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ABSTRACT

The primary structure of the genes encoding the yeast ribosomal proteins L17a
and L25 was determined, as well as the positions of the 5'- and 3'-termini of
the corresponding mRNAs. Comparison of the gene sequences to those obtained
for various other yeast ribosomal protein genes revealed several similarities.
In all split genes the intron is located near the 5'-side of the amino acid
coding region. Among the introns a clear pattern of sequence conservation can
be observed. In particular the intron-exon boundaries and a region close to
the 3'-splice site show sequence homology. Conserved sequences were also found
in the leader and trailer regions of the ribosomal protein mRNAs. The
5'-flanking regions of the yeast ribosomal protein genes appeared to contain
sequence elements that many but not all ribosomal protein genes have in
common, and therefore may be implicated in the coordinate expression of these
genes. The amino acid coding sequences of the ribosomal protein genes show a
biased codon usage. Like most yeast ribosomal protein molecules, L17a and L25
are particularly basic at their N-terminus.

INTRODUCTION

The biogenesis of ribosomes is a highly complex process requiring the
coordinate and balanced synthesis of a large number of constituents. In

E. coli the details of the regulation mechanisms underlying this coordinate
synthesis are beginning to emerge. As far as synthesis of ribosomal proteins
is concerned, it has become clear that the organization of ribosomal protein
genes into a limited number of transcriptional and translational units is an
important feature of the regulation mechanism (see Ref. 1 for a recent review).
Regulation of ribosomal protein synthesis in eukaryotic cells so far is by
and large terra incognita. The best-studied organism in this field is yeast,
where about 30 different ribosomal protein genes have so far been cloned by
ourselves as well as others (2-8). In our group we have isolated the genes
for proteins S10, S16A, s24, s31, S33, rp28, L16, L17a, L25, L34, L36 and L46
from a colony bank of HindIII-generated yeast DNA fragments cloned in pBR322

(8). Genomic blotting experiments showed that almost all of these genes are
duplicated, the gene for L25 being the only exception (9). Moreover, both our
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own studies and experiments by others have revealed that yeast ribosomal
protein genes in general are not clustered (3,8,10). The only exceptions to
this rule sofar are the genes encoding proteins S16A and rp28, which are
separated by only about 600 bp (Molenaar, C.M.T. and Pearson, N.J., manuscript
in preparation) and those encoding S24 and L46 which are about 700 bp apart
(R.J. Leer, manuscript in preparation).

Ribosomal protein genes in yeast are somewhat of a class apart since most have
been found to contain an intron (3,8,9,11). So far only four ribosomal protein
genes [L3 (6), L16 (24), S33 (12) and S24 (R.J. Leer, manuscript in preparat-
ion)] donot conform to this rule. In other yeast genes the presence of an
intron is the exception rather than the rule. Out of a large number of genes
studied as yet only two [the actine gene (13,14) and the MATlo~-gene (15)] are
split.

The split nature of the ribosomal protein genes explains the coordinate
depression of ribosomal protein synthesis in splicing-defective ts mutants of
yeast upon raising the temperature (16,17). We (9) and others (3,11) have
shown that under those conditions pre-mRNAs for several ribosomal protein
species accumulate that are 300-500 nucleotides longer than their mature
counterparts. The ribosomal proteins known to escape this coordinate regulat-
ion are precisely the ones mentioned above as containing no intron in their
gene. Clearly processing of mRNA is an important regulatory mechanism under
restrictive conditions in these ts-mutants.

In wild-type yeast cells coordinate control of ribosomal protein synthesis
may take place at both the transcriptional and translational level. For
instance, after a temperature shock a sudden coordinate decrease in ribosomal
protein gene transcription occurs (11,18). On the other hand the outcome of
gene dosage experiments using yeast ribosomal protein genes cloned in multi-
copy vectors, indicate that control is also exerted at the translational

level (19; J.R. Warner, personal communication).

In order to classify further the molecular mechanisms regulating the
coordinate and balanced synthesis of ribosomal proteins in yeast we are carry-
ing out a detailed structural analysis of a number of individual yeast
ribosomal protein genes. The aim of these studies is the identification of
common sequences that might act as signals in regulatory events. Deletion
mapping and site-directed mutagenesis can then be used to ascertain the
function of these sequences. In view of the evidence for both transcriptional
and translational regulation we have focussed our attention on the untranslat-

ed mRNA sequences as well as the DNA sequences lying upstream of the tran-
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scription initiation site of the ribosomal protein genes. In this paper we
present such an analysis of the genes for the large subunit proteins L17a and
L25 and compare the results with previously published data on several yeast

ribosomal protein genes.

MATERIALS AND METHODS

DNA preparation and sequence analysis

Plasmids pBMCY111 and pBMCY138 containing the genes coding for Ll17a and L25
respectively, were purified as described previously (12). Restriction enzyme
digestions were performed as recommended by the suppliers (New England
Laboratories; Boehringer Mannheim). The cutting sites for the enzymes TaqI,
MspI and Haelll were mapped using the partial digestion procedure of Smith
and Birnstiel (20). DNA fragments were subcloned in M13 mp7, mp8 or mp9 and
their sequence was determined by the dideoxy chain termination method (21,22).
Sequence analysis according to the chemical procedure was performed as
described in (23).

Primer extended sequence analysis of mRNA

Details of primer preparation and RNA sequencing using reverse transcriptase
are described elsewhere (24). The primer for the Ll17a gene was labelled by
repair synthesis of the HaeIII-BglII fragment in M13 mp8 (24) (see Fig. 1).
After digestion with Rsal a fragment of 107 nucleotides was isolated (24
nucleotides of which originate from the M13 cloning region) (24).The primer
for the L25 gene was a 75 nucleotides long DNA fragment obtained by SacI +
Rsal digestion of cDNA synthesized using the subcloned Hpal-Taql fragment in
M13 mp9 as a template (24) (see Fig. 2).

S1 nuclease mapping of the 3'-ends of mRNAs

Preparation of the probes and S1 nuclease analysis were carried out as
described in detail elsewhere (24). The probe for the transcript of the Ll7a
gene was a 316 nucleotides long DNA fragment obtained by HindIII digestion of
cDNA synthesized using the subcloned Tag-Taq fragment in M13 mp9 as a
template (24) (see Fig. 1; 47 nucleotides originate from M13).

For mapping the 3'-end of the L25 gene transcript pBMCY138 DNA was digested
with HpaI. After limited treatment with exonuclease III and repairing the
3'-end with Klenow polymerase in the presence of a-32P—dATP, the 264

nucleotides long probe was isolated as described elsewhere (24).

RESULTS AND DISCUSSION

From the colony bank of HindIII-generated yeast DNA fragments in pBR322 that

has been described in a previous paper (4), a number of ribosomal protein

6687



Nucleic Acids Research

269 73
" s 3 53 p "
aSS Ha Ha S s s s
A + H—— +—t
M T T M T RB T M M
—
100bp
+ -
B <
>t <----4
c e I e B
3 5

Fig. 1. Map of the insert of pBMCY11l and structural analysis of the Ll7a
gene.

The position of some restriction enzyme sites as well as the location of the
R-loop indicated in A were published previously (8). H = HindIII, S = Sau3a,
M = MspI, T = TagI, R = Rsal (only Rsal sites are indicated that are used for
constructing the primers), Ha = HaeIII, B = BglII, K = KpnI.

In B the sequence strategy is shown. The arrows give the extent of nucleotide
analysis according to the chain termination method; the dashed arrow indicat-
es a sequence determined using the chemical procedure. The 269 nucleotides
long probe used for the 3'-mapping experiment and the 73 nucleotides long
primer used for the primer extension experiment are indicated. The structure
of the L17a transcript is given in C.

genes has been isolated (8). Recombinant DNA pBMCY111 carries a gene coding
for ribosomal protein L17a (8; R.J. Leer, unpublished results) whereas clone
pBMCY138 contains the gene encoding the large subunit protein L25 (8).
Southern analysis'using genomic digests of yeast DNA revealed that L25 is
encoded by a simple locus (data not shown; see Ref. 9) whereas the gene
encoding Ll7a is duplicated on the yeast genome (9).

In Figures 1 and 2 the physical maps of the respective cloned DNA fragments
are depicted. The genes were located in the maps by electron microscopic
R-loop analysis (8). The strategy followed in sequencing the respective genes
is also outlined.

The results of the nucleotide sequence analysis are shown in Figures 3 and 4.
The open reading frame of the L17a gene encompasses 411 nucleotides, coding
for a protein with a molecular mass of 14,321 D and a net charge of +13. The
gene for L25 consists of 414 nucleotides encoding a protein with a molecular
mass of 15,225 D and a net charge of +19. The identity of the protein
encoded by the L25 gene is confirmed by the amino acid composition deduced
from the nucleotide sequence. This composition is in good agreement with
corrected data obtained from studies on protein YP42' = YL25 (25; E. Otaka,
personal communication) which is identical to L25 (26). No such data so far
exist for protein Ll17a, which is identical to YL32 (26). It is noteworthy
that both L25 and Ll17a are particularly basic at their N-terminus. Neither

protein contains acidic residues within the first 55 amino acids. A similar
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Fig. 2. Map of the insert of pBMCY138 and structural analysis of L25 gene.

The position of some restriction enzyme sites as well as the location of the
R-loop indicated in A were published previously (8). For restriction enzyme
sites the same symbols are used as in Fig. 1. In addition Sc = SacI,

Hp = Hpal, E = EcoRI. In B the sequence strategy is shown. The 264 nucleotides
long probe for the 3'-mapping experiment as well as the 75 nucleotides long
primer for cDNA synthesis are indicated. The sequence spanning over the

Sau3A site at the 5' end of the gene was confirmed by primer extension
analysis. In C the structure of the L25 transcript is given.

skewed distribution of charged amino acids is observed in several other,
though not all yeast ribosomal proteins. Furthermore L25, which probably is
one of the primary assembling ribosomal proteins (27) is characterized by the
presence of 5 Lys-Lys doublet sequences, 4 of which are part of a Lys-Lys-Ala
tripeptide.

The aminoacid coding sequence of the genes for L17a and L25 reveals a biased
codon usage, in agreement with findings for other yeast ribosomal protein
genes (see Table I). The pattern of prefered codons in ribosomal protein genes
is quite similar to the one observed for highly expressed yeast genes (28) and
may reflect an efficient translation of the moderately abundant ribosomal
protein mRNAs.

As can be concluded from ﬁhe sequence data presented in Figures 3 and 4 the
open reading frames of both the Ll17a and the L25 gene are interrupted by an
intron of 513 and 415 nucleotides respectively. In this respect the genes for
L17a and L25 are similar to most other ribosomal protein genes in yeast. A
remarkable feature of all split yeast ribosomal protein genes studied so far
is the location of the intervening sequence close to the 5'-end of the gene
(cf. Table II). Recent findings (9,35) indicate that in some ribosomal
protein genes the intron is present even upstream of the ATG codon. Since a
split character is rarely found for non-ribosomal protein genes on the yeast
nuclear genome it is tempting to suggest a regulatory function for these
introns. Whether the interruption of many yeast ribosomal protein genes at
their very 5'-end is implicated in transcriptional or post-transcriptional

control, however, is still open to speculation.
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=420 =400 -380 =360 =340
AAGCTTGCAATACCAATCACTATTACCATGTTAATGATCCCCCAGATAAAAAGACAAGACAGAGCGTATATCAGACTACTTTAACATCTGTACACCCTCA

=320 -300 -280 -260 =240
ATTGCTTTGAAAAAACCCATGCAGTTATTATATTTTTCAACGGACCAATTTTTTTTATCGCTTATCCGGCTCACAGAACGAGCCGTACAACCGTCATCAG

-220 -200 -180 -160 -140
ACTTGCATGGAAATGTTGAAAAAGAGGTAAAAAAGAAAATATCAAACCCAAACACACTCGGGCTGAAAAATTAATATGGCAGGAAACGAACTGTAGCCAT

-120 -100 -80 -6C -40
AATGTACCTGTTCCCGCTAATAGTAATACCATCGTATTGCTAATGTTAGTAGCTAAAAATCTCTTACTTTCTTTATTTTGATTCTTGGGTCTTACAAGCA

& -2, -11 20 40
ATACAAMCCXAC CACCTATATATAACTAATA ATG TCC GGT AAC GGT GCT CAA GGT ACT AAG TTT AGA ATC TCA GTATGTTAAA
met ser gly asn gly ala gln gly thr lys phe arg ile ser

60 80 100 120 140
ATTTTTATTTTCCACAATGCAATTTGGTTAAATTGATCATAAAGTAAAGTTCCAAGATTTCATTTTGCTGGGTACAACAGAATTAAACAGAGGTTTAAAA

220 240
GACGCTAAGACGCTAAACACTAAGTGTGAAGCCTGATCATATACTTATCGATGTTATTTTCCATAAGAATGGTAGATGTGCCATCACTGGTACCGCCCCG

260 280 300 320 340
CCAAAGATGCAATTACATACATAAACTGAGTTTTTAAATGGTTAAGCGGACTGTATTTGCAGATGAAGTGATACCTGTCAATATTCATGGACTCAAAAAT

360 380 400 420 440
TTCTGGTTTCAAAATCATACACGGCAAGCATATCCTAACTCCCTCTTTTGCCCATACTAATGGATAACCATCGAAATGTTATTTCTACAAAAATCACACT

460 480 500 520 540
TAACTCTATTTTTCAAGATTAACCACATCTGCTAACTTTCTCCCTATGCTTTTACTAACAAAATTATTCTCACTCCCCGATATTGAGATCTTTTTTAACT

560 580 600 620
AG TTA GGT CTA CCA GTC GGT GCC ATC ATG AAC TGT GCT GAC AAC AGT GGT GCC AGA AAC TTG TAC ATT ATC GCC
leu gly leu pro val gly ala ile met asn cys ala asp asn ser gly ala arg asn leu tyr ile ile ala

640 660 680 700
GTC AAA GGC TCT GGT TCC AGA TTG AAC AGA TTG CCA GCC GCC TCT CTA GGT GAT ATG GTT ATG GCC ACC GIT AAG
val lys gly ser gly ser arg leu asn arg leu pro ala ala ser leu gly asp met val met ala. thr val lys

720 740 760
AAG GGT AAG CCA GAA TTG AGA AAG AAG GTT ATG CCA GCT ATT GTT GTC CGT CAA GCT AAG TCT TGG AGA AGA AGA
lys gly lys pro glu leu arg lys lys val met pro ala ile val val arg gln ala lys ser trp arg arg arg

780 800 820 840
GAC GGT GTC TTT TTG TAC TTC GAA GAC AAT GCT GGT GTC ATC GCT AAT CCT AAG GGT GAA ATG AAG GGT TCC GCC
asp gly val phe leu tyr phe glu asp asn ala gly val ile ala asn pro lys gly glu met lys gly ser ala

860 880 900 920
ATC ACT GGT CCA GTC GGT AAG GAA TGT GCC GAT TTA TGG CCA AGA GTT GCA TCT AAC TCC GGT GTT GTT GTG TAA
ile thr gly pro val gly lys glu cys ala asp leu trp pro arg val ala ser asn ser gly val val val end

940 960 980 1000 1020
AAAGGAAATTATTTTGACTCATACTCTTAGATTCTTCAATTATATATATTTTCTTTATAAATAACAATCTCTTAAACAGATTAAAGAAACTCAATAATEE

. .. 1040 1060 1080 1120
Ki’*odAﬁ’rﬁAcucmnnAcunuccmuccAcAsAA'rCAcA’rc:mﬂucmcc'rcAuccAcccrcununrmccccncc'r

1140 1160 1180 1200 1220
CAAAAAAGCAAACAGACACGTTAAGAAGGTAAGAATAACAGATGATAGAATGTTGTGCTAGTGAGAAACAAGTATGCACCAGCCGTACAATATGCGTATT

1240 1260 1280 1300 1320
TTGACATTTTTCAAGGTAAATTAGTTCCAAGTTAATAGAATAATCAAGACTAATTGACGTCTCAAAGCCTCGCAAAAAAAGCAGGAAATTCGAAAAAAAA

1340 1360 1380 1400 1420
GCCTTCAAAGAAAAGGGAAATCAGTGTAACATAGACGATGGAGGATCATGGGATTGTAGAAACTTTAAACTTTCTATCATCAACAAAAATCAAAGAGAGA

1440 1460 1480 1500
AACAATGCTTTAGATGAGCTAACAACAATTTTAAAAGAAGATCCGGAAAGGATACCAACCAAGGCCCTATCTACAACGGCAGAAGCTT

Fig. 3. DNA sequence of the gene for yeast ribosomal protein Ll7a and amino
acid sequence of the Ll17a protein.

The nucleotides are numbered with italics starting from the first nucleotide
of the initiation codon. The positions of the 5'- and 3'-ends of the Ll17a
mRNA are indicated by arrows.
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-720 -700 -680 -660 -640
AAGCTTGCTATTTGACAGCAAAAGATCTTTACGTAAACAGATAGGGTCACACAGACTATACGAAAACCTGTCAATATAATCTATTCGGATAAGATTATCA
-620 ~-600 -580 -560 =540
ACCCCTCCCTGCAAGATTTTTTATTGTTATTATTACAGTTTTTAAACTGGTAGCAGAGCTATCCGGTAAACATGTACTAATCAGTCTAACACCCGGAGGA
-520 -500 -480 -460 =440
GGCTTATCATTACATATTCTTGTCTCGGCGTTCTTTAAGTTTCTTATCTTGTATGCCCGATATAGCAACCTTGTTGGTACCAATCTAACGGTTTCCGTAT
=420 =400 -380 -360 =340
TTTGCAATGAAGA TATGGGTCACTGATTTAATATGTACGGGTGTTTACATGGAGTTGCTCTCTTTTTTGCCCTAGCAGTCATTGTGCGCC
-320 -300 -280 -260 -240
GAAAAAAGAGAAAACCGTGAGCCGAAGTCCACGCTCTGGAGATTAGGCTCTCCCATTACGGAGAGAAGCATTTCCTCAGCCTGGAGCCCGTTGGAACAGT
-220 -200 -180 -160 -140
CAGGCTAAACTGGCCTTCCTACCCACTGCTTGCTGTTTCTCACTGGACGCACAAGGGGATTTTCTTTCTACTTCGGCTTGCCTCACTGCGTTGGGGCTTC
-120 -100 -80 -60 =40
CCAATGCAACTTCGTTCGTATGCATACAATCTTTTAGATATTATCTTTTAAAATTATTTTAAAACAATTTTAAATGTATCTCATATGCTTTTCTTCTGCT
& ‘io XA ¢ -11
GTTGAAAAGGCTAAAC TCAATAAGATAAA ATG GCT CCA TCT G GTATGTGAACTGCAATATTAATAGCACGAGAAAATTGAGAGGAA

met ala pro ser

60 80 140
GATAAATGGGAACTAGTACAGTTGATATTGATGAGATACGAAAATCGCACCGTAAATAAACTATCCGACGACAAGAATAGTGCATTAAGGACTTGATTAA

160 180 220 240
GATATGGTGAGCCAACGTAATTATCGGGCTCAACTTTTTATTAGCAATCGTTTTGATAGAAGCGTTGATGCTGGAAGTTTCCTTTTTTACTACCAACAGC

260 280 300 320 340
CATTAACAAATCCATTAGAGTGTTCGTTCGTTTTTCCGCTCAGATTCAAGAAAAATTATTTCATCCTCATTATACTTTTTTTCTTCTATTTGGTGCTCCA

360 380 400 420 440
CGTCGAGGTATCAAGGAACATAGTTTACTAACATTAACAAATTCATCTCCTATGAATTTACTTTTTGTATAG CT AAG GCT ACT GCC GCT AAG

460 480 500
GTC GTT AAG GGT ACT AAT GGT AAG AAG GCT TTG AAG GTC AGA ACT
val val lys gly thr asn gly lys lys ala leu lys val arg thr

AAA GCT
lys ala

540
AAG TTG GCT AGA GCT
lys leu ala arg ala

560
CCA AAA TAT GCT TCC AAG GCT GTT CCA CAC
pro lys tyr ala ser lys ala val pro his

ACC
thr

TG
leu
600 620
GAG CAA CCA ATC ACT
glu gln pro ile thr

640
TCT GAA ACC GCT ATG AAG AAG GTT GAA GAT
ser glu thr ala met lys lys val glu asp

ATT
val ile
680
ATG
met

700 720
CAA ATC AAG AAG GCC GTC AAG GAA TTA TAC
gln ile lys lys ala val lys glu leu tyr

AAA GCT AAC AAA TAC
lys ala asn lys tyr

760
ACC AAG AAG GCT TAC
thr lys lys ala tyr

780 800
GTT AGA TTG ACT GCT GAC TAC GAT GCT TTG
val arg leu thr ala asp tyr asp ala leu

GGT
gly

840 860 880

ATT
ile end

940 960 980

ala lys ala

TCT GCT ACC TTC
ser ala thr phe

580
TAC AAC AGA TTG
tyr asn arg leu

660

GGT AAC ATT TTG
gly asn ile leu

GAA GTT AAC ATT
glu val asn ile

GAC ATT GCT AAC
asp ile ala asn

900

1000

thr ala ala lys

520
AGA CTA CCA AAG
arg leu pro lys

GAC TCA TAC AAG
asp ser tyr lys

GTT TTC CAA GTT
val phe gln val

740
TTG GTC AGA CCA
leu val arg pro

820
AGA ATC GGT TAC
arg ile gly tyr

920

TAA TCTAATTGGTTTAATTAATAATTTAATATTATTTTTAAATTTTICTTTAAATATACAATAAATCTTCATTAACATGTTAAATTCATGATTAA

1020

GGTAAATAAAGTGTAGTGGCAAAGTGCACGGGGTTTCCTGTGACTTCCAAAGTAGGTACCAATTTGCGTAGCTGCAGCGATGGTTCCGGTTACTATTATA

1040 1060 1080

1100

1120

ATAACGTGTTAGTGTACTGCGATTGTATTGAAGCTATAACAAGAAAAGGATTTGTGAAGGTTTTAGAGAATGAGGCGGTTTTCACAGGGTTATTTTTATC

Fig. 4. DNA sequence of the gene for yeast ribosomal protein L25 and amino

acid sequence of the L25 protein.

The nucleotides are numbered with italics starting from the first nucleotide

of the initiation codon. The positions of the 5'- and 3'-ends of the L25
mRNA are indicated by arrows.
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Table II. General structure of yeast ribosomal protein genes.

5' exon intron (a) 3' exon

start no. of codons no. of nucleotides no. of codons stop

S10 (b) ATG - 1 « 352 -+ 234 - TAA
(394)

L34 (c) ATG - 18 « 349 > 94 - TAA
(421)

S16A (d) ATG - 5 « 390 > 138 - TAA
(551)

rp28 (d) ATG - 36 « 429 > 149 - TAA
(447

6 (e) ATG - 1 « 383 > 49 - TAA

51 (f) ATG - - « 325 > 135 - TAA
| (398)

29 (g) ATG - 15 + 510 - 133 - TAA

17a ATG - 13 « 513 > 123 - TAA

25 ATG - 3 « 415 -+ 134 -. TAA

(a) data for the second gene copy are within brackets;

(b) (29) and R.J. Leer, unpublished results;

(c) (31);

(d) Molenaar,C.M.T. and Pearson,N.J., manuscript in preparation;
(e) R.J. Leer, unpublished results;

(f) (30,34);

(g) (32)

The introns occurring in yeast ribosomal protein genes show several sequence
similarities as outlined in Table III. The structures of the 5'- and 3'-splice

sites without exception are in perfect agreement with the consensus boundary

Table III. Intron sequences within yeast ribosomal protein genes (a).

S10-1 +GI‘ATGT - 316 n. - TTTACTAACA - 10 n. - 'I'l'l‘ATAACAG‘O
S10-2 GTATGA - 343 n. - TATACTAACA - 25 n. - TTTAAAACAG
L34-1 GTATGT - 378 n. - GTTACTAACA - 17 n. - TTTTTAATAG
L34-2 GTATGT - 305 n. - TTTACTAACA - 18 n. - ATTAATATAG

S16a-1 GTACGT - 341 n. - TTTACTAACA -~ 23 n. - TTTTCTACAG
siéea-2 GTACGT - 503 n. - TTTACTAACA - 22 n. - TTTCAATTAG
rp28-1 GTATGT - 409 n. - GTTACTAACA - 12 n. - TTTTTTTTAG
rp28-2 GTATGT - 375 n. - TTTACTAACA - 28 n. - TTAATCACAG
L46 GTATGT - 314 n. - GTTACTAACA - 43 n. - TTTTAATTAG
rp51-1 GTATGT - 326 n. - TATACTAACA - 46 n. - ATTTTAATAG
rp51-2 GTACGT - 282 n. - TTTACTAACT - 23 n. - ATTTTTATAG

L29 GTATGT - 453 n. - TTTACTAACG - 31 n. - TTTTGTACAG
Li7a GTATGT - 455 n. - TTTACTAACA - 32 n. - TTTTAACTAG
L25 GTATGT - 360 n. - TTTACTAACA - 29 n. - TTTTGTATAG

v T T T_T,  aaT_ _+
consensus GTA_Gt - X - GATACTAACa -y - ATAtNttCAG

(b)

(a) For references see Table II
(b) a and t are used at positions with a preferency for A and T
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Fig. 5. Sequence analysis of
the 5'-end of the L17a mRNA.
cDNA synthesis was performed as
described in Materials and
Methods using the 73 nucleotides
long primer depicted in Fig. 1.
The arrows indicate the
5'-termini of the L17a mRNA;
'intron' indicates the splice
junction.

In b the concentration of
ddNTP's was doubled.

signals found in higher eukaryotes (36,37), though in yeast the variability

of the bases at the splice sites is even less. In addition to the sequences

at the 5'- and 3'~termini of the introns another region of striking sequence

homology occurs near the 3'-end. This region contains the TACTAAC-box which

has been demonstrated to be essential for splicing in yeast (34,38,39). Apart

from these primary structure elements no other homologous sequences nor

common secondary structures can be observed in the introns of yeast ribosomal

protein genes.
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tot G AT C Fig. 6. Sequence analysis of the 5'-end of the
L25 mRNA.
cDNA synthesis was performed as described in
Materials and Methods using the 75 nucleotides

E m“”“'gta long primer depicted in Fig. 2. The arrows
.W‘ ““"'Ea indicate the 5'-termini of the L25 mRNA;

g3 'intron' indicates the splice junction.
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The sites at which transcription of the genes encoding L17a and L25 is
initiated were determined by primer extended sequence analysis of the
respective mRNAs. As can be seen in Fig., 5 with Li7a-mRNA two 5'-ends are
detected which map at positions -20, -23 and -27. The same type of analysis
of the L25 mRNA revealed 4 major 5'-ends located at positions -8, -11, -21
and -25 (see Fig. 6). Multiple capping sites have previously been observed
for genes the expression of which is highly regulated (cf. Ref. 40) and
therefore may be a feature of the mechanism controlling expression. The RNA

sequencing results shown in Figures 5 and 6 also provided definite proof for
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Table IV. Transcription initiation sites of several yeast ribosomal protein

genes.
¥
S10 (a) ATCCAGTGTGAATAGACGACTGAGCCATC ATG
L16 (b) éAACCXAGAACATACAAACATAGCCAAAG ATG
Lo 4
S33 (c) GAAAACCAAGCTAGCAATC ATG
Yy ¥ ¥
Ll7a CAAAACCAACACACCTATATATAACTAATA ATG
vy ¥
L25 TAAACAAAGAAGATCAATAAGATAAA ATG
(a) R.J. Leer, unpublished results
(b) (24)
(c) (12)
abocd i
- 300
-250
N
’ ~225
- 200
-175
S
Sy - -150

~—

Fig. 7. Mapping of the 3'-ends of the L17a and L25 mRNAs.

Lanes a-e show the product analysis using the 316 nucleotides long probe for
the L17a gene (see Materials and Methods and Fig. 1). Lanes f-i show the
product analysis using the 264 nucleotides long probe for the L25 gene (see
Fig. 2). Lane a and b: 30 ug polyA containing yeast mRNA with 25 and 100 U S1
nuclease respectively; lanes c and d: 30 ug B. licheniformis RNA as a control
with 25 and 100 U S1 nuclease respectively; lanes e and f: untreated probes;
lanes g and h: 30 Ug polyA-containing yeast mRNA with 25 and 100 U S1 nuclease
respectively; lane i: 30 ug B. licheniformis RNA as a control with 25 U S1
nuclease.

The GATC-ladder of a known sequence was used to measure the length of the
Sl-protected products.
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the location of the intron boundaries in both ribosomal protein genes.

The 5'-untranslated parts of the L17a and L25 mRNAs are AT-rich and contain
no or only a few G-residues respectively. This feature of the leader region
holds for most yeast ribosomal protein mRNAs. No obvious secondary structure
elements such as may be involved in an autogenous control of translation in
E. coli (41) could be detected. The transcription start sites of the Li7a and
L25 genes map in a region near the sequence PyAAPu, which has been proposed
as a common capping site for RNA polymerase B transcripts (42). The data
summarized in Table IV illustrate that AACCAA forms an additional conserved
element in some but not all ribosomal protein genes. Finally the L17a and L25
mRNAs have an A at position -3, consistent with the prefered surroundings of
the initiation codon observed in other eukaryotic mRNAs (43) and moreover use
the 5'-proximal AUG as the start codon thus fitting into the ribosome-
scanning model for translation initiation (43).

The 3'-ends of the L17a and L25 mRNAs were mapped by S1 nuclease analysis. The
results presented in Fig. 7 show the mature transcript to terminate at

103+10 nucleotides from the stop codon for the L17a mRNA and at approx. 80
nucleotides from the stopcodon for the L25 mRNA. The observed heterogeneity
of the 3'-ends to our opinion reflects the actual situation; it may be the
result of processing events, and is not due to the experimental conditions
used in the mapping experiments. The trailer regions of the two genes contain
a striking sequence homology: a tripartite common element ATTAT---T 4CT j--~
ACAAT can be recognized. A similar sequence is present in the untranslated
3'-terminal region of the rp29 mRNA (35), but it does not occur in any other
yeast ribosomal protein genes so far investigated. Whether this common
sequence fulfils a function in transcription or translation remains to be
examined. In this respect it is notable that the 3'-terminal regions of the
L25 and L17a genes do not contain sequences that are identical to the consensus
sites proposed to be involved in transcription termination in yeast (44). The
sequence AATAAA, which may act as a polyadenylation signal (45), is present 57
nucleotides downstream from the stop codon of the L25 gene but it is not
found in the trailer region of the L17a gene.

A comparative analysis of the 5'-flanking regions of several yeast ribosomal
protein genes has revealed a number of more or less conserved sequence
elements that, however, are not common to all ribosomal protein genes (46).
These boxes may function in the coordinate control of ribosomal protein gene
expression. We searched for similar sequences in the upstream regions of the

genes encoding L17a and L25, (cf. Table V). The most striking homologous
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Table V. Homologous sequences upstream of yeast ribosomal protein genes (a).

consensus Ll7a L25
HOMOL1 AACATCgiTCA AACATCGTACA (-351) not found

(approx. -300)

HOMOL2 XCATCTNTA ACATCTGTA (-350) not found
(approx. -300)
TC T

HOMOL3 GGCTTCCT not found GGCTTCCC (-143)
(approx. -150) GCCTTCCT (-225)

HOMOLA §AT§'ITNCA TATTTTTCA  (-303) TATTTTGCA (-440)

(varying positions)
HOMOLS5 TATTy » TATTTT (-60) TATTTT  (-83)

‘(approx. -80)

(a) the consensus sequences for the various boxes are from Ref. 46.

sequences, HOMOL1 and HOMOLZ2, are present at -351 and -350 respectively in
front of the L17a gene, but these boxes are absent from the gene encoding L25.
On the other hand HOMOL3 is present at two positions, -143 and -225, upstream
of the L25 gene but is not found in the L17a gene. HOMOL4 can be recognized in
the 5'-flanking sequences of both ribosomal protein genes though at a rather
long distance from the respective initiation codons. HOMOL5 which resembles
the TATA box (47) and therefore may fulfil a role in initiation of transcript-
ion by RNA polymerase B, occurs at -60 and -83 from the ATG codons of the

L17a and L25 genes respectively. Finally the upstream region of the L17a gene
contains a CT-rich sequence, which has been suggested to define a high-
efficiency yeast promoter (48). A CT-block occurs only occasionally in front
of yeast ribosomal protein genes, in addition e.g. those encoding S33 (12) and
L29 (32). The significance of all presumed promoter and regulatory sequences
mentioned above has to be established by deletion experiments and site-

directed mutagenesis. These studies are currently performed.
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