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The accurate and efficient translation of proteins is of fundamental importance to both bacteria and higher
organisms. Most of our knowledge about the control of translational fidelity comes from studies of Escherichia
coli. In particular, ram (ribosomal ambiguity) mutations in structural genes of E. coli ribosomal proteins S4
and S5 have been shown to increase translational error frequencies. We describe the first sequence of a
ribosomal protein gene that affects translational ambiguity in a eucaryote. We show that the yeast omnipotent
suppressor SUP44 encodes the yeast ribosomal protein S4. The gene exists as a single copy without an intron.
The SUP44 protein is 26% identical (54% similar) to the well-characterized E. coli S5 ram protein. SUP44 is
also 59% identical (78% similar) to mouse protein LLrep3, whose function was previously unknown (D. L.
Heller, K. M. Gianda, and L. Leinwand, Mol. Cell. Biol. 8:2797-2803, 1988). The SUP44 suppressor mutation
occurs near a region of the protein that corresponds to the known positions of alterations in E. coil S5 ram

mutations. This is the first ribosomal protein whose function and sequence have been shown to be conserved
between procaryotes and eucaryotes.

Analyses of informational suppressors in Escherichia coli
have elucidated the components involved in determining the
fidelity of translation. In most instances, the factors identi-
fied have been either tRNAs or ribosomal proteins (31, 69,
84). Alterations in five different ribosomal proteins have
been shown to influence translational accuracy. Mutations in
the structural genes for S12 (30), S17 (8), and L6 (53) can
cause an increase in accuracy, while mutations in the struc-
tural genes for L7/L12 (47), S4 (77), and S5 (13, 71) can
decrease fidelity. Such mutations that affect S4 or S5 are
known as ram (ribosomal ambiguity) mutations because they
cause a general ambiguity of translation, suppressing non-
sense as well as missense and frameshift mutations (3, 73).
More recently, nonsense suppressor phenotypes have also
been shown to be associated with mutations in elongation
factor EF-Tu (85, 89).
We and others have used a similar genetic approach to

identify components of the eucaryotic protein synthesis
machinery that control translational fidelity (2, 21, 25, 54, 65,
88, 91, 95). Certain eucaryotic translational fidelity muta-
tions are in many respects analogous to E. coli ram muta-
tions in that they have similar phenotypes and seem to affect
components of the ribosome. For example, analyses of such
mutants in Podospera anserina using two-dimensional gel
electrophoresis indicate that alterations in ribosomal pro-
teins are often associated with the mutant phenotypes (21).
In yeast cells, omnipotent suppressors cause sensitivity to
aminoglycoside antibiotics and can suppress all three non-
sense codons (2, 65, 88, 91), phenotypes also associated with
E. coli ram mutations. Two yeast omnipotent suppressors,
sup35 and SUP46, show altered ribosomal protein patterns
on the basis of two-dimensional gel electrophoresis (25, 40).
In addition, 40S ribosomal subunits isolated from sup35,
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sup45, SUP44, and SUP46 strains increase in vitro misread-
ing of polyuridylate templates (25, 62).

Despite the suggestive biochemical evidence, the first two
yeast omnipotent suppressor genes to be cloned and se-
quenced (SUP35+ and SUP45+) do not encode ribosomal
proteins (10, 11, 17, 18, 38, 54, 57, 95). The SUP45+ gene is
predicted to encode a protein of molecular mass 49 kDa (10).
Regions of weak similarity to several tRNA synthetases
were found, but the function of the gene product is still not
known. The SUP35+ gene is predicted to encode a protein of
76.5 kDa that shows a high degree of similarity to EF-la (45,
54, 95) but is not identical to any of the three biochemically
characterized elongation factors from yeast cells. Neither
SUP35+ nor SUP45+ appears likely to encode a ribosomal
protein, since both predicted gene products are much larger
than ribosomal proteins, and their codon usage patterns
indicate that, unlike ribosomal protein genes, they are not
highly expressed (10, 54, 95).

Here, we describe the sequence of a third yeast omnipo-
tent suppressor gene, sup44+. This suppressor does encode
a ribosomal protein. Furthermore, the SUP44 protein shows
substantial sequence similarity to the E. coli S5 ram protein.

MATERIALS AND METHODS
Strains and genetic methods. The following Saccharomy-

ces cerevisiae strains were used: SL815-26B [et met8-J leu2-1
trpl-J (his5-2 and/or his3-J) Iys2-J ura3-52 SUP44] and
SL-982 [ala ura3-521ura3-52 met8-J/met8-J leu2-111eu2-1
ade3-261+ his5-21+ his3-All+ tyr7-J1+ trpl-l1+]. Standard
yeast genetic procedures of crossing, sporulation, and tetrad
analysis were used (83). Strains were propagated on complex
glucose medium (YPD). Nutritional markers were scored on
omission media (synthetic complete glucose medium lacking
a specific amino acid). Sensitivity to the aminoglycoside
antibiotic paromomycin was scored on plates containing
nutrient medium supplemented with 0.5 or 1 mg of paromo-
mycin sulfate (a kind gift from Warner-Lambert Co.) per ml.
E. coli DHSa and DHSaF' were used for growth and
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maintenance of plasmid and M13 vectors (61). Phages M13
mpl8 and M13mpl9 were obtained from Amersham. Proce-
dures for working with M13 phage were adapted from Dale
et al. (19).

Bacterial and yeast transformation. Bacterial transforma-
tions were done as described previously (60). Yeast cells
were transformed by the lithium acetate method (41).

Southern and Northern (RNA) analyses. E. coli plasmid
DNA and total yeast genomic DNA were isolated, electro-
phoresed, transferred to Hybond N (Amersham), and hy-
bridized as previously described (94). RNA was isolated
from yeast cells by using a modification of a published
procedure (24). Aurintricarboxylic acid (100 ,uM) was used
as a nuclease inhibitor. RNA was fractionated on a formal-
dehyde-agarose gel and transferred to a GeneScreen filter
(NEN). Prehybridization and hybridization were done at
42°C without dextran sulfate as described in the GeneScreen
manual. All probes were labeled with 32P by either nick
translation (76) or random priming (26).

Subcloning. The sup44+ gene was previously cloned on
plasmid pYsupx, which contains an 8.85-kb fragment of
yeast DNA in the CEN vector YCp5O (2). Plasmid pJR4 was
constructed by partial digestion of pYsupX with Sau3A. The
resulting DNA was ligated and used to transform E. coli
DH5a to ampicillin resistance. DNA was extracted from
pooled transformants by the alkaline lysis procedure and
was then used to transform yeast strain SL815-26B to uracil
prototrophy. Resulting colonies were screened for the ability
to complement the recessive paromomycin sensitivity asso-
ciated with the SUP44 suppressor. One such transformant
was obtained and contained plasmid pJR4. Plasmids pJR5
and pJR6 were constructed by HindIlI and EcoRI-SalI
digestion of pJR4, respectively, and ligation into appropri-
ately cut YCp5O. Complementation of SUP44 was scored on
medium containing 0.5 mg of paromomycin sulfate per ml.

Cloning the SUP44 mutant. The SUP44 mutant was cloned
by the method of integration and excision (96). Strain
SL815-26B (SUP44 ura3-52) was transformed with YIpJR2
(2), a URA3+ integrating vector containing a portion of the
sup44+ gene on the 6.5-kb EcoRI fragment from pYsupX
(Fig. 1). Transformants were selected on uracil-deficient
medium and were checked for retention of suppressor activ-
ity on methionine- and leucine-deficient media and for the
presence of a single integrated copy of the vector at the
SUP44 locus by Southern blot analysis. Plasmid containing
the mutant SUP44 allele was obtained by restricting DNA
isolated from an appropriate transformant with SphI, fol-
lowed by ligation and transformation into E. coli.
Gene disruption. The one-step gene replacement proce-

dure was used to disrupt the sup44+ gene (79). A 1.8-kb
HindIll fragment extending from the leftmost site within the
sup44+ gene in plasmid pJR4 to the site in the YCp5O vector
was inserted into vector pBR322-1. (The EcoRI site in
pBR322 was filled in with the large fragment of E. coli DNA
polymerase I to form pBR322-1.) The new plasmid was
digested with EcoRI and was ligated to a 1.2-kb EcoRI
fragment containing the URA3 gene, obtained from plasmid
pLS10 (90; kind gift from L. Symington). This ligation
yielded plasmid psup44:: URA3, in which the sup44+ coding
sequence was disrupted at the internal EcoRI site. A 2.4-kb
HindIII-SphI fragment from psup44:: URA3 containing the
disruption was used to transform diploid strain SL-982 to
uracil prototrophy. Southern analysis confirmed that a single
integration had occurred at sup44+.
DNA sequencing. Sequencing reactions were performed on

DNA fragments cloned into the polylinker region of phages
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FIG. 1. Localization of the sup44+ gene. Plasmids were tested

for their ability to complement the recessive paromomycin sensitiv-
ity associated with the SUP44 mutation. The column on the right
shows the ability (+) or inability (-) of the various fragments to
complement the SUP44-associated paromomycin sensitivity when
cloned into the YCp5O vector and transformed into yeast strain
SL815-26B (a ura3-52 SUP44). The exact location of sup44 as
indicated in the first line was established later from the DNA
sequence. Restriction sites: B, BamHI; E, EcoRI; G, BglIl; H,
HindIII; P, PvuII; Sp, SphI. (An additional two HindIl sites restrict
the 3.4-kb HindIll region into 1.4-, 1.3-, and 0.7-kb fragments. The
exact locations of these sites have not been determined. The single
HindlIl site shown near the 3' end of the sup44 gene is actually
composed of two HindIll sites within 21 bp of each other, as shown
in Fig. 3.)

M13mpl8 and M13mpl9 or on plasmid pJR4. Appropriate
oligonucleotides were used to prime chain termination se-
quencing reactions (80) using [a-35S]dATP (6). Double-
stranded sequencing was done as described in the U.S.
Biochemical Corp. manual "Step-by-Step Protocols for
DNA Sequencing with Sequenase Version 2.0." Reaction
products were resolved by electrophoresis through 6 and 8%
polyacrylamide gels under denaturing conditions and were
detected by autoradiography overnight at room temperature.
All of the cloning junction points were sequenced in plasmid
pJR4 by using appropriate oligonucleotides. All sequence for
the wild-type sup44+ allele was confirmed for both DNA
strands. Only a single strand of the mutation was sequenced
except in the region containing the alteration, which was
confirmed on both strands.

Peptide sequencing. Purified yeast S4 protein was obtained
as described previously (37). Proteolysis and peptide se-
quencing was performed by the Harvard Microchemistry
facility. S-V8 fragments were purified by using a Vydac C18
column, and the sequence was obtained by automated Ed-
man degradation on an Applied Biosystems Inc. 470A pro-
tein sequencer equipped with a 120A on-line phenylthiohy-
dantoin-amino acid analyzer.

Nucleotide sequence accession number. The nucleotide
sequence data reported have been submitted to GenBank
and assigned accession number M38029.

RESULTS
Characterization of the sup44+ gene. We have previously

described the isolation of the sup44+ gene on an 8.85-kb
DNA fragment (2). The position of the gene within the larger
insert was established by assessing the ability of various
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FIG. 2. Southern and Northern blot analysis. (a) Southern blot
analysis. E. coli-grown plasmid psup44 contains the intact sup44+
gene; plasmid psup44:: URA3 contains the sup44+ gene disrupted at
the EcoRI site with a 1.2-kb EcoRI fragment carrying the URA3
gene. The 2.4-kb HindIII-SphI fragment from psup44::URA3 con-
taining the disrupted sup44 gene was used to transform the diploid
yeast strain SL-982 (a/a ura3-521ura3-52) having two undisrupted
copies of sup44+. The diploid transformant, L-1348, is isogenic to
SL-982 except that one copy of sup44+ is disrupted (sup44:: URA3).
The 2.4-kb HindIII-SphI fragment contains the disrupted sup44 gene
(sup44:: URA3). The 1.2-kb HindIII-SphI fragment contains the
undisrupted sup44+ gene. Occasionally, weakly hybridizing frag-
ments were also seen. (b) Northern analysis. Numbers indicate the
lengths ofRNA ladder markers (Bethesda Research Laboratories) in
kilobases. Filters were probed with the 32P-labeled internal 500-bp
EcoRI-HindIII fragment of sup44 cloned into M13mpl9.

restriction fragments and deletions to complement the reces-
sive paromomycin sensitivity associated with the SUP44
suppressor (Fig. 1). These results localized sup44+ to a 4-kb
Sau3A partial-digestion fragment and suggested that the
gene spans an EcoRI-HindIII fragment of 500 bp. With this
500-bp fragment used as a probe, Northern blot analysis
demonstrated the presence of a single transcript of approx-
imately 800 bp (Fig. 2).
The DNA sequence is shown in Fig. 3. There is a 762-bp

open reading frame that, as predicted from the subcloning
results, overlaps the EcoRI and HindIII sites. Consensus
TATA-like elements are located at positions -36 and -91.
The consensus termination signal (TTTTTATA) proposed
by Henikoff et al. (35) is present at position +794. The
proposed AATAAA polyadenylation signal (75) is not
present, but a closely related sequence ATTAAA is located
at position +809.
The protein predicted from the sup44+ sequence contains

many features characteristic of yeast ribosomal proteins.
The low molecular mass (27.5 kDa) and basic amino acid
composition (pI 11.23) are both characteristic of yeast ribo-
somal proteins (92). The codon bias indices of ribosomal
protein mRNAs are similar to those found for other highly

expressed yeast genes, ranging from 0.75 to 0.99 (5, 82). The
codon bias index of sup44+ is 0.91. In addition, like most
transcripts for ribosomal proteins, the sup44+ transcript is
barely large enough (800 bp) to encode the open reading
frame (762 bp) (27).

All but two of the sequenced yeast ribosomal protein
genes contain one or more RAPJIGRFJ sequences (formerly
called HOMOL or RPG) within 100 to 500 bases upstream
that are necessary for transcription and that bind the RAP]
transcription factor (39, 56, 78, 86, 101). The two ribosomal
protein genes, L3 and S33, that lack RAPJIGRFI sequences
have been found to contain a GFI consensus sequence that
binds a different transcription factor, ABF1 (22, 32). No
RAPJIGRF sequence has been found within 500 bp of the
AUG codon in sup44+, but a sequence that fits the GFE
consensus is located at position -295 to -283 (Fig. 3). In
addition, a polypyrimidine stretch characteristic of ribo-
somal protein genes (78) is found at -164 to -151.
Many, but not all, yeast ribosomal protein genes contain a

single intron and are duplicated (92). Consensus signals for
splicing were not found in the sup44+ open reading frame or
in the flanking regions. Southern blot analyses indicated that
sup44+ is unique because a single band hybridized strongly
to the internal 500-bp EcoRI-HindIII sup44+ probe when
DNA was digested with HindIII-SphI (Fig. 2), BamHI,
EcoRI, HindIII, or XhoI (data not shown). Furthermore,
disruption of one copy of the sup44+ open reading frame in
diploid strain SL-982 (Fig. 2) resulted in the segregation of 2
viable:2 inviable meiotic products upon sporulation. Of 24
tetrads dissected, 23 contained two viable spores and 1
contained a single viable spore. Since none of the viable
segregants contained the URA3 disruption of sup44+, the
762-bp open reading frame encodes an essential protein. In
contrast, the isogenic undisrupted diploid gave rise to three
or four viable meiotic products in 24 of 26 tetrads dissected.

Characterization of the mutant SUP44 gene. The identical
DNA region was isolated from a SUP44 strain on an inte-
grating URA3 plasmid. The plasmid was verified to contain
the suppressor, since Ura+ transformants of a sup44+ ura3
strain contained suppressor activity (R. Liu and S. Liebman,
unpublished results). DNA sequence analysis of the com-
plete SUP44 coding region identifies a single-base change
relative to the sequence of the wild-type allele. The serine
(TCT) at position + 200 in the wild type is changed to
tyrosine (TAT) in the mutant (Fig. 3). Thus, the 762-bp open
reading frame encodes the SUP44 gene product.

Identification of the SUP44 protein as the yeast S4 ribosomal
protein. Since it appeared likely that sup44+ encodes a
ribosomal protein, the SUP44 sequence was compared with
the 50 yeast ribosomal protein sequences that are completely
or partially known (92). No match was found. However,
many of the yeast ribosomal proteins that have not been
sequenced have been purified, and their molecular weights
and amino acid compositions are known (37, 42). Thus, we
compared the SUP44 predicted molecular weight and amino
acid composition with those of all experimentally character-
ized yeast ribosomal proteins (37, 42, 66). Using the Comp-
sim comparison program of PC/GENE (IntelliGenetics), we
found that the amino acid composition of SUP44 was more
similar to that of the small subunit ribosomal protein identi-
fied as S4 (also called YS5, YP9, or rpl2; 37, 67, 74) than to
that of any other experimentally characterized yeast ribo-
somal protein or any other protein in the Swiss-protein data
base (Table 1). The predicted size of the SUP44 protein, 27.5
kDa, is also very close to that measured for the S4 protein,
28 kDa (63).

MOL. CELL. BIOL.



VOL. 10, 1990 YEAST SUP44 IS A HOMOLOG OF THE E. COLI S5 ram PROTEIN 6547

+ + + + + + + I I I I ICD " -j " m " ^ I-& w PA w Ab L"ob & " a% (D h) Ch CD & N) + h) a%w lo-& I-A I-A 1-& C>

clt
co

-0,00 Ca 1-3 19 0
CJQ CD w 1-3 a 0 a 0

q 0 z 0
G)CD CD

(D 0 CD

CD Z 0
qn.zz W

(:r Z P = q
0 r-L
u, Z co m
0 z

R
EL >

CD
0 CD r-L H

14 0

w CD >
5' r- cn

0 = CD
r_ o..c E q co go 0 Incr = CD r- 0co CL " 0 W o

0 - = CD t- .-
o = 0.0 G)

CD CD r_
CD 0. A CD

.
0 =CD -.j -4, 0 0 0 m 0

r4 =- CD a 8
Z 0 0 I-A0 'ti w "'O

('D
+-O jw m 0
X CD 0 0

o E r-, m 'A 010 CD iz In G)CD tj
m 00 0 0 0 0

to 0 9 of1-3 tg
CD G) co

CD a 0 0 0= .4 C) H :c 0
CD GI F- $-0 1-3 1.9

CJQ 0 co q:No 8 co 1.3
co 1-i 0 0

CD (A
CD 0 04 9

m w = 1.3 9: 8CA a
0

0
un 0 CDrt I-A co

0 CD 64 t- I-A
CD < R,

(JQ a 0 G)
CD -no q q 9 q Dio0-3 "IC) co 14 r.

to
CD 0 -3 co 1-3
w cr 19 0 1-3 CO) 1-3 0-3W '-s'

0. 0 .
1-3 a 0

CD
CD CD 1-3 1.3

cn 0.3 oq 1-3
co 1-3 0 r. q 1.31.3 1.3 P31-3 1.3 tA 0a 0 1.3 D 0 P-3

0 C) CD 0 0.3 0.3 0.3 1.3 1.3
*. 8 .0 pi 1.3CD :E
w 4 1.3 0-3tj

1-3
CD O 0.3 a 1-3 1-3 1-3

Ps 1.9 0
C) 0-3

= -0, CD co 14
CD 00 (A 1.3 1-3= c'n0 0 -*. 0 0-3 q 1.3I.. " rA C) In 1-3 re co
CD =r 4n 1-3

0
cn CD 14

(z) CD
CD -< n. a 1-3 0 0

o .-o 1-3 0CD 00 14 1-3mlo -"*. () r. A V OF
e" 4c: 1-3 1-3CD cr , 1.3 4 9

o (1) P-3 In of 9 1.31-3 .-a 04 0 1.3Pi % 1-3
0 F- 0-3
0 fA 1-3 1-3CD

m
CD 1-3 0-30

0 (A

0.3 F-
a a



6548 ALL-ROBYN ET AL.

TABLE 1. Comparison of the amino acid analysis of yeast S4
ribosomal protein and the predicted amino acid composition

of the SUP44 protein

Amino Composition (mol%)
acid S4a SUP44b

Ala 8.5 8.2
Arg 6.8 7.8
Asx 7.7 6.2
Glx 10.6 9.8
Gly 11.6 11.0
His 1.4 1.1
Ile 6.3 6.6
Leu 8.9 8.2
Lys 7.9 7.0
Met 0.5 0.7
Phe 2.8 2.7
Pro 6.0 6.2
Ser 4.1 4.7
Thr 6.7 7.4
Tyr 1.8 1.5
Val 8.5 8.2

a From Higo and Otaka (37). No corrections for incomplete acid hydrolysis
or for decomposition were made. Tryptophan and cysteine were not meas-
ured.

b Predicted from the sup44+ sequence.

To test the hypothesis that sup44 encodes the yeast S4
ribosomal protein, the S4 protein was isolated, and the
sequence of 23 residues of a purified S-V8 proteolytic
fragment was determined. All assignments were clearly
observed chromatographically, yielding high confidence se-
quence with no ambiguities. The sequence reported to us
blind from the Harvard Microchemistry facility (Table 2)
exactly matched residues 33 to 55 of the predicted amino
acid sequence of the SUP44 protein (Fig. 3). Thus, it is clear
that sup44 encodes the yeast S4 ribosomal protein.

TABLE 2. Sequence data for an S-V8 proteolytic fragment
isolated from yeast S4 ribosomal protein

Cycle PTH- Yield (pmol)bAAa

1 Lys 128.6
2 Gly 83.5
3 Trp 37.5
4 Val 24.1
5 Pro 25.9
6 Val 9.2
7 Thr 11.9
8 Lys 8.7
9 Leu 8.8
10 Gly 7.4
11 Arg 8.7
12 Leu 4.7
13 Val 2.6
14 Lys 3.1
15 Ala 3.0
16 Gly 2.0
17 Lys 1.5
18 Ile 2.1
19 Thr 1.5
20 Thr 1.5
21 Ile 2.1
22 Glu 0.7
23 Glu 1.1
a PTH-AA, Phenylthiohydantoin-amino acid.
b Corrected for previous cycle background of assigned amino acid. Average

repetitive yield calculated for residues 1 through 21 = 81.4%.

Comparison of the SUP44 protein with other ribosomal
proteins. The predicted amino acid sequence of the sup44+
product was compared with protein sequences in the NBRF
data bank (29), using the algorithm of Lipman and Pearson
(58). The results indicated that SUP44 has significant simi-
larity to ribosomal protein S5 from both E. coli (99) and
Bacillus stearothermophilus (46). A search of the DNA
GenBank data bank (7) revealed extensive similarity (60%
identity in a 728-bp overlap) to a mouse cDNA clone,
LLrep3, that was known to contain an open reading frame
capable of encoding a 25-kDa protein (33, 34). (The putative
LLrep3 protein is not in the Swiss-protein and NBRF data
bases.) Since there are nine AUGs in the LLrep3 5' leader,
each followed by small open reading frames, we suspect that
the cDNA clone is not a faithful copy of the functional gene's
mRNA. Possibly the cDNA is related to one of the 200
pseudogene copies of LLrep3. We propose that sup44+ in
yeast cells and LLrep3 in mouse cells encode ribosomal
proteins equivalent to the bacterial S5. The four sequences
are aligned in Fig. 4 (residues identical to SUP44 are boxed).
The overall identities between the SUP44 protein and the S5
proteins of E. coli and B. stearothermophilus are 26 and
30%, respectively; when conservative substitutions are con-
sidered, similarities are 54 and 55%, respectively. The
LLrep3 predicted protein is 59% identical to SUP44, 78%
when conservative substitutions are considered, over the
entire overlapping sequence.
The similarity between SUP44 and the bacterial proteins is

highest in regions that correspond to the most similar regions
between the bacterial sequences. When the bacterial se-
quences are compared, positions 17 to 57 and 98 to 144 show
73 and 68% identity, respectively. In contrast, the residues
from positions 75 to 97 show only 50% identity (46). A
comparison of residues 17 to 57 and 98 to 144 between the
bacterial S5 and SUP44 sequences also shows a high level of
conservation: 51 and 34% identity to the respective B.
stearothermophilus SS regions, and 41 and 34% identity to
the respective E. coli SS regions. By contrast, the region at
positions 75 to 97 that was less conserved between the
bacterial sequences actually contains an insertion in the two
eucaryotic sequences (Fig. 4). The highly conserved and less
conserved regions are clearly depicted on the dot matrix
homology plots in Fig. 5. A correlation method that quanti-
tatively evaluates the structural similarity predicted from the
sequences (51, 52, 68) gave similar results when used to
compare the four sequences (data not shown). The three
most conserved regions indicated by this analysis corre-
spond to B. stearothermophilus residues 13 to 20, 36 to 60,
and 99 to 123.

DISCUSSION

The sequences of all 52 E. coli ribosomal proteins and
their approximate positions in the ribosome relative to each
other and the rRNA have been determined (12, 14, 64, 97).
Eucaryotic ribosomes, which contain about 75 ribosomal
proteins, are not as well characterized. The sequences of
about 37 rat and 28 yeast ribosomal proteins are now known.
Since 20 of the 37 sequenced rat ribosomal proteins have a
homolog among the 28 known yeast sequences, it appears
that it will be possible to correlate the ribosomal proteins
among eucaryotes. Eliminating homologs from the yeast and
rat data sets, approximately 45 distinct eucaryotic ribosomal
protein sequences are known. Of these, only 12 show
significant similarity to any E. coli ribosomal proteins (re-
viewed in references 92 and 100). Since the sequences of all

MOL. CELL. BIOL.



VOL. 10, 1990 YEAST SUP44 IS A HOMOLOG OF THE E. COLI S5 ram PROTEIN 6549

::r N 0:x as op lp Do Do

3 w o s>PC L-4 so so x Po0
P4 -4 53914 i CD :<<<:

UCmDC(-D0 ESXlxcs -, E; r a N

D CD n N 4c x co:^ [ C oc
°O me V co co X"II
= c X"zr Q"cc

Cl or CD O a go 0 1 Xx"B
0 CD C t )1 )O cx cx cxcl: :rb33r > l;;; E;l.
CD =Oo LI V V 20 20Z P)1o,0 >
o5CD O 3>10 x E

o 0~ "z ^41w s zxx tl X:f3>.t8> H~~~~~
r rl llw

>~~~~~D.4_" t c

113 PoCt t0 x x x

OC3 o to 04 goc e<oc e

ci= m > " Irrl4x:6 Po 10aCX

mO=n:= <<> ow" e"^
11~~~~~~1 BXa- :0 )< s p<

Z~ ~ ~~~0 >bCDrA 10 1 1

0:> " w <> " " lit < e < i
CDOrs>w9 .a" XiwE



6550 ALL-ROBYN ET AL.

(b)
I 83 166

0I'-

(A~ ~ ECS

(d)
F1

EC-S5

1 83 166
i-

\
254

EC-S5

FIG. 5. Dot matrix comparisons between members of the S5
family of ribosomal proteins. Each dot for SUP44/LLrep3 (a) and B.
stearothermophilus S5 (BS-S5)/E. coli S5 (EC-S5) (b) represents 12
exact matches in a window of 27 amino acids. Each dot for
SUP44/B. stearothermophilus S5 (BS-S5) (c) and SUP44/E. coli S5
(EC-S5) (d) represents 8 exact matches in a window of 27 amino
acids. Plots were generated by the homology plot program of HIBIO
PROSIS (Hitachi America, Ltd). The horizontal black bars compare
the relative positions of the homology among the proteins.

of the E. coli ribosomal proteins are known, it appears that
most procaryotic and eucaryotic ribosomal proteins have
diverged to the point that we can no longer trace their
relationships. It is reasonable to hypothesize that those
eucaryotic ribosomal proteins that can be correlated with E.
coli ribosomal proteins are likely to have the same function
and relative position within the ribosome as do their pro-
caryotic homologs. Our results support this hypothesis. We
show that sup44+ encodes ribosomal protein S4 in yeast
cells. This protein is conserved in sequence, as well as
function, compared with the bacterial S5 ram protein (77,
99).

Mutations in the E. coli gene rspE, which encodes S5,
cause one of three different phenotypic effects: (i) resistance
to spectinomycin (28, 72); (ii) reversion from streptomycin
dependence to independence, which also causes a ram
phenotype (43); and (iii) reversion of a temperature-sensitive
alanyl-tRNA synthetase mutation (98). The amino acid
changes in the S5 protein that are associated with each of
these phenotypes are clustered in what appear to be inde-
pendent functional domains (73). In the spectinomycin-
resistant mutants, alterations occurred in the N-terminal
region at position 19, 20, or 21; the S5 ram mutants had
changes in positions 103 and 111; the single characterized
tRNA synthetase revertant contained a deletion of residues
161 to 164 and 166 at the C terminus. Only a single SUP44
allele has been studied so far, and it falls into the second
class of mutations since it causes a ram phenotype. The
SUP44 allele is associated with an amino acid substitution of
tyrosine for the serine residue at position 200 in the yeast
protein, corresponding to an alteration at position 126 in the
E. coli protein, not far from the known fidelity alterations at
positions 103 and 111.

Extensive similarity between sup44 and the mouse se-
quence LLrep3 (33) was found at both the DNA and protein
levels. LLrep3 is a member of a 200-copy repeated sequence
family that appears to consist almost entirely of
pseudogenes. It is a highly conserved gene that is also
present in 200 copies in the human genome (34, 83a) but in a
single copy in chicken, Xenopus laevis, fish, and nematode
genomes (33). The transcript of LLrep3 is abundant [0.5% of
the poly(A)+ RNA in CHO and hepatoma cells] and is
strongly growth regulated (33). From these data, it was
hypothesized that LLrep3 had an important housekeeping
function. We find that the protein predicted from LLrep3 is
59% identical to SUP44 (78% with conservative substitu-
tions) over the entire overlapping sequence (Fig. 4 and 5). In
addition, the DNA sequences of the two genes are about
60% identical. We propose that both SUP44 and LLrep3 are
eucaryotic ribosomal protein genes related to the E. coli
gene that encodes ribosomal protein S5 and that is associ-
ated with ram mutations. While mammalian ribosomal pro-
tein genes are generally encoded by one functional gene,
they are usually associated with only 10 to 20 pseudogene
copies (23, 48, 70, 93).
The 5' region of the LLrep3 protein is not precisely

defined. The sequenced cDNA clone contains a 1-kb 5'
leader with nine AUGs before the AUG that starts the large
open reading frame. The first AUG is in a good context for
efficient initiation of translation, while the 10th AUG is in a
poor context (50). Since the first AUG almost always is the
initiator codon in eucaryotes (49), and since the 5' leader of
eucaryotic ribosomal protein messages is generally short, 50
to 100 bp, it appears that this cDNA does not correspond to
the bona fide message. Furthermore, the open reading frame
directly 5' to the initiator AUG proposed by Heller et al. (33)
shows a strong similarity to the yeast sequence, suggesting
that the 10th AUG is not the initiator codon. Indeed, a
sequence equivalent to 10 amino acids preceding the 10th
AUG is identical to the corresponding region of SUP44. The
further 5' sequence, which is strongly glycine and arginine
rich, also shows good similarity.
The SUP44 protein begins to correspond to its S5 bacterial

counterparts at position 66 or 67 (Fig. 4). Within the noncor-
responding N-terminal region, the SUP44 protein contains a
sequence (RGGFGGRNRG) that shows striking similarity to
glycine-arginine-rich sequence repeats found in a variety of
other nucleolar proteins. These repeats are found in nucle-
olin, the major nucleolar protein (three copies of RGGF
GGR) (9); fibrillarin, located in the fibrillar compartments of
nucleoli (three copies of RGGFGGR) (36, 81); yeast single-
stranded RNA-binding protein SSB1, located predominantly
in the nucleolus (three copies of RGGFRGR) (44); a helix-
destabilizing, single-stranded binding heterogeneous nuclear
ribonucleoprotein Al (one copy of RGGFGGS and other
similar sequences) (16); and a suspected nuclear antigen
from Epstein-Barr virus (three copies of RGGSGGR) (4).
The arginine residues in some of these sequences have been
shown to be dimethylated posttranslationally (15, 55, 59).
While the function of this sequence repeat is not known, it
has been hypothesized to be involved in RNA binding,
cooperative protein-protein associations (15, 36), or integra-
tion into the nucleolus (81). Possibly, this sequence in
SUP44 functions similarly to those in the other nucleolar
proteins. A similar sequence (RGGFGSGLRGRGRGRGR
GRGRGRG) is found within the glycine-arginine-rich region
in LLrep3 mentioned above. However, we note that the
sequence is not found in other eucaryotic ribosomal proteins
presently known. Thus, if the sequence is important to
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SUP44 and LLrep3, its function has been replaced by other
sequences or has disappeared in other ribosomal proteins.
The molecular mode of action of the E. coli ribosomal

proteins that affect translational accuracy is now under
investigation. Since the S4-S5-S12 cluster is found on the
opposite side of the 30S subunit from the site of the codon-
anticodon interaction, it has been suggested that its effect on
the codon-anticodon interaction is probably indirect (1). In a
recent study using structure-sensitive chemical probes, mu-
tations in S4 and S12 that induced or restricted ambiguity
were shown to alter the higher-order structure of 16S rRNA
(1). For example, reactivity of the 16S rRNA nucleotide
A-908 to the structure-sensitive chemical probe dimethyl
sulfate generally paralleled the translational error frequency
of the ribosome. The correlations of rRNA structural alter-
ations with changes in translational accuracy suggest that the
rRNA conformation directly affects fidelity. Although it is
possible that the correlations are simply coincidental, the
hypothesis of a causative relationship is further supported by
the fact that molecular modeling studies on 16S rRNA place
A-908 between the decoding site and the S4-S5-S12 cluster.
The authors suggest that the reactivity of A908 is a measure
of an equilibrium between two 16S rRNA conformations that
are held in balance in wild-type ribosomes by the opposing
effects of a ribosomal protein such as S4 or S5 versus S12.
They suggest that alterations in these proteins may affect
translational accuracy via a change in the 16S rRNA struc-
ture (1). A further test of this model requires the examination
of additional mutations in ribosomal protein genes affecting
translational accuracy (e.g., mutations in the genes encoding
S17 and S5).
Other investigators (87) have used in vitro experiments to

show that alterations in S4 or S12 can change the rate of
EF-Tu-GDP dissociation. Since this rate is thought to be an
internal kinetic standard by which EF-la distinguishes be-
tween cognate and noncognate amino acylated tRNAs, small
rate changes may have a dramatic effect on translational
fidelity (87). Possibly, alterations in S4, S5, or S12 affect the
16S rRNA conformation, which in turn affects translational
accuracy by changing the rates of EF-Tu-GDP dissociation.
As mutations in yeast ribosomal protein genes analogous to
the E. coli fidelity mutations are isolated and identified, they
can be used to test these proposed mechanisms in a eucary-
otic ribosome.
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