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Asc1p, a WD40-domain containing adaptor protein, is required for the
interaction of the RNA-binding protein Scp160p with polysomes

Sonja BAUM, Margarethe BITTINS, Steffen FREY and Matthias SEEDORF'
Center of Molecular Biology at University of Heidelberg (ZMBH), Im Neuenheimer Feld 282, D-69120 Heidelberg, Germany

Scp160p interacts in an mRNA-dependent manner with translat-
ing ribosomes via multiple RNA-binding heterogeneous nuclear
ribonucleoprotein K-homology (KH) domains. In the present
study, we show by protein—protein cross-linking that Scp160p is in
close proximity to translation elongation factor 1A and the WD40
(Trp-Asp 40)-repeat containing protein Asc1p at ribosomes. Anal-
ysis of a truncation mutant revealed that the C-terminus of
Scp160p is essential for ribosome binding and that Cys'®” at the
C-terminus of Scpl60p is required to obtain these cross-links.
The interaction of Scp160p with ribosomes depends on Asclp. In
fast-growing yeast cells, nearly all Asclp is tightly bound to ribo-
somes, but it can also be present in a ribosome-free form depen-

ding on growth conditions. The functional homologue of Asclp,
mammalian RACK1 (receptor of activated C kinase), was pre-
viously characterized as an adaptor protein bridging activated
signalling molecules with their substrates. Our results suggest that
Scp160p connects specific mRNAs, ribosomes and a translation
factor with an adaptor for signalling molecules. These interactions
might regulate the translation activity of ribosomes programmed
with specific mRNAs.

Key words: heterogeneous nuclear ribonucleoprotein K-homo-
logy domain (KH domain), ribosome, RNA-binding protein,
signalling complex, translation.

INTRODUCTION

Scpl60p from Saccharomyces cerevisiae, its orthologue DDP1
from Drosophila melanogaster and vigilin from vertebrates are
RNA-binding proteins characterized by an unusually large num-
ber (14) of tandemly arranged KH (heterogeneous nuclear ri-
bonucleoprotein K-homology) domains. Scp160p has been shown
to be associated with polysomes and this binding depends on
mRNA [1,2]. The presence of Scpl60p in a complex con-
taining mRNA and poly(A)* (polyadenylated)-RNA-binding pro-
tein Pab1p and the association of vigilin with eEF1A (translation
elongation factor 1A) and tRNA support a function of Scp160p/
vigilin in translation [1,3-5]. Loss of SCP160 in an eap! mutant
results in synthetic lethality [6]. Since Eap1p functions in transla-
tion initiation as an elF (eukaryotic translation-initiation factor)
4E-binding protein [7], this finding has strengthened further the
hypothesis that Scp160p modulates translation. Biochemical data
suggest that specific mRNAs are enriched in purified Scp160p-
containing complexes [8]. Therefore Scp160p might function to
regulate translation of specific rather than random messages.
Using a combination of cell fractionation and localization ex-
periments, we have demonstrated an mRNA-dependent acc-
umulation of Scpl60p at polysomes at the ER (endoplasmic
reticulum) membrane [2], consistent with specificity of Scp160p
for certain mRNAs.

Recently, it has been shown that Scp160p interacts with a sub-
unit of a G-protein-coupled receptor, Gpalp, which is involved in
the mating response [9]. In this pathway, the activity of Scp160p
might trigger the local expression of factors required for efficient
mating. A similar function of Scp160p could be the spatial regula-
tion of translating localized mRNAs. It has been shown that
scpl60A mutants fail to concentrate ASHI mRNA efficiently
at the bud tip of daughter cells ([10]; R. P. Jansen and M. Seedorf,

unpublished work). However, the contribution of Scpl160p to-
wards regulation of local ASH1 translation remains elusive, since
another KH-domain containing protein, Khd1p, also seems to play
a major role in the anchoring of ASH1 mRNA [10]. Information
about common features of potential substrate mRNAs and the
mechanism by which Scp160p influences their translation are not
yet known.

Although SCPI60 expression is dispensable for growth,
scpl 60 A mutants display defects in cell morphology and chromo-
some segregation, resulting in cells with increased size and DNA
content [11]. The molecular basis of this phenotype is unknown,
but Scpl60p might influence the expression of genes that are
required for faithful chromosome segregation [6]. This phenotype
can be rescued by overexpression of DDPI, indicating an
evolutionary conserved role of these RNA-binding proteins [12].

In the present study, we investigated the ribosome association of
Scp160p and analysed the contribution of individual KH-domains
to ribosome binding. Using protein—protein cross-linking, we
described the position of Scpl60p at ribosomes and identified
eEF1A and Asclp, an adaptor protein for signalling molecules,
in the proximity of ribosome-associated Scpl160p. Finally, we
discuss how Scp160p and Asclp at ribosomes could play a role
in regulating the translation of specific mRNAs.

EXPERIMENTAL

Generation of yeast strains

In order to replace SCP160 with full-length or C-terminally
truncated SCP160, we first amplified 333 bp of the 3'-UTR
(untranslated region) of the SCPI60 gene from a genomic
library plasmid containing SCP160 (YEP13/6; [11]) with primers

Abbreviations used: BMH, bis-maleimidohexane; BMOE, bis-maleimidoethane; DTT, dithiothreitol; eEF1A, translation elongation factor 1A; elF, eukaryotic
translation-initiation factor; ER, endoplasmic reticulum; KH, heterogeneous nuclear ribonucleoprotein K-homology; LS, low salt; nano-ESI-Q-TOF MS,
nanoelectrospray ionization-quadrupole-time-of-flight MS; PKC, protein kinase C; RACK1, receptor of activated C kinase; UTR, untranslated region; YPD,

yeast extract, peptone, dextrose.
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5-CCGgaattcgtcgactagACAAGCTCTTTGAAACC-3' and 5-GC-
tctagaGCGGAAACTTCGTCGCC-3' (lower case letters indicate
restriction endonuclease sites) and cloned the resulting fragment
using EcoRI/Xbal in pBlueScriptll SK vector, resulting in
pMS446. The TRPI gene was amplified from pRS316 [13] with
primers 5'-Cgcggccgc ATCAGAGCAGATTGTAC-3' and 5'-Cga-
gctcCTTACGCATCTGTGC-3' and cloned using Notl/Sacl into
pMS446 vector, resulting in pMS447. To amplify 441 bp of the
SCP160 3'-UTR from YEP13/6, primers 5'-CgagctcGACAAG-
CTCTTTGAAACC-3" and 5'-CgagctcCTTCATCTGCAGTGTA-
TTTACCG-3" were used, before being cloned into the Sacl site
of pMS447 vector to yield pMS448. To amplify the entire
SCPI160 coding region, we used 5'-CCatcgatGTCTGAAGAA-
CAAACCGCTATTGAC-3" and 5'-GgtcgacTCTTCTTAAGGA-
TTTCAAAACCATTTC-3' primers, to amplify amino acids
1-1008 of SCP160, 5-CCatcgatGTCTGAAGAACAAACCG-
CTATTGAC-3' and 5'GgtcgacTTCCCTGATTATTTCATTCA-
AGATTTTC-3' primers were used, and to amplify amino acids
1-858, 5'CCatcgatGTCTGAAGAACAAACCGCTATTGAC-3'
and 5'GgtcgacGGCTTCGGCAACAATGGATTCC-3" primers
were used. The PCR products were cloned into pCRII-TOPO
vector (Invitrogen), excised with Apal/Sall, and the resulting frag-
ments were cloned into the corresponding sites of pMS448,
resulting in plasmids pMS449—pMS451. In order to replace
SCPI60 in the yeast genome, Apal/Pstl-fragments of pMS449—
pMS451 were isolated and introduced into a haploid S288c-
derived yeast strain by transformation [14]. The asc/ A mutant
in a W303 background is described in [15]. To introduce a triple
myc-tag at the C-terminus of Asclp in a W303 strain, we used
the method described in [16].

FACS

The DNA content of relevant strains using ethanol-fixed, RNase-
treated, propidium-iodide-stained cells, which were grown to a
Dy of 0.5, was measured by flow cytometry using a Becton
Dickinson FACScan with the following settings: FL2, voltage
736, gain 7.21, linear mode, threshold FSC 49.

Cell fractionation and sucrose density gradient centrifugation

Total yeast extract (t) and fractions enriched in membranes (P6),
cytosolic ribosomes (P200) and ribosome-free cytosol (S200)
were prepared as described previously [2]. P25 was generated by
a 20 min centrifugation of total extract at 4 °C at 25000 g. Yeast
cells were grown in YPD (yeast extract, peptone, dextrose) me-
dium at 30 °C to exponential phase and 100 uM cycloheximide
was added 15 min before harvest. Cytosolic polysomes (corres-
ponding to a Dy, of 7.5) were analysed by centrifugation (in a
Beckman SW60 rotor, 55000 rev./min) of a 6000 g supernatant
for 1 hthrough alinear4 ml 15-50 % (w/v) sucrose gradient in LS
(low salt) buffer [20 mM Hepes/KOH, pH 7.6, 100 mM potassium
acetate, 5 mM magnesium acetate, 1| mM EDTA, 1 mM DTT
(dithiothreitol), 0.1 mM PMSF and Complete™ protease inhibitor
mix (Roche)]. Membranes (P6 corresponding to a Dy of 7.5)
were solubilized with 2% (w/v) Nikkol (octaethylene glycol
monododecyl ether) [2] and separated on similar gradients.

Antibodies and immunoprecipitation

To detect proteins by immunoblotting, nitrocellulose membranes
(Protean, Schleicher & Schuell) were incubated for 2 h at room
temperature (25 °C) with antibodies diluted in blocking buffer
[containing PBS, 0.2% (v/v) Tween 20 and 3% (w/v) dry
skimmed milk powder], followed by horseradish-peroxidase-
conjugated secondary antibodies (Sigma) and detection with
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BM Chemiluminescence Blotting Substrate (POD) (Roche).
Scp160p-, Rps3p-, Rpl35p- and Sec61p-specific antibodies have
been described previously [2]. eEF1A-specific antibodies were
provided by Dr Kaplana Chakraburtty (Medical College of
Wisconsin, Milwaukee, WI, U.S.A.) and were used in a 1:10000
dilution. myc- and Zwf1p-specific antibodies from Sigma were
used according to the manufacturer’s instructions. After cross-
linking, fractions were denatured by adding 1% (w/v) SDS and
incubation for 5 min at 95 °C. Samples were diluted 10-fold in
PBS, pre-cleared for 60 min at 4 °C with a 1/20 volume Protein
A-Sepharose (CL-4B; Amersham Biosciences), centrifuged for
15 min at 18000 g, and the resulting supernatant was incubated
overnight at 4 °C with a 1/200 volume of Scp160p- or a 1/75 vol-
ume of myc-specific antibodies. The antibodies were recovered
by binding to a 1/20 volume of Protein A-Sepharose, fol-
lowed by washing five times with 500 mM NaCl, 2 mM EDTA,
0.2 % (v/v) Nonidet P40 and 10 mM Tris/HCI, pH 7.5, and twice
with 10 mM Tris/HCI, pH 7.5.

Chemical protein cross-linking and identification
of cross-linked products

After centrifugation of total extract for 20 min at 200000 g, the
pellet was resuspended in 200—500 ml of LS-buffer without DTT
at a concentration of 2.5 x 107 cells/ml (as determined from the
Dgy) and incubated for 15 min at 25 °C with 50 uM BMH (bis-
maleimidohexane) or BMOE (bis-maleimidoethane) dissolved
in DMSO. Reactions were stopped by the addition of 10 mM
DTT, and ribosomes were re-isolated by a 20 min centrifugation
at 200000 g. To identify cross-linked products, we isolated
ribosomes from 1.5 x 10" cells (as determined from the Dyy),
incubated half of them with 50 xM BMH and immunoprecipitated
Scp160p. After SDS/PAGE, the Coomassie-Blue-stained bands
were excised. Tryptic in-gel digestion and nano-ESI-Q-TOF
(nanoelectrospray ionization-quadrupole-time-of-flight) MS was
performed as described previously [17]. Peptides, which were
not derived from Scpl60p, were identified by comparison of
masses from peptides between the cross-link product and non-
cross-linked Scp160p, and analysed further by nano-ESI-Q-TOF.

Separation of ribosomal subunits by puromycin/high-salt treatment

Cytosolic ribosomes were incubated for 15 min at 25 °C with
25 uM BMH, and the reaction was stopped by the addition of
10 mM DTT. To separate ribosomes into subunits, they were in-
cubated for 15 min at 30 °C with 2 mM puromycin/GTP in LS-
buffer that contained 500 mM potassium acetate. Ribosomal
subunits were separated by 12 h of centrifugation at 28 000 rev./
min in a SW40 rotor (Beckman) through a linear 12 ml 10-
40 % (w/v) sucrose gradient in LS-buffer that contained 500 mM
potassium acetate.

RESULTS
The C-terminus of Scp160p is required for ribosome association

Since the presence of mRNA is a prerequisite for the association of
Scp160p with ribosomes [2], we assume that certain KH-domains
are required for binding to either mRNA or ribosomal RNA.
Therefore we constructed yeast strains in which wild-type
Scp160p has been replaced by different versions of Scp160p with
truncated C-termini. One truncation, Scpl60pAC2, lacks the
last two KH-domains and the other, Scp160pAC4, lacks the last
four KH-domains (Figure 1A). Immunoblotting with lysates from
strains expressing wild-type or Scpl60pAC2 or Scp160pAC4 re-
vealed that all three versions of Scp160p were expressed as stable
proteins (Figure 1A). Sucrose density centrifugation with cytosol
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Figure 1  The C-terminus of Scp160p is required for ribosome binding

(A) Left-hand panel, schematic view of the domain structure of Scp160p and the generated mutants. Right-hand panel, immunoblot of equal amounts of total extracts from strains expressing
wild-type, Scp160pC1067R, Scp160pAC2 or Scp160pAC4 probed with Scp160p-specific antibodies. Molecular-mass (M; in kDa) is indicated to the left of the gel. (B) Cytosolic extracts from
cycloheximide-treated yeast cells were separated on 15-50 % sucrose gradients. The distribution of the rRNA is shown by absorption profiles at 254 nm and the distribution of Scp160p by Western

blotting.
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(A) Serial dilution and growth of wild-type, scp160AC2, scp160 A C4 and scp160 A strains on YPD plates at 30 °C and 37 °C, and on YPD plates containing 0.2 M cycloheximide or 75 M
hygromycin B at 30 °C. (B) FACS profiles of propidium-iodide-stained DNA from strains expressing wild-type, Scp160pC1067R, Scp160pAC2 or Scp160pAC4.

from cycloheximide-treated wild-type yeast cells showed that
Scpl60p co-migrated with polysomes (Figure 1B, panel 1).
Truncation of the C-terminus of Scp160p including the last two
KH-domains abolished this ribosome association completely
(Figure 1B, panel 3). Scp160pAC2 and Scp160pAC4 were found
in fractions 1-3 of a 15-50% sucrose gradient (Figure 1B,
panels 3 and 4). These results suggest that the C-terminus inclu-
ding KH-domains 13 and 14 of Scp160p is required for the associ-
ation of Scp160p with ribosomes.

Function of Scp160p

In the next set of experiments, we looked for the functional conse-
quences of these truncations. Wild-type, scpl 60AC2, scpl 60 AC4
and scpl60A deletion mutants showed similar growth on
complete medium (YPD) at 30 °C (Figure 2A). Truncation of

the last two KH-domains impaired growth in the presence of the
translation inhibitor hygromycin B, whereas growth of this mutant
was not affected by the presence of a sublethal concentration of
cycloheximide (Figure 2A). Additional truncation of KH domains
11 and 12 or complete deletion of SCPI160 led to a reduced
viability in the presence of both hygromycin B and cycloheximide
(Figure 2A). These observations are consistent with a function of
Scpl60p in translation. In addition to the increased sensitivity
towards translation inhibitors, scp! 60 AC4 mutants failed to grow
on YPD medium at high temperature (37 °C), suggesting that the
lack of the last four C-terminal KH domains causes a dominant-
negative phenotype.

We analysed further whether the loss of ribosome association
correlates with the increase in DNA content, a phenotype that
had been observed in scp/60A mutants [11,12]. Wild-type and
scpl60AC2 cells showed a DNA pattern typical of fast dividing
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Figure 3 Scp160p is in proximity to the ribosomal protein Asc1p and eEF1A

(A) Membranes (P6) or cytosolic ribosomes (P200) were incubated with DMSO or 50 ..M BMH
in DMSO, and were analysed by Western blotting using Scp160p-specific antibodies. (B) Total
ribosomes from a strain expressing functional myc-tagged Asc1p were incubated with DMSO,
50 M BMH or 50 M BMOE in DMSO0. The material was subjected to immunoprecipitation
using Scp160p- or myc-specific antibodies. The proteins were separated by SDS/PAGE
(6-16% gels) and probed with Scp160p-specific antibodies. (G) DMSO- or BMOE-treated
fractions containing total ribosomes were immunoprecipitated with Scp160p-specific antibodies,
separated by SDS/PAGE (6-16% gels) and probed with Scp160p- or eEF1A-specific anti-
bodies. Molecular-mass (M; in kDa) is indicated to the left of the gels.

haploid cells with 1IN and 2N peaks (Figure 2B, panels 1 and
3), indicating a normal distribution of chromosomes. Addi-
tional truncation of KH domain 11 and 12 resulted in an accumu-
lation of cells with 2N and 4N DNA content (Figure 2B, panel 4).
FACS profiles of these cells are very similar to profiles of scp/60A
mutants (results not shown; [12]). These results indicate that the
presence of Scpl60p at polysomes is not directly linked with
the chromosome segregation phenotype of scp/60A mutants.

Ribosome-associated Scp160p is in close proximity to Asc1p
and eEF1A

Scp160p was found concentrated at membrane-bound and at cyto-
solic polysomes [2]. To investigate the molecular environment of
Scpl160p at ribosomes, we prepared fractions enriched in mem-
brane-bound or in cytosolic ribosomes. Incubation of both frac-
tions with the homobifunctional, cysteine-reactive cross-linker
BMH resulted in a major cross-link band with an apparent mol-
ecular mass of 200 kDa (indicated as Scp160p x 1, Figure 3A)
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Figure 4 The Scp160p x Asc1p cross-link is an integral part of the small
ribosomal subunit

Cytosolic ribosomes corresponding to a Dggg 0f 7.5 were incubated for 15 min at 25 °C with
25 uMBMH. The cross-link reaction was stopped by the addition of 10 mM DTT, and ribosomes
were separated by puromycin/high-salt treatment and centrifugation through a linear sucrose
gradient. Proteins of each fraction were precipitated and separated by SDS/PAGE (6—16 %
gels). Blotting with Rps3p-, Rpl35p- and Scp160p-specific antibodies shows the distribution of
ribosomes and Scp160p-containing bands. Molecular-mass (M; in kDa) is indicated to the left
of the gel.

and a second, slower migrating 215 kDa band (Scpl60p x 2).
The 200 kDa band was consistently observed to be the strongest
cross-link product. The 215 kDa band showed some variation in
intensity between different preparations of ribosomes and cross-
link reactions. All cross-link bands were visible in both fractions,
suggesting that these cross-link partners of Scp160p are present on
ER-membranes and in the cytosol. To identify the major cross-
link adducts, we immunoprecipitated Scp160p from BMH-treated
ribosomes. Tryptic peptides from the 200 kDa band were ana-
lysed by MS. Four peptides, present only in the 200kDa
band, LWDVATGETYQR, ADDDSVTIISAGNDK, DGEIML-
WNLAAK and YWLAAATATGIK correspond to the protein
Asclp. Additional peptides that do not correspond to Scpl160p
were not identified in this band.

To confirm the identity of the 200 kDa cross-link product, we
replaced Asclp functionally with a triple myc-tagged version of
Asclp. The resulting strain, MSY226, displayed a similar growth
rate to the isogenic wild-type strain, in contrast with asc/A
mutants, which show a 30% reduction of growth rate (results
not shown).

Ribosomes from MSY226 were incubated with DMSO,
BMH or BMOE. BMOE is another homobifunctional cysteine-
reactive cross-link agent, which has a short spacer arm of 8 A
(1A =0.1nm) compared with BMH with a spacer length of
16 A. Treatment with BMH or BMOE resulted in a major cross-
link product of 205kDa, which was immunoprecipitated by
Scp160p- and myc-specific antibodies (Figure 3B).

A similar analysis of the slower migrating 215kDa band
identified five peptides, YQVTVIDAPGHR, QLIVAVNK,
LPLQDVYK, IGGIGTVPVGR and FDELLE, which all match
the sequence of Tefl/2p, eEF1A. The identity of the 215 kDa
cross-link product was confirmed by immunoprecipitating
the cross-link products with Scp160p antisera and then immuno-
blotting. Both Scp160p- and eEF1A-specific antibodies reco-
gnized the 215 kDa cross-link product (Figure 3C).

The cross-link between Scp160p and Asc1p co-migrates
with the small ribosomal subunit

After cross-linking and dissociation of ribosomes into subunits
by treatment with puromycin/high salt, the major 200 kDa cross-
link product co-migrated with Rps3p, a protein of the 40 S subunit
(Figure 4, fraction 5). This result suggests that the major cross-link
partner of Scpl60p, Asclp, is an integral part of the small
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Figure 5 The C-terminus of Scp160p is required for the formation of the
Scp160p x Asc1p and Scp160p x eEF1A cross-link products

Total ribosomes from wild-type, Scp160pC1067R or Scp160p AC2 were incubated with DMSO
or 50 «M BMH in DMSO. Proteins were separated by SDS/PAGE (6 % gels) and Scp160p-
containing bands were visualized by Western blotting. Molecular-mass (M; in kDa) is indicated
to the left of the gel.

ribosomal subunit. These observations are consistent with results
reporting the presence of Asclp or its orthologue, Cpc2, from
Schizosaccharomyces pombe in ribosomes [15,18-20]. A number
of cross-link bands co-migrated with non-cross-linked Scp160p
in fractions 1 and 2, suggesting that these proteins are ribosome-
associated factors that are released from ribosomes upon subunit
dissociation.

Cys'%7 of KH-domain 13 interacts with Asc1p or eEF1A

Scpl60p contains four cysteine residues at positions 188, 497,
666 and 1067. Cys'% is located in KH-domain 13 (Figure 1A).
Since the C-terminus of Scp160p, containing KH domains 13 and
14, is essential for ribosome binding, we asked, if cross-linking
to Asclp and eEF1A occurs at cys'®’. Therefore we used a yeast
strain expressing full-length Scp160p with arginine substituted
for Cys'%7 (Figure 1A). Scp160pC1067R is expressed at similar
level as wild-type Scp160p (Figure 1A, lane 2) and cells showed
anormal DNA content (Figure 2B, panel 2). The mutated protein
co-migrated with polysomes, in a similar manner to Scp160p from
a wild-type S288c strain (Figure 1B, panel 2), indicating proper
interaction of Scpl60pC1067R with polysomes. Incubation of
total ribosomes from the S288c strain with BMH resulted in the
appearance of the major 200 kDa and the 215 kDa cross-link-
bands (Figure 5). Neither band was detected in BMH-treated
extracts of the strain expressing the scpl/60CI1067R allele or
sepl60AC2, suggesting that cys'®’ can form a cross-link with
Asclp or eEF1A.

Asc1p is stably associated with ribosomes

The cross-link product of Scpl60p and Asclp co-migrated
with the 40 S subunit of puromycin/high-salt-treated ribosomes
(Figure 4), suggesting that Asclp is an integral part of ribosomes.
To analyse the intracellular distribution of Asclp carefully, we
isolated membrane-free cytosol from fast-growing cells and
compared the distribution of the 40 S protein Rps3p with that
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Figure 6 Asc1p is not a free cytosolic protein

Wild-type cells that express Ascip—myc were grown in YPD medium to exponential phase
(Dgoo of 1). After 15 min of incubation with 100 .M cycloheximide, membrane-free cytosol
was prepared and separated by centrifugation for 1 h through a 12 ml linear 10-40 % sucrose
gradient at 40 000 rev./min in a Beckman SW40 rotor. Arrows indicate the position of 40 S and
80 S ribosomes. Proteins of each fraction were precipitated, separated by SDS/PAGE (6-16 %
gels) and probed with Zwf1p-, myc- and Rps3p-specific antibodies.
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Figure 7 The majority of Asc1p is bound to ribosomes

(A) Wild-type cells expressing Asc1p—myc were grown to exponential phase. Total extract was
prepared and separated by consecutive centrifugation into a membrane containing pellet (P25),
membrane-free ribosomes (P200) and ribosome-free cytosol (S200). Fractions were separated
by SDS/PAGE (6-16 % gels), and indicated proteins are detected by immunoblotting. (B) P25
was incubated with 1% (v/v) Triton X-100, 500 mM NaCl and centrifuged for 20 min at 25000 g
(S25). An identical amount of the resulting supernatant was separated into P200 and S200 by
centrifugation for 20 min at 200000 g.

of Asclp—myc and the cytosolic enzyme glucose-6-phospate
dehydrogenase (Zwflp) by sucrose density centrifugation. Light
fractions contained the cytosolic marker protein Zwflp, but
were free of Rps3p and Asclp—myc (Figure 6). Under these
conditions all detected Asclp—myc co-migrated with Rps3p,
indicating that the majority of cytosolic Asclp is associated with
ribosomes. In a centrifugation assay, the majority of Scpl160p
co-migrated with membranes (Figure 7A). Asc1p—myc was found
in ribosome-containing fractions, membranes and cytosol, but
not in ribosome-free cytosol (Figure 7A). After solubilization of
membranes (P25) with a 1% (v/v) Triton X-100 and 500 mM
NaCl-containing buffer Asclp-myc co-sedimented with ribo-
somes, whereas Scpl60p was completely released into the
supernatant (Figure 7B). These results indicate that Asc1p—myc at
membranes remained associated with ribosomes under conditions
that removed Scp160p from ribosomes.

Ribosome-association of Asc1p depends on cell activity

All experiments described so far were performed with fast-
growing yeast cells harvested in exponential growth phase. A
proteomic study has shown that Asclp protein levels were up-
regulated during growth initiation [21]. Therefore we asked if the
distribution of Asclp changes between cells in exponential or
stationary growth phase. Total cell extracts from equal amounts of
cells were separated into a pellet and a supernatant fraction. Under
both conditions, all detected Rpl35p and the vast majority of
Rps3p were found in the pellet fractions (Figure 8), indicating
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Figure 8 Ribosome-association of Asc1p depends on cell activity

Total cellular extracts from cells corresponding to a Dggo 0f 0.5 grown in YPD medium to
exponential phase (Do 0f 1), cells grown for 12 h at stationary phase or cells from stationary
phase diluted at the indicated times to a Dggo 0f 0.1 into fresh YPD medium were centrifuged for
60 minat200000 g. Equal amounts of the pellet (P200) and supernatant (S200) were separated
by SDS/PAGE (6-16 % gels) and Asc1p—myc, Zwf1p, Rps3p and Rpl35p were detected by
Western blotting.

nearly complete sedimentation of ribosomes and ribosomal sub-
units. The vast majority of Asclp—myc from exponential growth
phase cells was found in the ribosome-containing fraction (Fig-
ure 8). Extracts from the same amount of cells from stationary
phase showed a reduction of Rps3p, Rpl35p and Asc1p-myc pro-
teins. Interestingly, under these conditions, a significant amount of
Asclp—myc was present in the ribosome-free supernatant fraction,
whereas ribosomes remained in the pellet fraction. In cells from
stationary phase, shifted for 30 min into fresh medium, the amount
of ribosome-free Asclp—myc decreased, and after 60 min, most
Asclp—myc was found in the ribosome-containing pellet fraction.

Ribosome binding of Scp160p in asc1A mutants

To address the functional consequences of the loss of Asclp on
the interaction of Scpl60p with polysomes, and in particular
to distinguish if Asclp is required for Scpl60p’s association
with ribosomes, we analysed ribosome association of Scp160p in
W303 wild-type and isogenic asclA strains. Extracts containing
cytosol were prepared from cycloheximide-treated yeast cells at
exponential growth phase. Sucrose density gradient fractionation
of extracts from wild-type cells showed that Scp160p co-migrated
with fractions containing ribosomal subunits, mono- and poly-
somes (Figure 9A). However, Scp160p was not enriched in frac-
tions containing the 40 S ribosomal subunits or in the lighter
fractions. Fractions 1 and 2 contained only small amounts of
Scpl60p. In contrast, cytosolic extracts from asc/A mutants
showed a strong decrease in association of Scpl160p with mono-
and poly-somes. We observed a clear shift of Scpl60p from
fractions 6-10 into lighter fractions 2 and 3 (Figure 9B). Similar
results were obtained with solubilized ribosomes from membranes
of wild-type and ascIA strains (results not shown). In summary,
these results suggest a reduced affinity of Scp160p for mono- and
poly-somes lacking Asclp.

DISCUSSION

The C-terminus of Scp160p, comprising KH-domains 13
and 14, is required for ribosome binding

Truncation of the C-terminus of Scpl60p, containing KH-
domains 13 and 14, led to dissociation of Scpl60p from ribo-
somes, suggesting that these two KH-domains are involved in the
interaction of Scp160p with ribosomes. This idea is consistent
with the cross-linking of cys'®’, located in KH-domain 13, either
to ribosome-associated Asclp or to eEF1A.
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Figure 9 Asc1p is required for efficient interaction of Scp160p with
polysomes

(R) Membrane-free cytosol from cycloheximide-treated wild-type (W303) cells was separated on
a15-50 % (w/v) sucrose gradient. The rRNA profile was monitored by measuring the absorbance
at 254 nm. Proteins of each fraction were precipitated, separated by SDS/PAGE (6—16 % gels)
and probed with Scp160p- and Rps3p-specific antibodies. (B) Membrane-free cytosol from
cycloheximide-treated asc1A cells was treated as described in (A).

Position of Scp160p at the ribosome

Scpl60p is in close proximity to Asclp at the 40 S ribosomal
subunit and to eEF1A, which is located at the interface of the small
and large ribosomal subunits [22]. By treatment with BMOE,
cys'® in Scpl160p can form a cross-link with Asclp or with
eEF1A, suggesting that a single binding site of Scp160p at the
ribosome is positioned within 8 A of Asclp and eEFI1A. As
only the crystal structures of bacterial and archaeal ribosomes
are available and Asclp is only found in eukaryotes, the precise
position of Asclp in the 40 S subunit is not yet known.

Function of Scp160p at the ribosome

Accumulation of Scpl60p at polysomes and cross-linking of
Scp160p to eEF1A at ribosomes indicate a function of Scp160p
in translation. The fact that a similar KH-domain containing
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protein from mammalian cells, vigilin, was purified in a
complex with eEF1A and tRNA [4,23] indirectly supports an
interaction of vigilin/Scp160p with translation elongation factor
at the ribosome. Increased sensitivity of scp/60A mutants to
the translation inhibitors, hygromycin B and cycloheximide, is
consistent with a role of Scp160p in translation. The aberration of
chromosome segregation in scpl60AC4 and scpl 60 A mutants is
not a direct result of loss of ribosome binding. That defect must
be due either to a defect of Scp160p function when it is associated
with the ribosome or to a role of Scpl160p that is independent
of the ribosome. The lack of sensitivity to the translation inhi-
bitor cycloheximide with scp/60 AC2 might favour the latter pos-
sibility. However, the chromosomal abnormalities of scpl 60 AC4
and scpl60A mutants [11] make any interpretation of the ob-
served phenotypes difficult.

Interaction of Scp160p and Asc1p at ribosomes

Asclpis present in approx. 100000 copies/cell, a value consistent
with the steady-state abundance of most other ribosomal
proteins in fast-dividing yeast cells [24]. Our cell fractionation
experiments, using fast-growing cells, showed that cytosolic and
membrane-bound Asclp is associated tightly with ribosomes.
These results are consistent with the previous characterization of
Asclp as a component of the ribosomal 40 S subunit [15,18,19].

Asclp is not required for general translation, since asclA-
mutants are viable [15]. Deletion of the ASC/ orthologue in
Schizosaccharomyces pombe, CPC2, led to a reduced translation
of ribosomal L25 mRNA [20] suggesting that these proteins
contribute to translational regulation of specific mRNAs.

Asclp is a functional homologue of mammalian RACK1
(receptor of activated C kinase) [25]. Common to these proteins is
their domain structure. They are built almost exclusively of highly
conserved repeating units, called WD40 motifs [26]. It has been
suggested that two or more of these domains bind simultaneously
to a large variety of different proteins (summarized in [27,28]).
RACKI1 was initially identified as a protein that was capable of
interaction with PKC (protein kinase C) isoforms [29,30], and it
had been shown that RACK1 shuttles SIIPKC between different
intracellular sites [30].

Assuming that the proposed function as an adaptor molecule is
conserved, Asclp could serve as a binding platform for proteins
involved in signalling at ribosomes. Two recent studies [31,32]
and unpublished work by M. R. Pool, U. Bach, B. Dobberstein and
M. Seedorf, support the presence of RACK1 at mammalian ribo-
somes. It has been shown that ribosome-associated RACK1
interacts with elF6 and that activated BIIPKC phosphorylates
elF6 [32]. Phosphorylation of eIlF6 and subsequent release from
60 S subunits increase the translation activity of ribosomes [32].
In addition to this function Asclp/RACKI1 might recruit other
signalling molecules to ribosomes as well, and other substrates
for modification, e.g. eEF1A and Scp160p/vigilin, might exist.

Asclp can provide a direct binding surface for Scpl60p at
ribosomes. Alternatively, the lack of Asclp-dependent factors
at ribosomes might abolish modifications at ribosomal proteins,
translation factors or Scpl160p itself, which may cause loss of
efficient interaction between Scp160p and polysomes.

Accumulation of Scpl60p at ER membranes suggests an
increased affinity of Scp160p for mRNAs encoding secreted and
membrane proteins [2]. Selectivity of mRNA binding is supported
further by co-purification of Scpl60p with specific mRNAs
[6,8]. We suggest a model in which the activity of KH-domains
1-12 helps Scp160p to select mRNAs and that the association
of the C-terminus of Scpl160p with ribosomes and the proximity
to eEF1A provides a mechanism for translational regulation of

these mRNAs. However, future experiments are required to ident-
ify mRNAs that are translationally regulated by Scp160p.

The intracellular distribution of Asc1p changes in cells entering
stationary phase. In these cells, a significant amount of Asc1p was
found in a ribosome-free fraction. The ribosome-free fraction of
Asclp may function in a similar manner as described for mam-
malian RACK1, namely the connection of substrates with differ-
ent molecules involved in signal transduction and their relocation
[30,33]. Genetic studies support a regulatory function of Asclp/
Cpc2 in adaptation of cells to changes in the environment
[15,25,34-36]. Rapid execution of these changes could occur at
the level of translational regulation [20], and the mRNA-binding
protein Scpl60p might function as a linker between specific
mRNAs, the translation machinery and incoming signals.

In summary, the adaptor protein Asclp could be a binding
platform at ribosomes, which recruits factors such as the RNA-
binding protein Scpl60p, translation factors and molecules
involved in signal transduction. The connection of Scpl160p-
bound mRNAs with translation factors and Asclp at ribosomes
could provide a mechanism to regulate translation activities of
ribosome populations programmed with specific mRNAs.
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