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Production of ribosomal protein S14 in Saccharomyces cerevisiae is coordinated with the rate of ribosome
assembly by a feedback mechanism that represses expression of RPS14B. Three-hybrid assays in vivo and filter
binding assays in vitro demonstrate that rpS14 directly binds to an RNA stem-loop structure in RPS14B
pre-mRNA that is necessary for RPS14B regulation. Moreover, rpS14 binds to a conserved helix in 18S rRNA
with approximately five- to sixfold-greater affinity. These results support the model that RPS14B regulation is
mediated by direct binding of rpS14 either to its pre-mRNA or to rRNA. Investigation of these interactions with
the three-hybrid system reveals two regions of rpS14 that are involved in RNA recognition. D52G and ES5G
mutations in rpS14 alter the specificity of rpS14 for RNA, as indicated by increased affinity for RPS14B RNA
but reduced affinity for the rRNA target. Deletion of the C terminus of rpS14, where multiple antibiotic
resistance mutations map, prevents binding of rpS14 to RNA and production of functional 40S subunits. The
emetine-resistant protein, rpS14-Em®¥, which contains two mutations near the C terminus of rpS14, does not
bind either RNA target in the three-hybrid or in vitro assays. This is the first direct demonstration that an
antibiotic resistance mutation alters binding of an r protein to rRNA and is consistent with the hypothesis that

antibiotic resistance mutations can result from local alterations in rRNA structure.

The complexity and abundance of ribosomes necessitate the
coordinate regulation of a large group of genes to avoid un-
necessary investments of cellular energy in the production of
excess components. In Saccharomyces cerevisiae, 78 different
ribosomal proteins (r proteins) and 4 ribosomal RNAs are
synthesized in nearly equimolar amounts (reviewed in refer-
ence 67). Because so much energy is invested in ribosome
assembly, small adjustments to the rate of ribosome assembly
or even the production of individual ribosomal components
can be advantageous to the cell (31).

The coordinate regulation of ribosomal protein genes in
Escherichia coli occurs by autogenous regulation (reviewed in
references 11, 42, and 68). A subset of unassembled r proteins
inhibits the expression of their own operons by exploiting their
RNA binding capacity. It is generally assumed that these r
proteins must bind preferentially to their rRNA target rather
than to the corresponding mRNA binding site to allow repres-
sion only in the absence of assembly targets.

Fewer examples of feedback regulation are known in eu-
karyotes; only a few genes have been studied in detail (66).
Three different yeast r protein genes are subjected to feedback
control; L32 regulates the splicing and translation of its mes-
sage (9, 15), rpL4 [L2] stimulates the degradation of its tran-
scripts (46, 47), and rpS14 is thought to repress RPS14B
[CRY?2] expression posttranscriptionally (33). Homologs of two
of these genes are also regulated in higher eukaryotes. The
Xenopus laevis homolog of L4 is autogenously regulated at the
level of splicing (3, 6), and the transcription of the mammalian
RPS14 gene is repressed by unassembled protein (57). How-
ever, direct binding of the r protein to its messenger RNA
target has been demonstrated in only two of these examples;
yeast rpL.32 binds directly to its pre-mRNA and mRNA (63),
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and mammalian S14 binds to its message and to antisense
RNAs involved in its regulation (57). In neither of these cases
has a direct interaction been demonstrated between the r pro-
tein and both mRNA and rRNA targets.

The RPS14B [CRYI] and RPS14B [CRY2] genes of S. cer-
evisiae are unlinked, duplicated genes that encode the essential
40S ribosomal subunit protein rpS14 (30, 43). Mutations in the
last codon of either of these genes confer resistance to the
translation inhibitor cryptopleurine (43). Similarly, mutations
in two arginines at the C terminus of the mammalian homolog
of RPSI4 confer resistance to emetine (34). These inhibitors
block protein synthesis by binding to a high-affinity site on the
40S ribosomal subunit and preventing the elongation factor
EF-2-translocation step (5). In wild-type cells, RPS144 and
RPS14B are expressed at a 10:1 ratio, respectively. A deficit of
rpS14, caused by the deletion or inactivation of RPSI4A, re-
sults in a the 10-fold derepression of RPSI4B (43). Current
evidence suggests that RPS14B is regulated posttranscription-
ally by the recognition of an RNA stem-loop structure formed
from sequences in the 5’ exon and first 62 nucleotides in the
intron of RPSI14B (33).

A fundamental prediction of this feedback model is that
unassembled rpS14 interacts directly or indirectly with two
different RNA targets—one in the ribosome and one in
RPS14B pre-mRNA. Using the three-hybrid system (55) and a
filter binding assay, we demonstrate that rpS14 directly inter-
acts with RPS14B pre-mRNA and with a stem-loop in 18S
rRNA. This is the first direct demonstration of the binding of
a eukaryotic ribosomal protein to both rRNA and mRNA
targets. Mutations in rpS14 that affect the affinity of the protein
for both targets were generated to identify potential RNA
binding domains of the protein. Interestingly, mutations that
confer resistance to cryptopleurine or emetine altered the af-
finity of rpS14 for both RNAs in the three-hybrid assay. This
result supports previous observations that antibiotic resistance
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mutations map to regions of bacterial r proteins predicted to
bind to rRNA (reviewed in reference 50).

MATERIALS AND METHODS

Nomenclature of yeast r proteins and rpS14 mutant proteins. The duplicated
yeast genes encoding the 40S ribosomal protein rpS14 were originally designated
CRY1 and CRY?2 because mutations in either gene confer resistance to crypto-
pleurine (29, 43). Likewise, the CRY gene products were previously named rp59
with the original nomenclature of Gorenstein and Warner (19). Here we refer to
CRY1 as RPS14A, CRY2 as RPSI4B, and rp59 as rpS14 according to the new
nomenclature for the ribosomal proteins of S. cerevisiae (36). In addition, other
yeast r protein genes are referred to by their new names, with their old names in
brackets. Alleles of RPS14B and the corresponding rpS14 proteins presented in
this study are as follows: rpsi4b-4 (rpS14-CryR, L138stop); rpsi4b-5 (rpS14-
EmRR R133C, R134H); rpsi4b-6 (rpS14-E55G); rpsi4b-7 (rpS14-E55K);
rps14b-8 (rpS14-P123L); and rps14b-9 (rpS14-AC127-138).

Three-hybrid assay. The yeast strain L40 and plasmids pIII/MS2-1 and
pACTII, used in the three-hybrid assay (55), were a gift from Marvin Wickens
(University of Wisconsin). To facilitate cloning of fragments into the hybrid
RNA vector, additional restriction sites were introduced into pIII/MS2-1 by
ligating annealed oligonucleotides SWF20 5'-GGGAGATCTAAGCTTTACGT
AATCGAT-3" and SWF21 5'-ATCGATTACGTAAAGCTTAGATCTCCC-3’
into a unique Smal site in the plasmid to generate p4130. DNA encoding the
RPS14B regulatory element was amplified by PCR with oligonucleotides
SWF16B 5'-GAAAGGCCTATTAAGAATGGCTAAGC-3' and SWF18B 5'-A
AGATCGATAAGAATAACTAAATGGT-3', digested with Stul and Clal, and
ligated between the Smal and Clal sites of p4130. DNA encoding nucleotides
1515 to 1587 of S. cerevisiae 18S rRNA was amplified from p518 (a gift from
Susan Liebman, University of Illinois, Chicago) with oligonucleotides S11up
5'-GAAAGGCCTGGGCATCAGGTATTCAATTG-3" and S11dn 5'-AGGAT
CGATGGGCAAATGCTTTCGC-3', digested with Stul and Clal, and cloned
into the Smal and Clal sites of p4130. The sequence of all recombinant DNAs
was verified with the AmpliCycle sequencing kit (Perkin-Elmer).

The pACT-S14 hybrid protein vector was constructed by ligating a Nrul-Xhol
fragment from p4075 encoding the 3" exon of RPS14B to pACTII digested with
Smal and Xhol. DNAs containing the C-terminal deletion mutation, a crypto-
pleurine resistance mutation, and the double emetine resistance mutation were
amplified by PCR with SWF16B and SWF13BamHI 5'-CGGGATCCTCAGGT
GGAGTCTGATGGGAC-3', SWF37 5'-GGTAGAAGATGATGATTTCTTTT
TTTTTTACTC-3', or SWFEmR 5'-CGGGATCCTCATAAATGACAACCTC
TTCTACCACCCTTCTTTC-3', respectively, and subsequently cloned into
PACTIL

Transformants containing plasmids expressing the hybrid RNAs and the hy-
brid proteins were selected on media lacking uracil and leucine. Multiple trans-
formants were then assayed for the ability to grow on selective media containing
5, 10, 15, or 20 mM 3-amino-triazole (3-AT) or on 5-bromo-4-chloro-3-indolyl-
B-p-galactopyranoside (X-Gal) indicator plates. Direct measurement of beta-
galactosidase activity was determined as described by Kippert (24). Enzymatic
activity values represent the averages of three independent experiments. Expres-
sion of the hybrid proteins in yeast was verified by Western analysis with rabbit
polyclonal antibodies generated against glutathione S-transferase (GST)-S14
fusion protein (32).

Analysis of rpS14 mutants in vivo. To assay the function of rpS14 mutant
proteins in vivo independently of the three-hybrid system, mutations were site
directed into a vector containing an EcoRI-ClaRI RPS14B fragment from which
the intron of RPS14B was previously removed (33). A stop codon was engineered
at codon 127 by site-directed mutagenesis with oligonucleotide SWF34AC 5'-C
CATCAGACTCCAACTAGTAGAAGGGTGGTAG-3' (27). The double eme-
tine resistance mutation and the E55G, E55K, and P123L mutations were also
site directed with oligonucleotides SWF35Em 5'-GGTAGAAGAGGTTGTCA
TTTATGATTTCTTTT-3', SWF31 5'-CCGACAGAGACAAATCATCTCCAT
AC-3', SWF32 5'-CCGACAGAGACGGATCATCTCCATAC-3', or WSF33 5'-
GTTACTCCAGTCCTATCAGACTCCACC-3'. The plasmids were subse-
quently transformed into JWY3245 (rpsi4A-A RPSI4B RPSI4B-lacZ) or
JWY1884 (rps14A-A rps14B-A pRPS14A) to assay the ability of rpS14 mutants to
repress RPSI14B expression or assemble into ribosomes, respectively (33, 39).

In vitro transcription. Templates for transcription of RPS14B RNAs were
generated as follows. A BglII-BamHI fragment containing RPS14B was inserted
at the BamHI site in Bluescript Ks+ (Stratagene) with a Bg/II site created in a
previous study at nucleotide +1 (33). A functional Bg/II site in RPS14B was then
introduced by site-directed mutagenesis (27) at nucleotide +105 to generate
plasmid p4051. Linearized DNA suitable for transcription of RPS14B nucleotides
+1 to +105 was prepared by digestion with Bg/II followed by purification from
1% agarose-TAE gels. Linearized plasmids were purified from gels as described
by Zhen and Swank (70) and suspended in diethyl pyrocarbonate-treated water
at a final concentration of 0.5 to 1.0 mg/ml. DNA including nucleotides 1515 to
1587 of S. cerevisiae 18S TRNA was inserted into Bluescript Ks— for use in
transcription reactions as follows. The ribosomal DNA (rDNA) fragment was
amplified by PCR with oligonucleotides S11up and S11dn and cloned between
the Smal and Clal restriction sites of Bluescript Ks—. This plasmid was subse-
quently linearized with Clal and purified as described above. Template for the
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transcription of ferritin L chain iron-responsive element (IRE) was a gift from
Chuck Allerson, National Institutes of Health.

Radiolabeled RNA was synthesized by run-off transcription from either the
plasmids described above or PCR-generated templates with the Ambion T7-
MEGAshortscript transcription kit. Reactions were performed according to the
manufacturer’s instructions. For filter binding experiments, RNA was uniformly
labeled by including 20 pwCi of [a-*?P]JUTP (3,000 Ci/mmol; Amersham) in the
reaction. Full-length transcripts were purified from 6% polyacrylamide (19:1
acrylamide:bis-acrylamide)-5 M urea gels by soaking gel slices in elution buffer
(0.3 M NaOAc, 1 mM EDTA) overnight at 4°C. The eluted transcripts were
extracted once with phenol-chloroform, precipitated with ethanol, and sus-
pended in an appropriate volume of Tris-EDTA.

MBP-S14 purification. The MBP-S14 fusion was constructed as follows. Fol-
lowing the precise removal of the RPSI4B intron from a plasmid containing
RPS14B on an EcoRI-Clal fragment (33), a unique Stul site was introduced just
before the initiator ATG of RPS14B by site-directed mutagenesis with oligonu-
cleotide SWF7 5'-GGTCGTTAGCCATAGGCCTCTTAATTGTTATTGGG-
3'. The entire RPS14B coding sequence was then fused in-frame to malE in the
pMalc vector (BioLabs) to generate p4078. The fusion plasmid was expressed in
E. coli BL21 by induction with 0.3 mM isopropyl-B-p-thiogalactopyranoside
(IPTG) for 2.5 h. Induced cells were lysed by sonication and applied to an
amylose column as described in the manufacturer’s instruction manual (ProFu-
sion kit; BioLabs). Protein concentration was estimated by a micro-Bradford
assay and concentrated with Microcon 10 concentrators (Millipore) as necessary.
Purified protein was stored in column elution buffer (CEB) at 4°C for several
weeks or at —80°C for longer periods of time.

Filter binding. RNA probes were diluted in renaturation buffer containing 30
mM Tris-HCI (pH 8.0), 350 mM KCl, and 10 mM MgCl,. The RNA was heated
at 60°C for 5 min and immediately placed on ice for 10 min. Typical binding
reactions consisted of 5 pl of RNA (10 to 15 nM), 43 pl of binding buffer (30 mM
Tris-HCI [pH 8.0], 150 mM KCI, 2 mM MgCl,, and 60 mg of E. coli tRNA per
ml), and 0 to 20 pg of MBP-S14 diluted in CEB as necessary. Binding reactions
were incubated at 25°C for 30 min and then applied directly onto nitrocellulose
filters (HAWP 024; Millipore) under gentle vacuum. Before application of the
binding reactions, 1 ml of binding buffer (without tRNA) was used to equilibrate
each filter. Subsequent to sample filtration, the filters were rinsed with 100 .l of
binding buffer (without tRNA) to reduce background radioactivity. Binding was
quantified by scintillation counting, and binding isotherms were plotted with
Kaleidagraph 3.0.

Selection of gain-of-function mutants. To generate a library of randomly
mutated plasmids, pACT-S14 was transformed into E. coli XL1-Red (Strat-
agene) according to the manufacturer’s suggestions. Colonies from multiple
independent transformations were scraped from transformation plates and used
to inoculate 5 ml of overnight cultures in Luria broth plus ampicillin for subse-
quent plasmid extraction.

Mutagenized pACT-S14 plasmids were transformed into the three-hybrid
yeast strain carrying the wild-type MS2-RPS14B hybrid RNA vector. Transfor-
mants were grown on minimal media lacking uracil and leucine for 3 days at
30°C. Subsequently, the transformation plates were replica plated to minimal
media lacking uracil, leucine, and histidine and containing 20 mM 3-AT. Resis-
tant colonies were chosen after 5 to 7 days and restreaked onto selective plates
without 3-AT. Plasmids conferring 3-AT resistance were shuttled through E. coli
and into yeast again to confirm that the resistance phenotype was associated with
the plasmid. Mutations in rpS14 were identified by DNA sequencing, and ex-
pressing of mutant hybrid proteins was checked by Western analysis.

Analysis of yeast ribosomal subunits. Ribosomal subunits were extracted and
analyzed as described in Tsay et al. (59) with the following modifications. Yeast
cells were grown to early log phase in 100 ml of yeast extract-peptone-dextrose
at 30°C. Forty optical density units (ODs) of cell extract was loaded onto 35-ml
7% to 47% linear sucrose gradients. The gradients were centrifuged at 27,000
rpm in a SW28 swinging bucket rotor for 4 h at 4°C.

RESULTS

rpS14 and RPS14B RNA interact in the yeast three-hybrid
system. The ability of rpS14 to interact with RPSI4B pre-
mRNA was tested by using the yeast three-hybrid system (55).
Analogous to the two-hybrid system, the three-hybrid system
depends upon the interaction of RNA and protein components
to bring together an array of factors required to activate re-
porter gene expression in yeast. A number of specific RNA-
protein interactions have already been demonstrated in this
system, including IRE/IRP1, TAR/Tat (55), histone mRNA/
HBF or SLBP (37, 65), and fem-3 PME/FBF (69).

To determine whether rpS14 interacts with RPSI4B pre-
mRNA in the three-hybrid system, RPSI4B encoding rpS14
was fused in-frame to the GAL4 transcriptional activation do-
main in pACTII, and the RPSI4B regulatory stem-loop se-
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FIG. 1. Predicted secondary structure of helix 23 from E. coli 16S rRNA
(nucleotides 668 to 738) and S. cerevisiae 18S rRNA (nucleotides 876 to 948) and
the RPS14B regulatory stem-loop (nucleotides 31 to 89). The RPS14B sequence
was previously defined by extensive mutational analysis as necessary for feedback
regulation (33). The 5’ splice site of RPS14B is shown in bold-faced letters. The
structure of this RNA was predicted by using the University of Wisconsin FOLD
program as described in reference 33. Ribosomal RNA structures are adapted
from Gutell (21) and are available at http://pundit.colorado.edu:8080/RNA/16S
/16s.html.

quence (Fig. 1) was cloned upstream of the MS2 coat protein
binding site in p4130 derived from pIII/MS2-1. When both
plasmids were transformed together into a yeast strain express-
ing the LexA-MS2 coat protein hybrid (55), the resulting col-
onies exhibited increased reporter gene expression as indicated
by growth on plates containing 5 mM 3-AT and increased
beta-galactosidase activity (Fig. 2A). This three-hybrid inter-
action between RPS14B RNA and rpS14 was reproducible but
weak compared to the IRE/IRP positive control. The positive
response was dependent upon both components, since substi-
tution of either with the vector plasmid did not activate the
reporters. Moreover, both an antisense RPS14B sequence and
an IRE RNA failed to interact positively with rpS14 in three-
hybrid assays. These three-hybrid experiments demonstrate a
link between unassembled rpS14 and RPSI4B pre-mRNA.
rpS14 also interacts with 18S rRNA. Since most r proteins
are thought to interact with rRNA during the processing of

MoL. CELL. BIOL.

A.
RNA PROTEIN B-gal activity
MS2-IRE ACT-IRP 16.4 (1.8)
MS2-RPS14B ACT-S14 Q 4.6 (1.0)
MS2-RPS14Br ACT-S14 2.0 (0.3)
MS2-RPS14B  ACT 0.6 (0.1)
MS2 ACT-S14 0.8 (0.1)
MS2-IRE  ACT-S14 2.8 (1.2)
5mM 3-AT SC-ura-leu
B.
RNA PROTEIN B-gal activity
MS2-rRNA ACT-S14 21.7 (6.6)
MS2-rRNA ACT N.D.

5mM 3-AT SC-ura-leu

FIG. 2. Three-hybrid assay of interactions between rpS14 and the regulatory
stem-loop in RPS14B pre-mRNA or helix 23 of 18S rRNA. The three-hybrid
yeast strain L40 (55), containing an integrated copy of the gene encoding the
LexA:MS2 coat binding fusion protein, was transformed with plasmids carrying
different GAL4 activation domain fusions and MS2 RNA fusions. Transformants
were selected on SC-Ura-Leu medium and subsequently tested for expression of
the HIS3 and lacZ reporter genes. A positive three-hybrid interaction is indicated
by growth on medium supplemented with 5 mM 3-AT and elevated beta-galac-
tosidase (B-gal) activity. (A) MS2-IRE and ACT-IRP hybrid plasmids encode the
IRE and the iron-responsive protein fused to the MS2 hairpin and the GAL4
activation domain, respectively (55). The RPSI4B regulatory RNA (MS2-
RPS14B) and rpS14 (ACT-S14) interact positively in this assay. Antisense
RPS14B (MS2-RPS14r), the IRE (MS2-IRE), MS2 alone (MS2), and the GAL4
activation domain alone all failed to interact with the appropriate protein or
RNA target. The averages of three independent measurements of beta-galacto-
sidase activity are shown, with standard deviations in parentheses. (B) Helix 23
of S. cerevisiae 18S rRNA (MS2-rRNA) interacts positively with S14. N.D., not
determined.

rRNA and its assembly into ribosomes (56), it is likely that
rpS14 also recognizes an rRNA target. A possible rRNA target
for rpS14 is suggested by experiments with the bacterial ho-
molog of rpS14, designated rpS11. Nucleotides 668 to 738 in
helix 23 of the E. coli 16S rRNA can be cross-linked to rpS11
in vitro (20) and protected by rpS11 in hydroxyl-radical struc-
ture probing experiments (45). Given that rpS11 and rpS14
have 37% identity (30) and that helix 23 of rRNA is also
conserved (Fig. 1), it seems likely that both proteins recognize
the same region of rRNA in their respective organisms. To test
this hypothesis, we introduced the region of yeast 18S rRNA
corresponding to helix 23 in bacterial rRNA (nucleotides 876
to 948) into the three-hybrid system. As shown in Fig. 2B, the
rRNA-rpS14 interaction led to 4.5-fold-greater reporter gene
expression than that for the RPS14B-rpS14 combination. In
contrast, no interaction was observed between rpS14 and the
ITS2 sequence of rRNA (data not shown). The observation
that rpS14 binds to both RPS14B pre-mRNA and, with higher
affinity, to rRNA is consistent with a model in which compe-
tition between the RPSI4B pre-mRNA and rRNA binding
sites dictates the relative expression of RPS/4B. Thus, when
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[MBP-S14] uM

FIG. 3. MBP-S14 binds to the RPSI14B regulatory stem-loop or helix 23 of 18S rRNA in vitro. Filter binding isotherms for MBP-S14 and its two RNA targets are
shown. MBP-S14 and helix 23 of 18S rRNA (—@—); MBP-S14 and RPSI4B regulatory stem-loop (—l— ); MBP-S14 and IRE RNA (——); MBP-S14AC and

RPS14B regulatory stem-loop (—&—).

rpS14 is in excess of its ribosomal assembly partners, it binds to
its pre-mRNA and prevents its expression.

S14 directly interacts with both RNA targets. To determine
whether rpS14 could interact directly with RNA, we tested the
ability of purified MBP-S14 fusion protein to bind to RPS14B
pre-mRNA and rRNA targets in vitro in a filter binding assay
(Fig. 3). MBP-S14 bound directly to both RNAs as determined
by the retention of increasing amounts of radiolabeled RNAs
with increasing concentrations of fusion protein. Consistent
with the three-hybrid result, rpS14 exhibited greater affinity for
the rRNA target (K, = 3 puM ') compared to the RPS14B
pre-mRNA (K, = 0.5 pM ). The specificity of this interaction
was verified by the inability of MBP-S14 to recognize the IRE
RNA in a similar filter binding experiment. These data not
only validate the three-hybrid interaction but also demonstrate
a direct interaction between S14 and its two RNA targets.

The C terminus of S14 is required for RNA binding. Like
many ribosomal proteins, the amino acid sequence of rpS14
does not contain a discernible RNA recognition domain. How-
ever, analyses of bacterial r proteins suggest that conserved,
basic amino acids, particularly those located in loops or turns
in the protein structure, conserved solvent-exposed hydropho-
bic residues, and amino acids mutable to drug resistance phe-
notypes are hallmarks of RNA binding domains in r proteins
(60, 61; reviewed in references 49 and 50). These observations
suggest that the C terminus of rpS14 might be involved in RNA
recognition because it is rich in highly conserved, basic resi-
dues (30) that are predicted (by the Chou-Fasman algorithm)
to fold into a loop-turn structure. In addition, resistance to the
translational inhibitors cryptopleurine and emetine maps to
the last three residues of rpS14 (Fig. 4). Mutations that confer
resistance to cryptopleurine map to the last codon of yeast
rpS14, changing leucine 138 to a serine or a stop codon (29,
43). Likewise, emetine resistance mutations in the mammalian
RPS14 gene change two highly conserved arginines, residues

136 and 137 (52). Based upon these criteria, the C terminus of
rpS14 is a good candidate for an RNA binding domain.

To test the importance of the C terminus in RNA binding,
the ability of a truncated version of rpS14 (11-amino-acid C-
terminal truncation, designated rpS14-AC) to interact with
RPS14B pre-mRNA and rRNA was examined by using the
three-hybrid system (Fig. 5) and by filter binding (Fig. 3 and
data not shown). The truncated protein failed to interact with
either RNA target in both assays. Western blot analysis indi-
cated that steady-state levels of the rpS14-AC mutant protein
were comparable to the wild-type protein in the three-hybrid
yeast strain (data not shown). Thus, the inability of rpS14-AC
to interact with RNA in the three-hybrid system cannot be
attributed to protein instability. The effect of this mutation was
further examined by determining whether the truncated pro-
tein could assemble into functional ribosomes in vivo. A plas-
mid shuffle experiment was used to demonstrate that the trun-
cated protein could not complement the lethal phenotype of a
1ps14A::TRPI rps14b::LEU2 double-knockout strain (data not

1 11 21

MANDLVQARD NSQVFGVARI YASFNDTFVH VTDLSGKETI
4

ARVTGGMKVK Sllx.gRD!SSPYA AMLAAQDVAA KCREVGITAV
HVKIRATGGT RTKTPGPGGQ AALRALARSG LRIGRIEDVT

121 g 131 *
PVPCDSTRKK GGRRGRRL

FIG. 4. Amino acid sequence of S14 encoded by the RPSI4B gene. The
locations of mutations that confer resistance to emetine (underline) and cryp-
topleurine (asterisk) are indicated. Amino acids that can be mutated to increase
the three-hybrid interaction between S14 and the regulatory stem-loop of
RPS14B are indicated by arrowheads. An alignment of E. coli rpS11, yeast, and
human rpS14, shown in Larkin et al. (30), illustrates that the rpS14 sequence is
highly conserved.
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rRNA RPS14B rRNA RPS14B

ACT-S14-AC
ACT-S14-CryR

ACT-S14-EmRR

S5mM 3-AT

SC-ura-leu

MoL. CELL. BIOL.

rRNA RPS14B

° . 0.7 (0.2) 0.5 (0.2)
‘ . 54.7 (21.2) 8.6 (2.9)
LK

1.0 (0.2) 1.3 (0.5)
B-gal activity

FIG. 5. Altered interactions of antibiotic-resistant S14 proteins or C-terminally truncated S14 with RPSI4B RNA or rRNA. ACT-rpS14 three-hybrid constructs
containing the C-terminal truncation of 11 amino acids (ACT-S14-AC), the Cry® mutation (ACT-S14-Cry®), or the Em®R mutation (ACT-S14-EmR®) were assayed
with the RPS14B regulatory stem-loop or with helix 23 or 18S rRNA. Results are presented as in Fig. 2. B-gal, beta-galactosidase.

shown). We have previously shown that wild-type rpS14 is
present in 40S ribosomal subunits and that it is necessary for
the assembly of stable functional 40S subunits. In the absence
of rpS14, no stable 40S subunits assemble (39). Therefore, the
failure of rpS14-AC to complement the lethality of rpsI4a::TRPI
rps14b::LEU2 suggests that this truncated protein does not
assemble into functional 40S subunits. Taken together, these
data indicate that the C terminus of rpS14 is necessary for
RNA recognition in vivo and in vitro.

Antibiotic resistance mutations alter the affinity of rpS14
for RNA. To further investigate the role of the C terminus of
rpS14 in RNA recognition and to explore the link between
antibiotic resistance and RNA binding, the ability of rpS14
containing the R136C R137H emetine resistance double mu-
tation (rpS14-Em®®) or the L138stop cryptopleurine resis-
tance mutation (rpS14-Cry®) to bind RPS14B and rRNA tar-
gets was tested in the three-hybrid system. Cells expressing
rpS14-EmR® and either RNA target did not grow on 3-AT
plates and exhibited low levels of beta-galactosidase activity.
Furthermore, rpS14-Em®® did not bind to either target in the
in vitro filter binding assay (data not shown). In contrast,
rpS14-Cry® interacted more strongly with both RNAs than did
the wild-type rpS14 in the three-hybrid assay (Fig. 5). Thus, the
two drug resistance mutations appear to affect the affinity of
rpS14 for RNA in different ways. Despite this difference, these
data are nonetheless consistent with the hypothesis that anti-
biotic resistance mutations in r proteins confer their effect by
altering the r protein’s interaction with rRNA.

rpS14-Em®® fails to repress RPSI4B but assembles into
ribosomes. The ability of rpS14-Em®® to recognize the two
natural, full-length RNA targets in vivo was examined by de-
termining (i) whether rpS14-Em™® could function as a repres-
sor of RPS14B expression and (ii) whether the mutant protein
could assemble into functional ribosomes. The ability of rpS14-
EmR®® to repress RPSI4B was assessed by comparing beta-
galactosidase levels in a rpsl4a::TRPI RPS14B RPS14B-lacZ
yeast strain transformed with either RPS14A4, RPS14B, or the
emetine-resistant allele of RPS14B (33). As expected, wild-
type rpS14 encoded by either RPS14A4 or RPSI4B can repress
RPS14B in vivo; expression of RPS14B-lacZ decreases from
504 to 73 U/OD when RPS14A is introduced into the strain or
to 90 U/OD upon transformation with RPS14B. However, ex-
pression of the RPSI4B-lacZ reporter was not significantly
repressed when the emetine-resistant allele of RPS14B was
introduced; 381 U of beta-galactosidase activity per OD was
observed. It is not clear whether the modest repression of
RPSI14B-lacZ expression in this case results from the ability of
rpS14-EmR® to directly function as a repressor, albeit less
efficiently than wild-type rpS14, or if rpS14-Em®® indirectly
represses RPS14B-lacZ by competing with RPSI14B-encoded

rpS14 for assembly into ribosomes. If the latter is true, the
decrease in RPS14B-lacZ expression might result from a slight
excess of wild-type unassembled rpS14.

The ability of rpS14-Em®¥ to assemble into functional ribo-
somes in yeast was tested by a plasmid shuffle experiment.
rps14a-A rps14b-A cells containing a plasmid encoding the em-
etine-resistant allele of RPS14B as the only source of S14 were
viable but exhibited a slow-growth phenotype (data not
shown). This result indicates that rpS14-Em®* can assemble
into functional ribosomes but suggests that the assembly
and/or functionality of the 40S subunits is aberrant.

Our observation that rpS14-Em®® assembles into ribosomes
but does not bind RNA in vitro is not unprecedented. Muta-
tions in yeast rpL25 and rpL.32 that weaken or eliminate bind-
ing to RNA in vitro do not prevent assembly of these proteins
into ribosomes in vivo and are not lethal (25, 54, 64). These
results suggest that other factors, such as protein-protein or
additional RNA-protein interactions, stabilize the association
of rpS14 with the assembling ribosome. The incorporation of
rpS14-Em®® into ribosomes might involve interaction with not
only helix 23 but also helix 24 of 18S rRNA. In addition to helix
23, nucleotides in helix 24 of E. coli rRNA were protected from
hydroxyl radical attack by rpS11 (45). Hence, an interaction
between rpS14 and helix 24, in the absence of strong interac-
tions with helix 23, might be sufficient to permit the assembly
of functional, albeit less stable, 40S subunits.

Mutations that alter the specificity of rpS14 binding to
RPS14B pre-mRNA and rRNA. To define other regions of
rpS14 that are important for RNA recognition, mutations in
this protein that increased the interaction between RPS14B
pre-mRNA and rpS14 were selected by using the three-hybrid
system. Unlike the interaction between rpS14 and 18S rRNA,
the weak interactions between wild-type rpS14 and RPS14B
pre-mRNA did not allow growth on 20 mM 3-AT plates. Since
mutations that increased the binding of rpS14 to this target
might be expected in regions of the protein involved in RNA
recognition, we transformed a library of randomly mu-
tagenized pACT-S14 plasmids into the three-hybrid system
and selected for strong RNA-protein interactions on plates
containing 20 mM 3-AT. Ninety 3-AT-resistant colonies were
recovered out of approximately 34,000 transformants. The
3-AT-resistant phenotype proved to be plasmid borne for only
13 of these 90 strains. These 13 pACTII-S14 plasmids were
sequenced, and each was found to contain a single mutation
that altered one of three codons in rpS14 (Fig. 4 and 7). The
codons affected were D52G (1), E55G (6), ES5K (5), and
P123L (1). These mutations pinpoint another region of rpS14
that might play a role in RNA binding.

The ability of these mutant proteins to bind nonspecifically
to RNA was assayed by using several different RNAs in the
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FIG. 6. Mutations in RPSI4 that alter the binding specificity of rpS14 to the
RPS14B stem-loop regulatory RNA or helix 23 of 18S rRNA. rpS14 mutants with
increased affinity for RPS14B regulatory RNA were selected by using the 3-ATR
phenotype of the three-hybrid assay. Mutant proteins were subsequently
screened for altered interactions with helix 23 of 18S rRNA. The plates shown
were incubated only for 2 days to accentuate differences in the three-hybrid
interactions; a 3-day incubation is necessary to clearly see the interaction be-
tween wild-type (WT) rpS14 and the RPS14B RNA target as shown in Fig. 2.

20mM 3-AT

three-hybrid system, including the IRE RNA, an antisense
RPS14B RNA, and an empty MS2 vector with no other addi-
tional RNA sequence. All four mutant proteins demonstrated
increased nonspecific binding to these different RNAs (data
not shown). When assayed with the 18S rRNA target, however,
two of the four mutant rpS14 proteins, D52G and E55G, ex-
hibited weaker interactions (Fig. 6 and Table 1). This change in
specificity, namely increased binding to RPS/4B pre-mRNA
and decreased binding to 18S rRNA in the three-hybrid assay,
was not tested in vitro. Nevertheless, these data suggest that
this region of rpS14 is involved in discriminating between the
two RNA targets. Interestingly, both rpS14-E55G and rpS14-
ES55K were able to complement the rpsi4a-A rpsi14b-A double
knockout without any obvious effect on the growth rate of the
cells (data not shown). Hence, the reduced affinity of rpS14-
ES55G for rRNA and the promiscuous RNA binding behavior
of rpS14-ES55K and rpS14-E55G were not overtly deleterious
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TABLE 1. Beta-galactosidase activities for rpS14 mutants and
RPS14B pre-mRNA or rRNA in the three-hybrid assay

RNA Protein U/OD SD
RPS14B Wild type 4.60 1.61
RPS14B D52G 20.39 5.69
RPS14B ES5G 39.24 18.16
RPS14B ES5K 160.87 54.15
RPS14B P123L 15.24 8.01
rRNA Wild type 21.69 6.55
rRNA D52G 6.44 2.19
rRNA E55G 12.93 1.15
rRNA ESSK 163.04 54.97
rRNA P123L 16.11 4.47

to the cell. The identification of this region in rpS14 that is
important for RNA specificity highlights the utility of the
three-hybrid system for detailed analysis of RNA-protein in-
teractions.

DISCUSSION

We have demonstrated that rpS14 binds directly to the reg-
ulatory sequence in RPS74B pre-mRNA (nucleotides 39 to 89)
and to a conserved helix in 18S rRNA. rpS14 is the first eu-
karyotic r protein for which both mRNA and rRNA targets are
known; this finding strengthens our model that RPS14B regu-
lation results from differences in the affinity of rpS14 for
RPS14B pre-mRNA and 18S rRNA. Second, we have used the
three-hybrid system to begin to identify residues to rpS14 im-
portant for binding these RNAs. This is the first example of the
use of the three-hybrid system to map RNA binding domains
and thus demonstrates the utility of this in vivo genetic method
to study RNA-protein interactions in more detail. Third, we
have established that two different drug resistance mutations
alter the binding of rpS14 to RNA. This finding supports the
model that antibiotic resistance is mediated by alterations in
rRNA structure, in this case through changes in r protein-
rRNA interactions.

Model for the autogenous control of RPS14B expression.
Our results support the model that the autogenous regulation
of RPSI4B expression is governed by a competition between
two RNA binding sites, the RPS14B regulatory stem-loop and
helix 23 in 18S rRNA. Experiments with the three-hybrid sys-
tem and in vitro filter binding demonstrate that rpS14 binds
directly to both RNAs. Moreover, the interaction with rRNA is
about fivefold stronger than the one with RPS14B RNA. These
observations are consistent with a model for the autogenous
control of RPSI4B expression in which rpS14 is preferentially
consumed by ribosome assembly. Only when rpS14 accumu-
lates in excess of its assembly partners is it available to interact
with RPS14B pre-mRNA and prevent expression of the gene.

In E. coli, almost all of the ribosomal proteins involved in
autogenous regulation are primary binding proteins (reviewed
in reference 68). While it was once thought that only primary
binding proteins were involved in direct interactions with
rRNA, more recent evidence suggests that most, if not all, r
proteins recognize rRNA and influence its structure through-
out the course of ribosome assembly and function (40, 45, 56).
S11, the E. coli homolog of yeast rpS14, is assembled into the
ribosome as a tertiary binding protein (41). Since the assembly
order of yeast r proteins has not yet been established in much
detail (26, 58), it is not clear when rpS14 interacts with the
assembling yeast ribosome.

The rRNA binding sites for two other yeast r proteins were
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identified by phylogenetic comparison to their bacterial ho-
mologs. Yeast L25 and E. coli EL23 as well as yeast rpL12
[rpL15] and E. coli EL1 recognize each other’s binding site in
the respective organisms (13, 14). In both examples, the rRNA
binding sites are conserved. The interaction between rpS14
and 18S rRNA provides the third example of a conserved
rRNA-ribosomal protein interaction and thus supports the
prediction that many other interactions in the ribosome also
are conserved. Furthermore, our detection of an interaction
between rpS14 and its rRNA ligand in the three-hybrid system
demonstrates the utility of this method for mapping eukaryotic
ribosomal protein-rRNA interactions.

One protein binding to two different RNAs. Ribosomal pro-
tein S14 is among a unique group of proteins that bind multi-
ple, specific RNA targets (reviewed in references 12, 62, and
68). Most, but not all, of the other known proteins in this class
are ribosomal proteins that recognize mRNA and rRNA tar-
gets, including the E. coli proteins S4, S7, S15, L10/L12, and S8.
The molecular basis for recognition of two RNAs by one pro-
tein is still not fully understood. In some cases, the two RNA
targets of ribosomal proteins contain sequence and structural
similarities that suggest a common mode of recognition by the
protein. In other examples, the mRNA and rRNA ligands bear
little resemblance to each other. It is possible that the r pro-
teins that recognize these seemingly distinct targets do so by
using two separate RNA binding domains. In support of this
hypothesis, structural studies indicate that several r proteins do
contain at least two RNA binding domains. These domains
could interact independently with two RNA binding sites on
the same RNA molecular (e.g., two distinct sites on rRNA) or
on two different RNA molecules (e.g., mRNA and rRNA).
More detailed analysis of the structures of the two RNA tar-
gets of rpS14 should reveal whether there are any common
features necessary for binding or any unique elements respon-
sible for the different affinities of rpS14 for these RNAs.

Utility of the yeast three-hybrid system. In addition to their
role in ribosome assembly and function, RNA-protein interac-
tions are instrumental to many other biological activities. De-
spite this importance, very little is known about the intricacies
of how proteins recognize specific RNA targets. The recent
development of genetic systems, however, should greatly facil-
itate endeavors to investigate these interactions by providing
tools to rapidly and randomly survey both RNA and protein
molecules for important residues that contribute to binding
(23, 28, 595).

The yeast three-hybrid system was originally developed and
tested by using well-established RNA-protein interactions. The
binding constants for these interactions as estimated from in
vitro binding experiments range from 0.01 to 10 nM. Here we
report that weak interactions which are in the micromolar
range in vitro can be detected and studied in this system in
vivo. We also demonstrate that the three-hybrid system pro-
vides a tool for analyzing established RNA-protein interactions
by providing a means to rapidly survey a protein for regions
involved in the interaction. This is particularly useful for pro-
teins like rpS14 that do not contain known RNA recognition
motifs.

Selection for rpS14 variants with greater affinity for the
RPSI14B regulatory stem-loop uncovered four mutations in
three different codons. These mutations highlight two regions
of the protein that may be important for RNA recognition and
specificity. All four mutations reduced the ability of rpS14 to
discriminate among different RNA targets. However, two of
the mutations, D52G and ES55G, also reduced the protein’s
affinity for its rRNA target. This change in specificity, in-
creased affinity for RPS14B pre-mRNA and decreased affinity
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for rRNA, suggests that these two residues are crucial for the
recognition of rRNA in this assay and implies that this region
of rpS14 is involved in establishing the specificity of RNA
binding. The C terminus of rpS14 is required for interaction
with both RNA targets. The effects of the emetine resistance
double mutation, the P123L mutation, and the C-terminal
truncation collectively indicate that the architecture and se-
quence of this region are important for RNA recognition. That
the structure of the C terminus is important for RNA recog-
nition is suggested by the P123L mutation; changing the pro-
line at position 123 to leucine might eliminate a beta turn that
provides the rigidity to this region necessary for specific bind-
ing. It seems probable that the conserved, basic residues in this
C-terminal loop contribute to the stability of the RNA-protein
interactions by participating in electrostatic interaction with
the phosphate backbone of RNA.

Because the three-hybrid assay takes place in vivo, its output
potentially reflects both direct as well as indirect effects. It is
notable, however, that in each case in which we have per-
formed complementary in vitro binding assays, the results
agree with those observed in the three-hybrid system. While
additional experiments are clearly necessary for an under-
standing of how the protein interacts with its two RNA targets,
our experiments with the three-hybrid system provide a
launching pad for further investigation of these interactions.

Antibiotic resistance mutations and rRNA structure. Anti-
biotic resistance mutations in TRNA or r proteins provide
powerful genetic tools for studying the structure and function
of the ribosome. Translational antibiotics appear to function
by binding directly to rRNA and altering rRNA tertiary struc-
tures that are important for ribosome function (1, 4, 17, 38, 48,
53). Ribosomal proteins are thought to direct folding of rRNA
in assembling ribosomes and to maintain rRNA structure nec-
essary for the function of mature ribosomes. Mutations in
rRNA or in r proteins that confer antibiotic resistance are
thought to perturb or occlude the antibiotic binding site in the
ribosome by locally altering rRNA structure. Results with mu-
tations in E. coli r protein S12 are consistent with this view. The
conformation of rRNA in ribosomes containing a streptomy-
cin-resistant or -dependent mutant S12 protein is altered com-
pared to that of rRNA in wild-type cells (1). As mentioned
previously, antibiotic resistance mutations in several r proteins
are located in or near amino acids that can be cross-linked to
rRNA (8, 10, 18, 49, 51, 60, 61). The observation that drug
resistance mutations in rpS14 alter the interaction of this pro-
tein with its two RNA targets demonstrates that resistance
mutations reside in RNA binding domains of r proteins. It is
currently not clear why rpS14-EmR® fails to interact with RNA
in the three-hybrid system, while rpS14-Cry® binds to RNA
better than the wild-type protein in this assay. Future experi-
ments may reveal that the two resistant proteins affect the
conformation of rRNA in different ways.

That rpS14 plays an important role in translation is fore-
shadowed by several studies in which E. coli S11 was among a
subset of r proteins that cross-linked to an AUG analog (44),
initiation factor IF-2 (2), and initiation factor IF-3 (22). In
addition, rpS11 is thought to be involved in establishing the
binding site for messenger RNA (7) and transfer RNA in the
30S subunit (16). Future experiments that investigate the in-
teractions between rpS14 and 18S rRNA as well as cryptopleu-
rine and emetine with 18S rRNA should provide valuable
insight into both the mechanism of antibiotic resistance and
the function of rpS14 in ribosome assembly and function.
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