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As part of our studies on the molecular basis for the coordinate expression of ribosomal protein genes in

yeast we analyzed the primary structure of the gene encoding protein L16 of the large ribosomal subunit

including the'flanking sequences. L16 turned out to be a ribosomal protein with a molecular mass of 22662

Da and a net charge of + 12. Both the 5’- and the 3"-end of the L16 mRNA were mapped by primer exten-

sion and S, nuclease analysis. In the DNA regions flanking the coding sequence several conserved elements
are present that may be involved in transcription initiation or termination.

Yeast Ribosomal protein gene

1. INTRODUCTION

Yeast cells can accurately control the production
of their ribosomes under various conditions of
growth. Apart from the coordination between
ribosome biosynthesis and cellular growth rate,
ribosomal protein synthesis appears to be in
perfect balance with ribosomal RNA synthesis
under almost all conditions (see [1] and [2] for
reviews). To get insight into the molecular mechan-

isms underlying the coordinate control of ribo-.

somal protein synthesis in yeast, we undertook a
detailed analysis of the organization and structure
of several ribosomal protein genes. Here we de-
scribe the analysis of the gene, including its flank-
ing sequences, encoding protein L16 of the large
ribosomal subunit.

2. MATERIALS AND METHODS

2.1. Isolation of nucleic acids

Recombinant plasmid pBMCY89 [3] was puri-
fied from Triton-treated bacterial spheroplasts by
CsCl-ethidium bromide density gradient cen-
trifugation [4]. A HindIII-BamHI fragment con-
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Sequence analysis

Transcript mapping

taining the L16 gene was subcloned in pBR322
(subclone 89). Poly(A)-containing RNA was
isolated from the yeast Saccharomyces carisberg-
ensis S74 as described previously [5].

2.2. Restriction site mapping

Restriction endonucleases were obtained from
Bethesda Research Laboratories or New England
Laboratories and used as recommended by the
supplier. Cleavage sites for Sau3A, Taql, Mspl
and Alul were determined by the partial digestion
procedure of [6].

2.3. DNA sequence analysis

DNA sequence analysis was performed using the
chain termination method [7]. Single-stranded
templates were obtained by transforming JM101
cells with recombinant bacteriophage M13 RF
DNA [8]. The M13 vector used was M13 mp9 [9].

2.4. Mapping of the 5'-end of the L16 gene

For this purpose the base-specific chain termina-
tion method using reverse transcriptase (Life
Sciences Inc.) was employed [10]. A 29 nucleotides
long Sau3A-Alul primer (SA29 in fig.1) was la-
belled and isolated essentially as described in
Method A used for 3’-end mapping (see below).
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The primer fragment (60 000 cpm) was annealed at
65°C for 30 min to 25 ug of poly(A)-containing
RNA in 30 £l 50 mM Tris-HCI (pH 8.3), 6 mM
MgCl; and 50 mM KCI. The base-specific reaction
mixtures contained 5.5 xl hybrids, 2 £l 0.5 mM
dNTPs, 2 x4l of either 0.5 mM ddNTPs, 0.3 «l
reverse transcriptase (5 U), 1 1 100 mM DTT and
0.3 41 actinomycin D (2 mg/ml). No ddNTPs were
added in the ‘total’ reaction mixture. Incubation
was performed in eppendorf tubes during 30 min
at 42°C. After hydrolysis of the RNA, cDNA was
precipitated and analyzed [11].

2.5. Mapping of the 3'-end of the L16 gene
Two methods were applied to achieve labelled
probes. In Method A the Sau3A-generated frag-
ment ligated into the bacteriophage M13 mp9 was
labelled by synthesis of the complementary strand
in the presence of Klenow polymerase and [a-*?P]-
dATP [12]. The reaction was stopped by heating
the mixture for 10 min at 70°C. DNA was then
digested with Kpnl and the strands were separated
on a 5% polyacrylamide gel [13]. The single-
stranded SK233 (see fig.1) DNA fragment was
eluted with 0.5 M ammoniumacetate, 10 mM
EDTA and 0.1% SDS, precipitated with ethanol
and dissolved in re-distilled H>O. According to
Method B subclone 89 DNA was digested with
Kpnl. The protruding 3'-ends were removed with
Klenow polymerase [14]. After controlled treat-
ment with exonuclease III (to remove 40-50
nucleotides) the 3'-ends were filled in by repair
synthesis using Klenow polymerase and [a-*?P]-
dATP [14]. After digestion with Sau3A the single-
stranded SK233 fragment was isolated as described
above. S; nuclease analysis was performed as
described previously [15] with some modifications.
The hybridization mixture was incubated for 16 h
at a temperature gradually decreasing from 50 to
37°C. S; digestion was performed for 2 h at 16°C.

3. RESULTS AND DISCUSSION

The recombinant DNA pBMCY89, selected
from a bank of HindlIl-generated Saccharomyces
carisbergensis DNA fragments in pBR322 as
described previously [3], carries the gene encoding
protein L16 of the large ribosomal subunit. The
map of a HindIII-BamHI subcloned fragment is
presented in fig.1A. We sequenced the gene accor-
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Fig. 1. Map of the insert of subclone 89 and extent of
DNA sequencing. The location of the L16 gene and the
position of some restriction enzyme sites (indicated in A)
were published previously [16]. In B the sequence
strategy is shown; the arrows give the direction and ex-
tent of sequence analysis. H = HindIIl; K = Kpnl; B
= BamHI; M = Mspl; S = Sau3A; A = Alul; T =
Tagl.

ding to the strategy outlined in fig.1B and the
results of these nucleotide analyses are shown in
fig.2.

The coding sequence for yeast ribosomal protein
L16 is 522 nucleotides long and gives rise to a pro-
tein having a molecular mass of 22622 Da. The
identity of this protein is clear from a comparison
of the amino acid composition deduced from the
nucleotide sequence with data previously published
for protein YL22 [17], which is identical to L16
([18]; see table 1). As has been observed for other
yeast ribosomal protein genes [15], the L16 coding
sequence reveals a preferent codon usage which is
in agreement with the pattern previously observed
for highly expressed yeast genes [19]. The only two
rare codons found, viz. CCT for Pro and CGT for
Arg, are located in the 5'-part of the gene.

Most ribosomal protein genes studied so far are
split near the 5'-end of the coding sequence. The
gene for .16, however, is not interrupted by an in-
tron and therefore is one more exception to this
rule, the others being the gene coding for the
ribosomal proteins 1.3 [20], S33 [15] and S24 (un-
published). The absence of an intervening se-
quence from these genes explains why the proteins
in question continue to be synthesized in splicing-
defective yeast mutants grown at the restrictive
temperature [21].

We mapped the transcription initiation site of
the L16 gene by the primer extension method. Us-
ing the SA29 fragment as the primer (fig.1) we
detected two major start sites, at —24 and —29,
respectively, as well as a minor start site at — 35
(see fig.3). The transcription start site at position
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~240 =220 ~200 -180 -160
GTAATAGACTCACATCCACGTGACCAGTTTCCAATCGAACTTTTTCACTTTGCAGGGAATTAT TG TTTCACTAGCAAAGGTAGCCCACTTACCACTCAGE
-140 -120 -100 -80 -60
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ATC
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arg glu

260
GTC AAG
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GAA AGA
glu arg

GGT
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TTG
leu

GAA
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TAC
tyr

320
GGT ATT GAC GAA CAC A
ile asp glu his i

340
GGT ATC
gly ile

TG
leu

TG
phe

GGT
gly

LOD
UV

AGA CCA
arg pro

TAT
tyr

GTC
val

GTIC
val

ATG AAC
met asn

GGT
gly

AGA
arg

GTIC ACT
val thr

460
AAG ACA ACT
lys thr thr

480
AAG GAA

lys glu

GAC ACC

asp thr

TTC AAG

val s trp phe lys

540 560 580

TTTAATTAGTTTGTGAAGAAATATAATACATTTATATACTCATATCTATGTTTTT

640 660

TTTGTAACCAATTAATAAAATTATGAATTTTAAACCAAGATGAAACTCTATGTTATTGTACATGCGCGCTAAGGACTTCTATGC

Fig. 2. DNA sequence of the gene for yeast ribosomal protein L16. The nucleotides are numbered with italics starting
from the initiation codon.

— 24 is located within the sequence pyAAPu which
has been proposed to be a consensus site for initia-
tion of transcription by yeast RNA polymerase I1
[22]. From the data summarized in table 2 it is ob-
vious that in several cases the capping region can
be extended to the sequence AACCAAG found
near the 5'-end of the mRNAs. The untransiated
5’ -terminal part of the L16 mRNA contains the se-

anance CATACA imnlicatad in cantral nf trancla_
\-lu\vllv\y NrL B A LSANSL Ay ‘lllyllw“lrv“ ALl WAALVA VL W1 Vi WRARDLAGA

tion efficiency [23] and shows the prefered en-
vironment for the initiation codon [27]. Upstream
from the 5'-end of the L16 gene the TATA-like
structure [28] TAATATTAT is present at position

—62. Computer analysis of the 5'-flanking regions
of several yeast ribosomal protein genes has re-

vealed some common sequence elements at — 150

trn AN Fram tho inifintinm ~nda ey
o Ayv ITOIN Ui 1fitiation coqoin, that may be in-

volved in transcription regulation [29]. No such
common boxes are found in the region of the L16
gene extending to position —240.

We also located the 3'-end of the L16 mRNA by
S1 nuclease analysis. As can be concluded from the
results presented in fig.4 the 3'-end of the mRNA

mans to the region 85-00 nuclantidec daunctraam
RAIAWMPIT VRS VAAW A WEANSAR VW AV AAUWIEWVLIMWYY MU YLD VALLL

from the stop codon. The trailer sequence contains
several elements that may function in transcription
termination {30] (viz. TAGT at +7 and + 77 and
TATGT at +47), and polyadenylation [31] (viz.

AATAAA at + 69). The longer exposed lower part
of the autoradiogram shown in fig.4 shows some
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Table 1
Amino acid composition of yeast ribosomal protein L16
Amino acid No. of residues
Found® Reported®

Asp + Asn 18 18.1
Thr 11 10.3
Ser 10 8.4
Glu + GIn 16 16.8
Pro 5 5.8
Gly 15 14.2
Ala 9 9.4
Val 15 15.6
Met 4° 2.4°
Ile 10 9.9
Leu 11 12.0
Tyr 5 5.3
Phe 7 7.7
His 3 3.1
Lys 17 17.1
Arg 16 15.6

* Number deduced from nucleotide sequence

b Number determined for yeast ribosomal protein YL22
(= L16; [18]), calculated from an amino acid analysis
[17] assuming the total number of residues to be 173

¢ The N-terminal methionine apparently is not present
in the mature L16 ribosomal protein

minor signals that can be explained by the presence
in yeast cells of two L16 mRNAs transcribed from
different copy genes. Indeed, Southern hybridiza-
tion has revealed the duplicate nature of the gene
encoding yeast ribosomal protein L16 [32]. Com-
parative sequence analysis (J. Woolford, personal
communication; this paper) revealed that the
trailer sequences of both gene copies have diverged
to a large extent, whereas the amino acid coding
regions are largely homologous. However, at some
positions near the translation stop codon second
and third base substitutions have occurred. The
position of the minor signals is in good agreement
with these sequence differences present in the
3'-part of the coding sequences of both L16 gene
copies. At these positions mismatches occur bet-
ween the L16 DNA sequence and the mRNA
transcribed from the other gene copy, giving rise to
Si1 nuclease sensitive sites, The difference in inten-
sity between the major and minor signals shows
that in vegetatively growing yeast cells L16 mRNA
is predominantly derived from the gene copy
described in this paper.
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Fig. 3. Sequence analysis of the 5'-end of the L16
mRNA. The positions indicated correspond to the se-
quence data presented in fig. 2. See section 2. The ar-
rows indicate the mapped 5'-ends of the L16 mRNA.
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Table 2

Comparison of leader sequences of several yeast genes

TATTTACAAGACACCAATC

GATCATCAAGAAGTAATTA
ATATTTCAAGCTATACCAA

CTATACCAAGCATACAATC

GAATATCAAGCTACAAAAA
AAAAACCAAGCAACTGCTT
TAACACCAAGCAACTAATA
AAAAACCAAGAAGTTAGTT
AAACACCAAGAACTTAGTT
CATAAATAAGAAATTCATC
GAAAACCAAGCTAGCAATC

GAACCAAGAACATACAA

pyruvate kinase [22]
phosphoglycerate kinase [23]
alcoholdehydrogenase I [24]

alcoholdehydrogenase II [25]
pENO 46 [26]
pENO 8 [26]
pGAP 63 [26]
pGAP 491 [26]
pGAP 11 [26]
S33 [15]

L16 (this paper)

The major transcription start sites are indicated with a dot
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Fig. 4. Mapping of the 3'-end of the L16 mRNA. The
results shown in lanes b-f are obtained with the probe
labelled according to Method A (see section 2); the un-
treated fragment is present in lane a. Lanes b and f: B.
Licheniformis RNA as a control with 25 and 125
nuclease U S, respectively; lanes c-e: yeast poly A con-
taining RNA with 25, 75 and 125 U nuclease S,, respec-
tively. The results shown in lanes g-j are obtained with
the probe labelled according to Method B (see section 2);
the untreated fragment is present in lane k. Lanes g and
j: B. licheniformis RNA with 75 and 25 U nuclease S,
respectively; lanes h and i: yeast poly(A)-containing
RNA with 75 and 25 U nuclease S,, respectively. The
lower part of the figure shows a four times longer ex-
posure of this part of the gel (see text). The GATC lad-
der of a known sequence was used to measure the length
of the S'-protected products.
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