THE JOURNAL OF BlOLOgIC_AL CHEMISTRY

© 1988 by The American for Biochemistry and Molecular Biology, Inc.

Vol. 263, No. 13, Issue of May 5, pp. 61886192, 1988
Printed in U.S.A.

Ribosomal Protein L2 in Saccharomyces cerevisiae Is Homologous to
Ribosomal Protein L1 in Xenopus laevis
ISOLATION AND CHARACTERIZATION OF THE GENES*

(Received for publication, November 5, 1987)

Carlo Presutti, Alessandra Lucioli, and Irene Bozzoni}
From the Dipartimento di Genetica e Biologia Molecolare, Centro Acidi Nucleici, Consiglio Nazionale delle Ricerche,

Universita La Sapienza, 00185 Roma, Italy

By cross-hybridization with a ¢cDNA probe for the
Xenopus laevis ribosomal protein L1 we have been able
to isolate the homologous genes from a Saccharomyces
cerevisiae genomic library. We have shown that these
genes code for a ribosomal protein which was previ-
ously named L2. In yeast, like in X. laevis, these genes
are present in two copies per haploid genome and,
unlike the vertebrate counterpart, they do not contain
introns.

Amino acid comparison of the X. laevis L1 and S.
cerevisiae L2 proteins has shown the presence of a
highly conserved protein domain embedded in very
divergent sequences. Although these sequences are
very poorly homologous, they confer an overall sec-
ondary structure and folding highly conserved in the
two species.

We have previously reported the isolation and characteriza-
tion of cDNA clones for six Xenopus laevis r-proteins' (1, 2)
and of two genomic clones coding for the r-proteins L1 and
L14 (3-5). In particular we have focused our attention on the
gene for the r-protein L1 which has shown a very interesting
post-transcriptional regulation operating at the level of splic-
ing and stability of the precursor RNA (6, 7). Because the L1
seemed to be a highly regulated protein, and in order to know
how the regulation of expression had evolved, we decided to
isolate and analyze the corresponding gene in the yeast Sac-
charomyces cerevisiaze. The comparison of the primary se-
quence of the same protein from two distantly related species
would have offered interesting information on the structural
domains of the protein which must be conserved in order to
ensure its correct activity.

The gene coding for the protein corresponding to the X.
laevis L1 is present in yeast, as in X. laevis, in two copies.
Both are intronless and code for a protein, previously named
L2 (8), which is 34 amino acids shorter than the vertebrate
counterpart.
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MATERIALS AND METHODS

Strains

Yeast—All the experiments were carried out with S. cerevisiae
strain S150-2B (a,leu2,ura3,trp1,his3) or PT1-7B (a,rna2,adel,ural,
his7,met).

Bacteria, Phage, and Plasmid—The S. cerevisiage genomic library,
partial Sau3A in EMBLY, and the positive clones were propagated in
Escherichia coli Q358. Subclones were constructed in plasmid pSP65
(9) and propagated in E. coli HB101.

Identification of Recombinant Phages and Subcloning

The library was screened according to the Benton and Davis
method (10) utilizing as probe the 1.3-kb EcoRI insert of plasmid
pSP-103 which corresponds to the full length cDNA coding for the r-
protein L1 of X. laevis (4). The hybridization was carried out at 65 °C
in 0.6 M NaCl, 8 mM EDTA, 120 mM Tris-HCl, pH 8.0, 10 X
Denhardt’s solution, 20 ug/ml salmon. sperm DNA. Washes were
performed at 48 °C in 0.1 X SSC. The positive plaques were screened
again by hybridization with the same probe. The EcoRI fragments of
the positive clones which showed hybridization to the L1 probe have
been subcloned in pSP65.

DNA Sequence Analysis

DNA sequencing was carried out according to Maxam and Gilbert
(11) with the addition of a T-specific reaction (12). Fragments were
end-labeled with T4 polynucleotide kinase and strand separated. The
chemical reaction products were electrophoresed on urea:acrylamide
(30:1) gels, 40 x 20 X 0,03 cm (one 20% and two or three 6%), yielding
an average of 200-300 nucleotides of sequence per labeled end.

S1 Mapping and Northern Blot

Appropriate restriction fragments were end-labeled either with T4
polynucleotide kinase (5" end) or with Klenow polymerase (3’ end).
The labeled fragments were coprecipitated with 20 ug of total yeast
RNA, annealed in R-loop conditions, and Sl-treated as already
described (3). For Northern analysis, 20 ug of total yeast RNA was
run on formaldehyde/formamide gels and blotted as already described

3).

Hybrid Released Translation

10 ug of pSP13 and pSP65 DNA was bound to a nitrocellulose
filter (1) and hybridized to 200 ug of total yeast RNA in 1 ml of 50%
formamide, 0.75 M NaCl, 100 mM Tris-HCI, pH 7.5, 10 mMm EDTA,
0.5% SDS for 20 h at 37 °C. After hybridization, the filter was washed
30 min at 37 °C in the same hybridization buffer, 1 h in 0.1 X SSC,
0.2% SDS at 52 °C and four times in cold 0.1 X SSC to avoid SDS
presence on the filters. These were minced in Eppendorf tubes, and
the hybridized RNA was eluted by two sequential washes at 100 °C
for 1 min in 10 mM KCl and ethanol-precipitated.

The RNA was translated in a rabbit reticulocyte lysate system (Du
Pont-New England Nuclear translation kit) containing [*S]methio-
nine (1000 Ci/mmol). After incubation, samples were extracted with
66% acetic acid and analyzed on a two-dimensional acrylamide gel
electrophoresis (13). Purified cold S. cerevisiae ribosomal protein
markers were mixed with the in vitro translation products before
electrophoresis.
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RESULTS

Isolation of the Genes Homologous to the X. laevis r-protein
L1—A full length ¢cDNA clone (pSP-103) containing the
sequences coding for the L1 r-protein of X. laevis (4) has been
utilized as a probe for screening a genomic library of the yeast
S. cerevisiae. Several positive clones have been isolated which
fall into two classes by restriction map analysis. The repre-
sentatives of the two groups, subcloned in pSP65, are dia-
grammed in Fig. 1.

Southern blot analysis of total S. cerevisiae DNA digested
with EcoRI or BamHI (enzymes which do not cut inside the
gene) always showed two bands of hybridization (not shown).
From these results we concluded that the genomic sequences
homologous to the X. laevis r-protein L1 are present, in the
genome of the yeast S. cerevisiae, in two copies. This is
equivalent to the gene copy number of the L1 r-protein
described in X. laevis (3).

Sequence Determination—For sequence analysis we choose
clone pyl3 (see Fig. 1) in which the whole gene is contained
in a 3.6-kb EcoRI fragment. Clone pyll is much larger and
does not contain appropriate sites for sorting out a fragment
containing the whole gene.

The sequence strategy is shown in Fig. 1. The Maxam and
Gilbert (11) chemical degradation technique was employed,
and almost the whole sequence was determined on both
strands; portions of the fragment for which data were avail-
able from only one of the two strands were sequenced several
times. The nucleotide sequence of almost 2000 nucleotides is
shown in Fig. 2. The sequence shows an open reading frame
of 1089 nucleotides. The deduced amino acid sequence is
indicated underneath and compared with the one of the X.
laevis r-protein Lla (4). The yeast sequence proves to be 34
amino acids shorter, 29 are missing in the COOH terminus, 2
in the NH; terminus, and 3 in internal regions. The compar-

ison between the two sequences shows that from amino acids
56-107 there is a 98% degree of similarity; such a high amino
acid conservation in proteins from two species so distantly
related suggests that this protein domain plays an important
and conserved function.

On the other hand, the rest of the protein shows a degree
of similarity of approximately 54%. Therefore, its contribu-
tion to the activity of the protein seems not to be dependent
on the conservation of the primary amino acid sequence.

Fig. 2b shows the comparison of the hydropathic index
(obtained with the PEPPLOT software package; see Ref. 14)
of X. laevis and the corresponding S. cerevisiae protein. As
the diagram shows, both the conserved regions and the re-
maining portions which show divergent primary sequences
have corresponding patterns. This shows that the noncon-
served regions have undergone substantial diversification dur-
ing evolution while strictly maintaining the secondary and
tertiary folding. It can be postulated that while the region of
the protein conserved in primary sequence functions by spe-
cific side-chain interactions for rRNA or r-protein recogni-
tion, the remaining parts contribute with their structure to
the protein function.

The gene copy present in pyll has been almost completely
sequenced and shows only few amino acid substitutions with
respect to the py13 copy. On the contrary, the flanking regions
are considerably different (not shown).

In X. laevis we showed that the two gene copies differ
mainly because of the insertion in one of them (the “b” copy)
of five additional amino acids in the 3’ portion. In yeast, this
part of the protein is absent and no deletions or insertions
differentiate the coding regions of the two copies, as shown
by sequencing and S1 mapping (see below).

We do not know what is the role of this carboxyl-terminal
difference in X. laevis and the meaning of its absence in yeast.

Internal Structure of the Gene—In X. laevis, we have shown
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F1G. 2. Nucleotide and amino acid sequence analysis. Panel a, the sequence of 2232 nucleotides of pyl3
extending from 660 base pairs upstream to the ATG to 363 nucleotides downstream to the termination codon are
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that the gene coding for the L1 r-protein contains nine introns
(4). From the sequence of the corresponding gene in S. cere-
visiae, no introns seem to interrupt the coding region. It is
known that many r-protein genes in S. cerevisiae contain one
intron very often located in the 5’ region right after the ATG
(15) and that in other eukaryotes it can also occur in the 5’-
nontranslated region (16).

To rule out the possibility of an intron in the 5’-nontrans-
lated regions of the two gene copies we utilized two different
approaches: S1 mapping and analysis of rna2 mutants. For
S1 mapping, a 430-nucleotide-long HindIII-Sphl fragment
extending from position —287 to position +143 with respect
to the ATG has been utilized (see Fig. 3). This fragment was
5’ end-labeled and annealed to total yeast RNA. Fig. 3a, lane
2, shows that after S1 treatment several bands of S1 protec-

* r ~«550

Bd
-~
- p ~463
b)
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= ‘Ec’ 5 e
o A I < 1AA <
[ — T e o e e e s et
a b

FiG. 3. S1 nuclease mapping of the 5’ and 3’ ends of tran-
scripts of the gene. Panel a, lane 1, Mspl-pBR322 DNA; lane 2,
probe (a) annealed with 20 ug of total yeast S150-2B RNA; lane 3,
nonannealed probe (a). Panel b, lane 1, nonannealed probe (b); lane
2, probe (b) annealed with 20 ug of total yeast S150-2B RNA; lane 3,
probe (b) annealed with 20 ug of total yeast A11 RNA. The arrowheads
indicate the size in nucleotides of the corresponding bands. Below is
a schematic diagram of the gene regions recognized by probes a and
b.
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tion are obtained: three major sites are localized at —31, —25,
and —23 from the ATG and two minor sites at —16 and —15
(see Fig. 2). No GT or TACTAAC sequences, diagnostic for
the presence of an intron, have been localized in proximity of
this site; whereas the canonical box Homo11 described in the
promoters of yeast r-protein genes (17, 18) has been found at
position —273 with respect to the ATG as well as the adeno-
sine stretch which is present at position —132. These results
suggest that the signals found by S1 mapping represent mul-
tiple transcription initiation sites, which is quite a common
feature of many eukaryotic “housekeeping” genes (19).

F1G. 4. Northern blot analysis of RNA from wild type and
rna2 mutants. PT1-7B cells were grown at 23 °C and RNA prepared
either directly (lane 1) or after the cells had been incubated at 36 °C
for 45 min (lane 2). RNA was run on formaldehyde-agarose gels
blotted and hybridized to the X. laevis cDNA probe for protein L1
(pSP-103).

a) b)

F1G. 5. Hybrid-released translation. Autoradiogram of two-
dimensional gel electrophoresis of translation products of mRNA
hybridized to pSP65 DNA (a) or to pyl3 DNA (b). The large spot
present in a and b is globin from residual endogenous synthesis of
the reticulocyte system. The other product present in b and indicated
by 2 co-migrates with the cold r-protein L2.

shown. The ATG and TAA are boxed. The 5’ and 3’ termini of the transcribed region are shown by arrowheads.
The Homoll and the adenosine stretch are underlined. The deduced amino acid sequence is shown below, together
with the corresponding amino acid sequence of the X. laevis r-protein L1. The conserved amino acids are indicated.
Panel b, comparison of the hydropathic indexes for the two amino acid sequences, X. laevis (continuous line), S.

cerevisiae, (dotted line).



6192

The rna2 mutation of yeast affects the processing of pre-
cursor RNAs (20, 21). After shift to the nonpermissive tem-
perature, the splicing of intron containing transcripts is drast-
ically affected: very little mature RNA is detected, whereas
the accumulation of unprocessed precursor increases. This
has been used as a system in yeast for screening intron
containing genes (22). Fig. 4 shows such an analysis performed
for our gene: total RNA from rna2 yeast cells grown at 23 °C
(lane 1) and shifted for 1 h at 36 °C (lane 2) has been analyzed
by Northern blot. It is clear that after the temperature shift
there is a substantial decrease in the amount of mature RNA,
but no accumulation of any larger RNA molecule is detected.
This result together with the S1 mapping enable us to state
that in yeast the genes coding for a protein corresponding to
the X. laevis L1 do not contain introns.

S1 mapping was also used to map precisely the 3’ end of
the transcripts derived from these genes. The probe, 3’ end-
labeled, is a 802-nucleotide-long Accl fragment which covers
463 nucleotides upstream to the termination codon and 339
nucleotides downstream to it (see Fig. 3).

Fig. 3b, lane 2, shows two main bands of protection: the
longer band maps 78 bases downstream to the termination
codon and localizes the 3’ end of the transcripts derived from
the gene copy present in py13, whereas the shorter band maps
precisely at the stop codon. This band is due to transcripts
derived from the gene copy present in py11. In fact it is absent
in S1 experiments performed with RNA derived from a yeast
strain (Al11l) in which this gene has been disrupted (Fig. 35,
lane 3). Therefore the two gene copies differ in their 3’-
untranslated regions.

Identification of the Protein Encoded by Clone pyl13—We
performed experiments of “hybrid-released translation” to
verify whether the genomic sequences of yeast which are
homologous to the X. laevis L1 gene actually code for a
ribosomal protein and, if so, for which one. RNA specifically
hybridized to clone pyl3 was translated in vitro using a
reticulocyte cell-free system in the presence of [**S]methio-
nine. To be able to identify the synthesized products, cold
yeast r-protein markers were added and the sample analyzed
on two-dimensional gel electrophoresis according to Goren-
stein and Warner (13). Fig. 5b shows that, besides the retic-
ulocyte endogenous globin synthesis, a specific product is
obtained which co-migrates with the r-protein marker L2
according to the nomenclature of Kruiswijk and Planta (23)
or 2 according to Gorenstein and Warner (13) and YL2
according to Otaka and Osawa (24). It seems that this protein,
in the different gel systems used, always results as the r-
protein number 2 of the large subunit. Hybrid-released trans-
lation on pSP65 DNA shows that no translation products are
synthesized beside globin (Fig. 5a).

The plasmids containing the two different gene copies have
been named pScrpL2a (py13) and pScrpL2b (pyl1).

DISCUSSION

In X. laevis, the expression of the gene coding for the r-
protein L1 is under tight control. Increasing the gene dosage,
in the oocyte system, no increased production of the corre-
sponding protein is observed, while a specific control operat-
ing at the level of splicing and stability of the precursor RNA
regulates the amount of mature RNA (6, 7).

The evolutionary study of a highly regulated protein such
as X. laevis L1 is particularly interesting since an analysis of
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its homologues in distantly related species provides us with
the opportunity of finding out how protein structure and
function have evolved and of detecting the way gene expres-
sion control mechanisms change in organisms with different
gene structure, growth rate, and cell cycle regulation. For
these purposes, an attractive system is the simple eukaryote
S. cerevisiae.

We isolated and characterized the genes which in yeast
code for the r-protein homologous to the X. laevis L1. This
protein, according to the previous nomenclature, is called L2.

The comparison between the X. laevis L1 and S. cerevisiae
L2 r-proteins has revealed the presence of a protein domain,
highly conserved in the two species, which could play a very
important and evolutionary conserved role. The other regions
of the proteins which show a much lower degree of conserva-
tion maintain structural similarities suggesting that they con-
tribute to the function of the protein with their overall sec-
ondary structure and folding. The easy genetic manipulation
of yeast will allow us to approach the problem of whether
these domains from yeast and frog could complement each
other.

The absence of introns in the S. cerevisiae L2 genes is quite
peculiar in consideration of the important role that these
sequences play in the expression of the corresponding X.
laevis genes. It will be interesting to relate the structure of
the S. cerevisiae L2 genes with the regulation of their expres-
sion,
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