of import and
export of macromolecules has been intensely studied
in recent years and a number of soluble factors and
NPC proteins involved in this process have been identi-
fied (6). Briefly, a complex of karyopherin a and kary-
opherin B (also termed importins) binds the NLS-bear-
ing import substrate in the cytosol. The complex docks
to the nuclear pore and then by the energy-dependent,
Ran-mediated translocation step, the substrate and
karyopherin a are translocated into the nucleus (7,8).
Specific /3-karyopherins for ribosomal proteins in yeast
have been characterized (9).

While the primary structure of most of the eukaryotic
ribosomal proteins is known (10), knowledge about
their role in ribosome assembly and translational pro-
cess is still largely missing. Nuclear transport of some
yeast and mammalian ribosomal proteins has been
studied before. Inyeast L3, asingle NLS resides within
the first 21 amino acids (11); in L25, two regions re-
sponsible for nuclear transport were identified (12).
Human L7a has three nuclear targeting domains (13).
NLSs of yeast ribosomal protein L29, rat L31 and hu-
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man S6 have been examined in detail. Yeast L29 has
two NLSs which contain mainly basic residues and are
identical in five of the seven amino acids (14). In ribo-
somal protein S6, three short NLSs and one region
which is essential but not sufficient for nucleolar local-
ization have been described (15). S3a contains a se-
quence that fits the consensus NLS proposed by Chel-
sky et al. (16), but experimental data show that S3&:R-
galactosidase fusions do not have nuclear targeting
ability (17). Therefore, nuclear targeting domains
among ribosomal proteins are quite different and to
understand ribosome biogenesis mechanism, every pro-
tein should be studied individually. For some NLSs,
critical residues for their function have been identified.
For example, mutation of any of the three arginines of
the rat L31 NLS RLSRKR abolished nucleolar localiza-
tion (18). NLS of SV40 large T antigen (19) and yeast
histone N2B (20) have a unique lysine residue, muta-
tion of which inhibits nuclear accumulation.

We have previously described the cDNA and gene
encoding for human S7 (21). The S7 protein contains
194 amino acids and has been reported to play an im-
portant role in the template~40S subunit interaction
(22). Here we describe a mutational analysis of S7 and
demonstrate that although S7 contains a tetrapeptide
with a nuclear targeting ability, for nucleolar accumu-
lation an adjacent basic domain is also required.

MATERIALS AND METHODS

Plasmid constructs. The plasmid pKHlacZ wag specifically de-
signed for the nucleo-cytoplasmic transport studies (Fig. 1). Fusion
proteins of the wild-type or mutated S7 sequences with E. coli 0-
galactosidase were constructed by cloning different cDNA fragmente
or oligonucleotides into the shuttle vector pKHlacZ at the Notl and
HindlIll sites. A schematic drawing of the fusion proteins is shown
in Figure 2A. The constructs containing full-length S7 and deletion
mutants lacking amino- or carboxy-terminal sequences were gener-
ated under standard conditions by PCR amplification of the corre-
sponding cDNA fragment using Goldstar DNA Polymerase (EURO-
GENTEC, rue Bois Saint Jean, 14, 4102 Seraing, Belgium). For the
constructs [1bl80, AN120 and [114C, sequences encoding amino
acids 81...194,121.. .194 and 3.. .113, respectively, were amplified.
All PCR-derived constructs were generated using oligonucleotides
with Notl(5") and HindI11(3") site» for insertion of the fragment.

For the peptide-NLS constructs, synthetic oligonucleotides encod-
ing both strands of S7 wild-type (amino acids 115.. .118) or mutated
NLS with a Notl site at the 5' end and a HindlIll site at the 3' end
were annealed and inserted into pKHlacZ. Site-directed mutagenesis
of the S7 protein to alter the codons for Lysit*, Argl116 Prolll and
Argue and internal deletions were carried out using Muta-Gene®
M13 in vitro Mutagenesis Kit (BIO-RAD, Auhofstrae 78 D A-1130
Vienna Austria). As the plasmid pKHIlacZ contains fl phage replica-
tion origin, a single-stranded form of a construct containing full-
length S7 cDNA (wtS7) was isolated and used as a template. All
constructs were verified by dideoxy sequencing.

Cell culture and. transfection. SAOS-2 cells were cultured in
DMEM supplemented with 10% fetal calf eerum at 37° C in 5% COa.
Subconfluent cells were electroporated with 2-4 pg of plasmid DNA.
After 24 to 48 h poet-tranafection, cells were fixed with 0,05% (v/v)
glutaraldehyde in PBS, and stained with X-gal for /?-galactoaidaae
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Hindin ATQ-ftama” Hmdin
Xbal Apal
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FIG. 1. Construction of the vector pKHlacZ used for testing the
subcellular localization of the S7:/?-galactoaidaee fusion proteins.
Plasmid pPbxnlslacZ was used as a source for the E. coli lacZ gene.
At firet, the Hindlll-BamH 1 fragment of pPbxnlslacZ, which con-
tains the majority of the lacZ gene, was cloned into the same sites
of pBluescript KS (-). In order to introduce a translation start signal,
the pBluescript KS (-)-lacZ vector was digested with Apal and Hin-
dIll and complementary synthetic oligonucleotides (5’CACCATG-
GCTAGCGGCCGCATAZ3' and 3'CCGGGTGGTACCGATCGCCGG-
CGTATTCGADS') providing the ATG start codon (underlined) and
Ncol and Notl sites were annealed and inserted at the 5' end of the
lacZ gene. The resulting construct was cut with Kpnl and the re-
cessed termini were filled using Klenow polymerase followed by cut
with Xbal. ATG-lacZ fragment obtained was inserted into plasmid
pRCc/RSV (Invitrogen) which was digested with Hindlll and after
filling of recessed termini was cleaved with Xbal.

activity. Photomicrographs at 300x magnification were obtained
with a Nikon Diaphot microscope.

RESULTS

S7 Accumulates the Reporter Protein within the
Nucleoli

In order to test whether S7 contains a targeting se-
quence for the nuclear and nucleolar import, we fused
the almost full-length S7 sequence, lacking only the
first two amino acids (starting Met and Phe), to the N-
terminus of /3-galactosidase (referred to as wtS7, see
Fig. 2A). Transient expression ofthis fusion in SAOS-2
cells showed that S7 was able to transport the reporter
protein to the nucleus, where it accumulates into the
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PALVRILXKKFGGRDILILAKRRXLPKPQRGSKARPQK
Scl TKLTRILXXKFQDRHVIFLAERRILPKPSRT SRO-——V
Sc2 TKLTRILXXRFPDRHVIFLAERRILPXPSRTSRQ-—-V
sp ARLTRELXXKFADRXVIFIAQRRXLPXPGRK SRV ——T

JAINKS Ary
1*QJXRPXJSRTLTAVHDA ILXDLVFPSX IVCJKRIXjvKLDC 150
QKRPRSRTLTAVHDAILXDLVFPSXIVGKRIRVKLDG
QKRPRSRTLTAVHDATLKDLVYPSKIVQRRIRVKLDG
QXRPRSRTI*TSVHDAILBDLVFPSXIVGKRIRVKMDS
QKRPRSRTLTSVYDAILXDLVFPAXIVGKRIRVKLDG
QKRPRSPNVTAVYDAILKDLVFPAXVVGKRIRVKLDG
QKRPRSRTLTAVHDAWLDELVYPAXVVGRRIRVKL DG
Scl QKRPRSRTLTAVHDKILXDLVFPTXIVGKRVRYLVGG
Sc2 QKRPRSRTbTAVHDKVLXDMVFPTXIVGKRVRYLVGG
Sp QKRPRSRTLTAVHNAILID IVFPTBIIGKRTRQAT DG

peptide S7 prot

stnes MK R op N Nol
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M4 K ON Nol
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Structure and subcellular distribution of the S7;/3-galactosidaee fusion proteins. (A) Blank boxes, S7 protein sequences; thin

lines, deleted regions; black box, NLS; light stippling, basic region (amino acids 98 to 109) preceding the NLS; numbers indicate amino
acids in the S7 sequence. (B) Partial alignment of S7 homologues. Sequences included in the alignment were: Hs, Homo sapiens (21); Rr,
Rattus rattus (32); XI, Xenopus laevis (33); Fr, Fugu rubripes (34); Ms, Manduca sexta (35); Ag, Anopheles gambiae (36); Ce, Caenorhabditis
elegans (EMBL Z75714); Scl and Sc2, Saccharomyces cerevisiae (EMBL 276004 and Z71372, respectively); and Sp, Schizosaccharomyces
pombe (EMBL Z68198). Sequences in human S7 that were deleted in constructs Al-1V are denoted with boxes. Bold letters indicate the
amino acids that are identical in nine out of ten sequences. (C) Effect of the point mutations on subcellular localization of the peptide-NLS-
and full-length S7:/8-galactoeidase fusion proteins. The minimal nuclear targeting sequence is given in a single-letter code and amino acid
positions are according to S7 sequence. N, nuclear; Nol, nuclear localization with nucleolar accumulation; C>N, C=N, and N>C indicate

the predominant staining when the location was not totally cytoplasmic or nuclear.

nucleoli (Fig. 3A). In a control experiment we observed
that /6-galactosidase expressed from pKHlacZ was not
exclusively cytoplasmic, but the staining was distrib-
uted between the nucleus and the cytoplasm (Fig. 3J).
As shown recently, nuclear staining of /3-galactosidase
could be a technical artifact due to cytoplasmic staining
above the nucleus (13). However, since the S7:/9-galac-
tosidase fusion was completely nuclear, this phenome-
non does not interfere with the identification of nuclear
targeting sequences.

Amino acid alignment of S7 homologues revealed the
extremely conserved region between amino acids
114.. 123 (Fig. 2B). Sequence u5Lys-Arg-Pro-Argli8
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within this region is very similar to the nuclear import
sequences in ribosomal protein S6. At first, deletions
from the amino- or the carboxy-terminus of S7 were
generated to explore the role of this sequence on trans-
port. Deletion of the first 80 amino acids (AN80) re-
sulted in the similar subcellular localization as the full-
length S7 (Fig. 3B). The construct lacking the amino-
terminal 120 residues (AN 120) shows staining in both
the cytoplasm and nucleus (Fig. 3C). When the N-ter-
minal 113 residues were fused to the /9-galactosidase
(A4114C), nuclear transport was also reduced, and
staining was equally distributed in the nucleus and the
cytoplasm (Fig. 3D). In addition, constructs AN 120 and
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FIG. 3. Subcellular localization of the /3-galactosidase fusion proteins. The plasmid DNAs encoding fusion proteins described in Fig. 2]
were transfected into SAOS-2 cells. The location of fusions was visualised by X-gal staining 24 to 48 hours later. (A) wtS7, (B) AN80, (Cjl
AN120, (D) A114C, (E) NLS-peptide, (F) NLS-M1, (G) NLS-M2, (H) NLS-M4, (1) S7/98-118, (J) pKHlacZ, expressing 6-galactosidase alone.’
Original magnification 300x.
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FIG. 4. Effect of point mutations and internal deletions on the subcellular localization ofthe S7:/3-galactosidase fusion proteins expressed
in SAOS-2 cells. Constructs were as described in Fig. 2. (A) S7-M1, (B) S7-M3, (C) S7-M5, (D) S7-Al, (E) S7-All, (F) S7-Alll, (G) S7-AlV,
H) S7-AWI, (1) S7-All/11, (J) S7-AH/TV. Original magnification 3o00x .
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[114C were not capable in localizing to the nucleoli.
To verify whether tetrapeptide 16Lys-Arg-Pro-Argli8
alone is sufficient to direct nuclear import, oligonucleo-
tides encoding this sequence were synthesized and in-
serted into the 5' end of lacZ gene. Indeed, this peptide
was able to transport /3-galactosidase very efficiently
into the nucleus, but no nucleolar accumulation could
be detected (Fig. 3E).

Point Mutagenesis of the S7 NLS Revealed
Differences in Nuclear Targeting Sequence
Requirements between Peptide-NLS and S7 Protein

Having established that the tetrapeptide KRPR was
sufficient to promote complete nuclear targeting when
fused to the /3-galactosidase, we next studied the im-
pact of specific amino acids on nuclear transport effi-
ciency. Every single amino acid was substituted within
the NLS-tetrapeptide and within the S7 protein at a
conservative or nonconservative manner (Fig 2C). As
a conservative mutation we considered another basic
amino acid, as a nonconservative one, asparagine. In
a tetrapeptide, all mutations except for those which
substituted proline reduced nuclear transport, as can
be seen by the predominantly cytoplasmic staining of
the cells (Figs. 3F-3H).

Impact of the mutations in the full-length S7 context
was different. The Prou7->Lys or Proll7-»Arg substitu-
tions, which had no effect in the tetrapeptide, reduced
considerably the nuclear targeting of the full-length
protein (S7-M3 and S7-M5; Figs. 4B, 4C). In contrast,
substitution of Lys118 Argli8or Argli8 by basic or neu-
tral amino acid only slightly affected nuclear targeting
(S7-M1, Fig. 4A). Furthermore, none of these muta-
tions abolished nucleolar localization, suggesting that
residues within the NLS that are essential for effective
nuclear import are not critical for nucleolar accumula-
tion.

Analysis of the Sequences Required for Nucleolar
Accumulation

Since the point mutations affecting nuclear targeting
did not prevent nucleolar accumulation ofthe imported
protein, the question arose, which region besides the
NLS controls the nucleolar targeting of S7. To answer
this question, we deleted either the highly conserved
region 78.. .86, which is rich in charged residues (S7-
[1, see Fig. 2B), the arginine-lysine rich region
98.. .109 (S7-All), the minimal NLS (S7-Alll), or the
sequence similar to NLS 2KRIRUS (S7-AlV). The sub-
cellular location of S7-Al and S7-AlV was nuclear and
nucleolar, similar to the wtS7 (Figs. 4D, 4G). In the
deletions S7-All and S7-Alll efficiency of nuclear
transport was reduced and no nucleolar accumulation
was detected (Figs. 4E, 4F). Since none of these dele-
tions resulted in completely or preferentially cyto-
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plasmic location, combinations of deletions I and II, Il
and 111, and Il and 1V were constructed and expressed
S7-Al/ll and S7-All/TV had cytoplasmic staining simi-
lar to S7-All (Figs. 4H, 4J). Simultaneous deletion of
amino acids 98.. .109 and 115.. .118 (S7-All/lll, con-
taining 9 basic residues of 16) affected nuclear import
most strongly, resulting in preferentially cytoplasmic
location (Fig. 41). To test whether the domains neces-
sary for nucleolar targeting have functional signifi-
cance out of the S7 protein context, location of the chi-
meric protein S7/98-118 was studied (Fig. 31). Indeed,
these 21 amino acids were sufficient for nuclear trans-
port and nucleolar targeting of the reporter protein.

DISCUSSION

In order to analyze the subcellular location and de-
termine the sequence responsible for nuclear and nu-
cleolar targeting of ribosomal protein S7, we have con-
structed a series of S7 fusion proteins with /5-galactosi-
dase. S7, like all ribosomal proteins, is a small basic
protein that could theoretically enter the nucleus by
diffusion, but it is reasonable to assume that active
transport is exploited to ensure sufficient ribosome pro-
duction in response to physiological changes.

In this study we demonstrate that despite the fact
that S7 contains a tetrapeptide sequence 115KRPRUS,
which, when fused to the /3-galactosidase, can function
as an independent NLS, effective nuclear and nucleolar
transport of the S7 protein requires the presence of
another basic domain "RRILPKPTRKSRI1®8 In addi-
tion, a 21-amino acid S7 fragment containing these do-
mains is sufficient for nuclear and nucleolar accumula-
tion of the /3-galactosidase fusion.

The minimal S7 NLS USKRPRUS is very similar to
the NLSs of ribosomal protein S6 (KRRR and KKPR),
but differs from signals of yeast L29 and L3 and rat
L31, which are longer and contain amino acids other
than lysine, arginine and proline. However, presence
of a nuclear targeting consensus sequence within the
protein not always reflects its nuclear targeting ability.
For example, ribosomal protein S3a has a motif
28KKPK221, but it has been demonstrated that in 0-
galactosidase fusions neither the full-length S3a nor
the N-terminus, containing this sequence, was able to
promote nuclear import (17).

Mutation analysis revealed that substitution of any
of the basic residues within the S7-derived NLS tetra-
peptide reduced significantly nuclear localization. Sur-
prisingly, the mutation results with the peptide did
not apply to the full-length S7, where only prolinell7
appeared to be critical, while substitution of any of
the basic amino acids did not impair transport. This
suggests that: 1) presence of a turn in a polypeptide
chain due to proline is essential for nuclear targeting
signal function within a mature S7, but not in the tetra-
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peptide; and 2) that the context of the full-length
protein can support and strengthen the partially defec-
tive NLS.

Since mutations within the full-length S7 NLS did
not affect nucleolar accumulation, we used deletion
mutagenesis to identify the sequence responsible for
nucleolar localization. As the poesible domains we
tested a cluster of conserved charged amino acids
TRLVRELEKKS® (S7-Al); a sequence BRRILPKPTR-
KSRio® (S7-All), which is also remarkably conserved
and rich in basic residues; and a motif resembling the
minimal NLS u2KRIRue (S7-AlV, Fig. 2B). We found
that regions 78.. .86 and 142.. .145 can be deleted
without any impact upon nuclear or nucleolar location.
Deletion of amino acids 98...109 (S7-All) and
115.. .118 (minimal NLS, B7-ALU) prevented nucleolar
accumulation and resulted in a distribution of the fu-
sion protein between the nuclear and cytoplasmic com-
partment (Figs. 4E, 4F).

Constructs which contained the minimal NLS but
not the sequence "RRILPKPTRKSRI®(S7-A4H, S7-Al/
Il and S7-All/TV) showed in addition to nuclear also
cytoplasmic staining. Therefore, in the context of the
full-length S7, the tetrapeptide USKRPR118alone is not
sufficient for the nuclear accumulation of a /3-galactosi-
dase. In addition, fusions 114C and S7-Alll, in which
the minimal NLS was deleted, were not preferentially
cytoplasmic, but showed also considerable nuclear ac-
cumulation. Only when the minimal NLS and region
98-109 were simultaneously deleted (S7-All/Ill), local-
ization of the resulting fusion protein was similar to
the /J-galactosidase staining of the control experiment.
Therefore, the results indicate that the region 98... 109
is also capable to direct nuclear import to some extent.

Thus, it appears most likely that the tetrapeptide
n5KRPRns, which alone can function as a nuclear tar-
geting signal, may be supported by adjacent region
(starting from amino acid 98) in the mature S7 protein,
forming a bipartite NLS. Both these domains are
highly conserved between yeast, insects and verte-
brates. These sequence elements are also required for
nucleolar accumulation, which most likely takes place
via binding to other nucleolar proteins or to nucleic
acids. It has been proposed that these interactions oc-
cur through the functional domains, not due to the spe-
cific nucleolar localization signal (23).

Interestingly, we found that point mutations within
the S7 protein S7-M3 and S7-M5 (Fig. 4B, 4C) had
stronger effect than deletion of the whole minimal sig-
nal S7-Alll. One possible explanation is that mutant
NLS can bind to its receptor but cannot promote nu-
clear targeting, thereby reducing the free cytoplasmic
pool of receptors. In the absence of NLS, another se-
quence with lower affinity for the receptor can direct
nuclear import. Deletion of the NLS may also change
the conformation of the protein and thereby uncover
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otherwise masked sequence with nuclear targeting
ability.

The observation that most of the deletions and point
mutations of S7 resulted only in reduced transport but
not in complete block ofimport can be explained by the
fact that nucleocytoplasmic transportis notjust an “all-
or-nothing” mechanism but is widely and precisely reg-
ulated (24). A number of studies have been described
mechanisms controlling nuclear import by modulating
NLS activity. The activity of NLS can be regulated both
in a tissue-specific manner or during development (25).
Nuclear import can be precisely regulated by such
mechanisms as masking/unmasking of NLS (26), phos-
phorylation (24) and cytoplasmic retention domains
(27). The efficiency of the minimal NLS can be strongly
affected by the protein context (28) or even by distant
regions (29). Multiple signals can cooperate to increase
transport efficiency (28). Even the well-studied SV-40
T-antigen NLS requires domain N-terminal to the NLS
for full activity (30). NLSs do not fit a tight consensus
and as shown recently, neutral and even acidic amino
acids can be important for nuclear transport (31).

The conservation of the NLS and a domain N-termi-
nal to the NLS in S7 indicates that this region may
control nuclear and nucleolar accumulation of all S7
homologues and that the mechanism leading to the nu-
cleolar accumulation may be also conserved.
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SUMMARY: We have isolated and characterized the single intron-containing gene encoding
the mouse ribosomal protein S7. The mouse 129SV S7 gene has seven exons and six introns
spanning about 5000 nucleotides. The exon-intron structure of the gene is similar to other
vertebrate homologues. Southern blot analysis showed that in addition to the isolated single-
copy intron-containing gene, there are 10-12 members in the mouse S7 gene family, which are
all most probably processed pseudogenes. The promoter region of rpS7 contains several
evolutionarily conserved putative regulatory elements. The main transcription start site was
mapped to a T residue within a polypyrimidine tract, 79 nucleotides upstream from AUG
codon.

Key words: ribosomal protein gene, S7

INTRODUCTION

The mammalian ribosome, consisting of four different RNAs and 80 proteins, is a
highly complex organelle (1). Genes encoding individual ribosomal proteins are members of
multigene families, which may contain more than 20 members (2). However, a single
expressed intron-containing gene has been described for each of the mammalian ribosomal
proteins analysed thus far (except for the human S4, for which there seems to be two active
genes (3)). The other copies are believed to be processed pseudogenes. The presence of
pseudogenes has hampered the isolation of functional genes and although the primary
structure of most of the ribosomal proteins is known, only a small number of intron-containing

genes have been described to date.
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Using PCR-based approach (4), we have cloned and sequenced the gene encoding the
mouse homologue of ribosomal protein S7. Molecular characterization of the mouse S7 gene
provides information for further gene targeting experiments. The biological function of S7 in
protein synthesis is largely unknown, but experimental data indicate that S7 is located at the
ribosomal interface, as shown by its crosslinking to ribosomal protein L7 (5) and 28S rRNA
(6); it is also involved in the elF-3 attachment site formation (7) and in the mRNA-40S

subunit interaction (8).

MATERIALS AND METHODS

Isolation and analysis of DNA. Oligonucleotides TL AAGYCCGGCTAGTTCGTGAATTGG and
N/P CTTATTTTTCGTACGGCTTT were used to amplify the fourth intron of the mouse S7 gene.
This PCR product was purified, [32P]-labeled and used as a probe for mouse 129SV genomic
library (Stratagene, Cat. No. 946305) screening. Positive plaques were analysed by PCR using
different primers to confirm the presence of the complete intron-containing S7 gene. Clone
A,mS7-11 was chosen for further analysis. After restriction mapping, different overlapping
fragments from this lambda clone were subcloned into the plasmid pBluescript SK+
(Stratagene). In parallel, four S7 cDNA clones were isolated from the T-cell mouse cDNA
library (Stratagene, Cat. No. 936303) using human S7 cDNA as a probe.

DNA sequence analysis was performed by the dideoxy chain termination method with Thermo
Sequenase™ (Amersham) and 33P labeled dideoxyribonucleoside triphosphate terminators.
Primer extension assay. Oligonucleotide H-29, complementary to nucleotides 51-70 was end-
labeled with [y-32P] ATP and hybridised to 20jag of total RNA isolated from cultured mouse
C127 cells. Primer extension was performed with 20 units of Moloney murine leukemia virus
reverse transcriptase (Pharmacia Biotech) and the extension products were resolved on a 6%
acrylamide-urea gel.

Southern analysis. 10 (xg of genomic DNA from the mouse 129SV strain was digested with
restriction endonucleases, resolved by electrophoresis, and transferred to Hybond-N+
membrane (Amersham). The filter was hybridised at first with a [3P]-labeled Hindlll
fragment from the S7 intron 5 and then to mouse 57 cDNA.

RESULTS AND DISCUSSION

We expected that the coding sequences of mammalian genes are conserved enough to
allow amplification of mouse DNA with the oligonucleotides designed according to human
DNA sequence. Primers T1 and N/P (see Fig. 1), flanking intron 4 in human rpS7 (9),
generated two bands from mouse genomic DNA. The shorter PCR product was about 120
nucleotides, which corresponds to the distance predicted from the cDNA and was therefore
assumed to derive from the intronless pseudogenes. The larger product, expectedly generated
from the intron-containing gene, was about 500 nucleotides. This fragment was used to isolate

the mouse S7 gene from the 129SV genomic library.
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The primary structure of the mouse S7 intron-containing gene and the predicted amino
acid sequence are shown in Fig. 1. Exon sequences are identical with the cDNA sequence.
Gene architecture of mouse S7 was compared with other eukaryotic homologues. Vertebrate
intron-containing S7 genes from Fugu rubripes (10), Xenopus laevis (11), and Homo sapiens
(9) have been described earlier. Introns in vertebrate genes are located at identical positions.
The largest is the X. laevis gene with the introns about 2 to 3 times longer than in other
vertebrates. In addition, genomic sequences from Caenorhabditis elegans (GenBank Z75714),
Saccharomyces cerevisiae (GenBank Z71372 and X94335) and Schizosaccharomyces pombe
(GenBank Z68198) are available. C. elegans gene is lacking in introns at positions where
vertebrates have the 2nd and 5th intron. Each of the two copies of C. cerevisiae S7 gene have
one intron which position corresponds to the mammalian 3rd intron.

Interestingly, U17 snoRNA is coded within the introns of the Xenopus and Fugu (10)
S7 gene, but not in the mouse or human S7 gene. Human U17 is encoded within the cell cycle
regulatory gene RCC1 (12); location of the mouse U17 gene is not known.

Mammalian ribosomal protein genes S6, S14, S24 and L7 have extensive homology in
the first intron within each gene pair (13). When we compared the introns of mouse and
human S7 genes, only a short homologous region within the first intron was detected (mouse
nucleotides 163...189, 22 identities of 27), while mouse and human S6 have 63% identity in a
350 nucleotide region. Whether this homology reflects functional significance in S7 remains
unknown. All introns have perfect GT...AG consensus splice donor and acceptor sites and
pyrimidine-rich sequence upstream of the 3 splice site (14). The initiation codon is located at
the second exon and has a context GCCAUGU which is similar to optimal (15). The
polyadenylation signal is located 12 nucleotides downstream from the TAA stop codon.

The promoter region of mouse S7, like many other ribosomal protein gene promoters,
lacks a canonical TATA box, but contains a number of consensus elements described in
promoters of vertebrate ribosomal protein genes. Three GA-binding protein (GABP, R-factor)
sites (consensus CGGAAR) in inverted orientation are located at positions -16...-21, -37...-42,
and -78...-83 (16). Sequences between nucleotides 55...65 (first untranslated exon) and
201...210 (antisense strand in the first intron) are very similar to the 8-factor binding element
(consensus ¢/gQgCg/tGCCATCT) described in the promoters of mouse L30 and L32 genes

(17). At positions 27...35 in the 5’ untranslated region and 213...221 in the first intron are



tctagaatcgtctgctgtaccaagcaatatacgtaaaaaccaggaattaatgactattaattaacactacctcactaatttgattccctataggaagagctgaacacaagtctgattcccgecccaacceeytaccteat. ttttt(jatcir
atggtttgtatacgtagccctgtctgtcccagaactctetttgtagaccaggctggccccaaactcaagagatccgectgectetgecteccgagtgetgggattacagegtgecgecaccaccatgetagglgagectgatteect.iu.u
ttgtgttagcaggaaacgcggagaaagctggggagtaatgaaacatttgaaacgtcccctettcgtggggaaggaagetgetttectttetttttcctaggeccgteccggecgecaccactetgeccaggtet: ccaactaggggageygaya
attttcaccaacqqaqgccgaacqctgacgqactaccqqgaacaagctaaccggcacgctcatcctcccgecattagttcccagtagggaactattttccgqtacactctaggcggteccaactcttttcagaagagettcce/ tttecacx.
ac”~tacttccoctotcxccacctcttITCTTCCGCCaCCCGGATATGFEGCCGITTNCGCGaGFtACCGTCCCTCTITCrAAQCCGXra7 TOSTCAGqtaqgttcqcqqgccgcaatgte>qccqcqqtttttcqcagaaCttqgciggaaca
S - H-29
gar-tf-ttaaQaaacatccQaaacqcaaaqcctqctccccgqqgtgggatgcageqgattatccgecttgcqeccqgtagatqgrececeqgctctggeggeccgegecccaggtgaccggtggcaccttcctecccctcagGGTGAAGCCATGT

TCW3CTCGAG(XCCAFt3ATCGTGRAGCCXNTGGCGAGAAGCCGGWCX3AGTTCGAGTCTGGCATCTCTCAGgtgagcttgtcgcccgggtgccccccgecgatcgegettgaccteggggtecccctgacccececggcecatggecgeccacgttt
FSSSAKI1TVKZPNSGEIZKUPDETFESG 1 S Q

91 M NS DLIKAQLRETLNITAAHK
ggcaagagacggaagggcagcagacagggacttccagtgcaggccagtctcacgecttaagtccgtgctgecttetgcacttgattgctggacttttttttttttttctttctttccccactgacattaaccttaactttttggaagtgte
tagacccagtgcgactcggttgaggatcagtgggtgtttctgagtttggcgtttgacaggtgtttcgtttttgtaagttagtattttgcttctgttaatgtacatgcaccttgecgtgttcctgaaacttgaattacaaatgecttgtgdgt
gctgggaactgaacctgggtcctgtgccctgaactaccactgctcagccacccaggaagagtgttaattttattgagttttttggtcaatttcatagtgttggaaagttttgaatttggagaagagccttacatcagagatacccaggec
atggtgaatttaaagttgacctttctagatggttcaatcatgttgggagatcctgaggtggcacatggccagagtcatggtctgatcagactcaccagacagaatctettctaaccgtaggetggtctecccgacttggattgtagttgag
gctagccttgaactccgtcctecctgectctacctctccagtgctaggatgatggacacatggacatagectctectgectggecttttggtgtectettgtagagtcaccgggattgtgcgatgaaggctccaccttagaacctcaatatgage
gtcatggtttaacttgcgaacccctaggctatgtccaaaccacaggagaatgtttgaggggggagttgtttgectggttgtggccagagcatattaatcttaggacttgggactacaaggtcccacaaggactacaataeaaggactctge
ctcagaagggggcgggtccttgattcaggtggtatttggctgtgagtggtgctatttgaatgaggaagatggaggttaaggactgaaaaatgacacagacatttttcctcctagGAAATCGAAGTTGGTGGTGGTCGGAAAGCTATC/VIA
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ATTTTTGTACCFtGTTCCnOU3CTTAAATCTTTCXAGRAMTCCAFtGTCCGGCTFtGTTCGTGAATTGGAGARAAAGT TCAGTGGCAFEGCFECGTGGTCTIXATr (XrrCAGqtatccatctgctcaqgttgccecctettcaattectggqger .t
Il F VPVPQLKSFOQKI1T QVRLVRELEI K K FSGKHV VF 1T AQ
aagttctgttggtgaggatgctgtcagccctgttggtggaaagctcagectagggtgttggggtgagagtgggaagtctgectggtetgggagtagcaggctggaggggctggtatgggacagtgettgagttcaggattggelttggtge
agtgtgcagggtgaatgaaatagggctgatgggaaagaggaatgctgctggcaatttgtgctgagtggtgggctgttgtgaacgtggcgacatgggtatttttgtacttaaagtagttgagatttgttagctttattattagctcattgt
~rgtgtttatttttattataattcactttaaaqAGGTFtGGATTCTGCCCAAGCCTEFtCCCGGAAATEGCCGTACGTEAAAATATEGCAGTFEAGCGCCCCAGTEFtGgtgagtgttccqttgccteqqccatgcqaccacacctcacaqtgcctcaqq
R R 1 L P KPTRIKS SR RTIKNIKI QI KIRPR S
atggggagtctcctcattccgtgtgtgttgggattcattctagatagaagtttaagtggttcacatacatacactatgtggtgtctgttgtaagtcactggtaccacacaggtgaggcttgatttattctgtggttaaaggagaaagtat
cttttttttttttttttaagatatctctttctttgtagcccatgtgtcctagaacttactctgtagaccaggctggccttgaacactgagatccatctgecctcccaaaggttgggattaaaggtgtgtgecgecatcaccacctggctaa
ctgtttagttcttaattggggataaaattttgcggctgaggtggtgggatggttttgttgtgtggcaggcagagcatgggtgggtttecctggtgctaggctgacacggctacatcattgetetttaaaggtgatggtctettcacacate
agtcattggacttgggccttctgttgatgctgtaattatatcagactgtccctgcagaccctcaccgccaaaagtgtggttttcccttataactggtcaaggaaatctactcttgagaggtgatgettttgagaccggatgagecatgga
cttgctatgtagccaacaacagtcttgtggtcaggtactgggaatacaggtgcacatcactatctatgccctgtgtgttaatggctgcggtgttcagtgaccttagtgatttctactcttgacgccagatccctggcaaggtgtegtgyt
gctatactgtctccagattccagetttgttatgctggaattttgagttaactcttaactttgagtctgttagtttctgttttaagggagcaagegtccatgttgatgcacctactagtgtggtaagagtgtgctctgaagtgagtagtacj
tgagaagccgtgtgatgatcagacggtgcttccttgtgaacacagggtgaagcagaacgcttttccttggaatgcaattcagactgaaagccgtageccccagtetectcagagtttggaatcacgggggttcctgactaggggaagett ;g
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gcttttcagtggtggaagecggectgcattctggagactctagttgggttctgagtttagtgetttttctaggtcaaagetgtgtcatcatgaacagecacagcteccaggtgteatgetgecagtcacggactataactgetggecacctgt 342-1
agtgatctcttggtacactagggcacttggtaggtcaggtgtgttaaatctgtggctgggatatttccacctgtgattataagtcagggggtcatggagettgcccagecteggggaggttgggatgectctgagaagcaagageccattg 3574
gaacttgttcctaatgacagggccagtgtcatagagctgtgatagagcagtctttggageggttttgtttgatcctgatacatgaggtcagtggectettggaggtcagggaaagtgattgagaggttttgattgggtgaattacatgge 3724
cagctttttttttttaaatacttgagctgtgtggaactaaaaagagcttactgcagattagaatagtaaggtaaaaaggatgagctaaccceccttectgagectaacccccttecteecteccctaggtggettgtatatgtggattgeca 3874
ggttgagtatggctttgggaatcagcatggcttgecttgccactcaaagettttagtctctgggacactgaatagctatctgttttggagccaaattgtattgttttgagacaaggactectggttggecttgaagtcataggaaatectyg 4024
tctcacttgcttgcttaagtgtttgtgtcttaggtgtgagetgtcatacttggecexragttttgatttcaggaatctggactggactgtttttectttttattccaagggtgecttctgeccaggtagettacttttgtecatttttttcca 4174

gCaSTACCCTGFICAGCAGTGCACGAaXXATCCTTGAGGACTTAGTCTTCCCAAGTGAAATTGTGGGTAAGAGGATCCGTGTGAAACTA 4324
R T LTAVHUDAILEDULVZF®PSEIVGKRIRVIKLDSGS S RLIKVHLUDIKAQAQNNVEH 160
AGgtaagggcctaattcaacagaaggttatggtccatggtctccatcatttatctgtectetgtetgattctgtgtcagttttatgttggagectectttagaaactggaacactttataaatttactatgagataagcaagectgggtety 4474
169

tggtctccagtt: tcagggaggacagatggtatgacaacttggatggatagtgatatagtagaataagggagctgtcttgatgatacccgttactccctgggtccceccccaagtagettggtttgagaaggatcaggctgtagaagtecta 4624

cx: tcagtgttgggattaggcttgtgcccaggtcaaacattgcagggttygttgaatcggaaaacx: acacagtacactagetttcagggctattgcatattcaaagttagtgatgaattctatctctettgeagGr TGAAAC TCTGG 4774
- V ET F S G 175

TGTGTACAAGAAGCTCA(NV3GCAAGGATGTTM® ITIIGAATTCXXNGAbT i J CAGTTGTAAAGAAAATGACTGAAIAAAgtgtcattcatagtatttggttgtagtaacttgtcaaaatctcagggccatgggtgcacgacagcagtage 4924
J gVyYy KK L TG KDVNFETFPETFA QL * 194
“ ttcttgaatgaactgaagttttcaagaggtgcctggaaggtgaaaaacacactgaagccagtcagttgatatgggggcattctgetgctgtgaaacagactggggttcacaccxaccttgcgggattagaacttcactgccctccaactt 5074

ctttctttgtaaacaactgtccacattttatgtcctattctgtctttctttggaatgtggtctcactgtagtgcaagectggcctaaagatggtctectgggtttatggteccatggtettcatcattecctgtgteccctqtetgactctqea 5224

Fig. 1. The nucleotide sequence of the mouse S7 gene. The numbering starts from the major
transcription initiation site, indicated by the caret (A). The putative transcription factor binding
sites (GABP, BoxA-like and 5-elements, see text for details) are in underlined italics. Exons
are in uppercase letters, introns and flanking regions are in lowercase. Deduced amino acids
are in a single letter code below the codons. Translation start codon and polyadenylation
signal are shown in bold. Position of the oligonucleotide H-29 used for transcription start site
mapping is indicated by arrowed line. Underlined sequences in the exons 4 and 5 indicate
positions for two PCR primers used for amplification of the fourth intron.
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located the sequences with very high homology to L7a BoxA element, which in L7a is
conserved between mammals and chicken (18). 5-elements, BoxA-like and GABP elements
can be found in the promoter region of all vertebrate S7 genes, suggesting that these are
essential for the S7 promoter functioning. The region surrounding three first exons of mouse
S7 gene is GC rich (G+C content 61% compared to 48% in the whole sequenced region). The
ratio of CpG/GpC dinucleotides in this area is 0.96. Presence of CpG island at the 5’ region is
also a common feature of ribosomal protein genes.

The amino acid sequence of S7 deduced from the cDNA was compared against the
Genbank database using BLAST programs at http://www.ncbi.nlm.nih.gov/ (19). Predicted
proteins for which complete cDNA or genomic sequence is known, are aligned in Fig. 2. A
large number of EST’s potentially coding S7 homologues from different eukaryotic species is
also available, but as these sequences are partial or possibly erroneous, they were not included
in the alignment. Mouse S7 protein is identical with human and rat S7 and highly homologous
to other members of the eukaryotic S7 family. No archaebacterial or eubacterial homologue
was found by database similarity search. Two highly conserved regions of the protein (amino
acids 98... 109 and 115...118) are involved in the nuclear and nucleolar import of S7 (Annilo et
al., manuscript in preparation).

To determine the transcription initiation site for mouse S7 mRNA, we carried out a
primer extension assay. The main extension product, corresponding to a T residue, 79
nucleotides upstream of the translation initiation codon, and minor bands at C nucleotides at 5
and 14 nucleotides farther upstream were detected (Fig. 3). These nucleotides are located
within a pyrimidine-rich sequence; the main start point is embedded in a polypyrimidine tract
of 13 nucleotides in length, which is usual among ribosomal protein genes.

Mouse S7 gene family was examined by Southern blotting analysis. Using fragment
from the S7 intron 5 as a probe, the bands with the length as expected from the primary
structure of the S7 gene were detected. This demonstrates that intron-containing S7 gene is
present in the single copy. The same filter was then hybridised to mouse S7 cDNA probe (Fig.
4). Detection of multiple cDNA-hybridising bands suggests that while the intron-containing
S7 is a single-copy gene, there are 10-12 additional copies (most likely processed
pseudogenes) of S7 in the mouse genome. All mammalian ribosomal protein genes studied to

date are present in multiple copies; only S5 is present as a single copy in the rat genome (20).
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Fig. 2. Alignment of ten eukaryotic S7 amino acid sequences. Dots indicate identity to
mammalian consensus, dashes indicate gaps to maximize homology,
consensus, based on 100% identity of mouse, rat and human S7; xI, Xenopus laevis; fr, Fugu
rubripes\ ag, Anopheles gambiae; ms, Manduca sexta\ ce, Caenorhabditis elegans’, sp,
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Schizosaccharomyces pombe (sequence starts from the amino acid 14);

Saccharomyces cerevisiae sequences from chromosome XV and XIV, respectively;

Leishmania major.
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Fig. 3. Mouse S7 transcription start site mapping. Oligonucleotide H-29 (see Fig. 1) was end-
labeled and used in a primer extension reaction with 20 ng of total mouse RNA. The
extension products were analysed on a 6% acrylamide-urea gel. Lane 1 contains primer
extension products, lanes ACGT show sequencing ladder of antisense DNA strand with the
same primer. The main extension product is indicated by an arrow.

Fig. 4. Southern blot analysis of the mouse S7 gene family. Genomic DNA from 129SV
mouse was digested with restriction endonucleases EcoRI, Hindlll, Pstl, Sacl and Xbal,
resolved by electrophoresis in a 0.8% agarose gel, and transferred to Hybond-N+ membrane
Hybridization was performed with a mouse S7 cDNA. DNA size marker is shown to the right.
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The S7 sequence has been deposited in the GenBank under the accession number

AF043285.
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