Published online 12 August 2010

Nucleic Acids Research, 2010, Vol. 38, No. 22 8039-8050

doi:10.1093/nar/gkq686

Identifying elF4E-binding protein translationally-
controlled transcripts reveals links to mRNAs bound

by specific PUF proteins

Andrew G. Cridge', Lydia M. Castelli', Julia B. Smirnova', Julian N. Selley’,
William Rowe', Simon J. Hubbard', John E.G. McCarthy?, Mark P. Ashe’,
Christopher M. Grant' and Graham D. Pavitt'*

"The Michael Smith Building and ?Manchester Interdisciplinary Biocentre, Faculty of Life Sciences,

University of Manchester, Manchester, UK

Received July 15, 2009; Revised July 12, 2010; Accepted July 20, 2010

ABSTRACT

elF4E-binding proteins (4E-BPs) regulate translation
of mRNAs in eukaryotes. However the extent to
which specific mRNA targets are regulated by
4E-BPs remains unknown. We performed transla-
tional profiling by microarray analysis of polysome
and monosome associated mRNAs in wild-type and
mutant cells to identify mRNAs in yeast regulated by
the 4E-BPs Caf20p and Eap1p; the first-global com-
parison of 4E-BP target mRNAs. We find that yeast
4E-BPs modulate the translation of >1000 genes.
Most target mRNAs differ between the 4E-BPs re-
vealing mRNA specificity for translational control by
each 4E-BP. This is supported by observations that
eap14 and caf204 cells have different nitrogen
source utilization defects, implying different mRNA
targets. To account for the mRNA specificity shown
by each 4E-BP, we found correlations between our
data sets and previously determined targets of yeast
mRNA-binding proteins. We used affinity chroma-
tography experiments to uncover specific RNA-
stabilized complexes formed between Caf20p and
Puf4p/Puf5p and between Eapip and Pufip/Puf2p.
Thus the combined action of each 4E-BP with
specific 3'-UTR-binding proteins mediates mRNA-
specific translational control in yeast, showing that
this form of translational control is more widely
employed than previously thought.

INTRODUCTION

It has become increasingly evident that the translation
process for a large number of mRNAs is controlled at
the level of initiation in a wide variety of cells. The selec-
tion of mRNAs for translation is mediated by the binding
of eukaryotic initiation factor (elF) 4F complex to the
5’-end of each mRNA. The elF4F complex is composed
of eIF4E that binds to the 5’ 7-methyl guanosine mRNA
cap, e[F4A an RNA helicase, and elF4G a scaffolding
protein capable of bridging contacts between elF4E and
40S ribosomal subunits. eIF4G and the eIF4E-binding
proteins (4E-BPs) share a motif (YXXXXL¢, where X is
any residue and ¢ is hydrophobic) that is critical for
elF4E interaction. Hence 4E-BP bound mRNAs exclude
elF4G and are translationally silenced (1,2). Mammalian
4E-BP1 phosphorylation status modulates its affinity for
elF4E. mTOR dependent hyperphosphorylation of
4E-BP1 causes its dissociation from eIF4E relieving re-
pression and promoting elF4F assembly, translation and
cell growth (3,4). A second class of 4E-BP has been
identified from studies of early development, e.g. in
Xenopus and Drosophila where asymmetric expression of
proteins is important for determining the body plan of the
embryo (2,5). For these 4E-BPs additional protein—protein
and protein—-mRNA contacts tether the 4E-BP to specific
mRNA targets. Thus Xenopus Maskin is a 4E-BP that also
binds to the cytoplasmic polyadenylation element-binding
(CPEB) protein which itself interacts with sequences
within mRNA 3’-UTRs. Together and in combination
with other proteins, these factors mediate circularization
and repression of transcripts until developmentally
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regulated signalling events activate both cytoplasmic
polyadenylation, disrupt the Maskin-eIF4E interaction
and promote translation (2,5).

Saccharomyces cerevisiae possesses two 4E-BPs, Caf20p
and Eaplp of 18 and 70KDa, respectively. Neither
protein shares obvious sequence homology with each
other or 4E-BPs from non-yeast species, except for the
elF4E interaction consensus motif, however both yeast
4E-BPs interact with elF4E to inhibit translation of
capped reporter mRNAs (6,7). Although deletion of
either 4E-BP gene confers no growth defect under
standard laboratory conditions, caf204 alleviates growth
defects of some translation factor mutations and converse-
ly its overexpression exacerbates these phenotypes (8).
eaplA causes rapamycin resistance (7) and partial resist-
ance to translation inhibition caused by diamide (a thiol
oxidant), and cadmium (a heavy metal) (9). In the yeast
»1278b background deletion of either 4E-BP prevents
pseudohyphal growth following nitrogen limitation (10).
Similarly, eaplA and caf204 cells respond differently to
membrane stress (11,12). Taken together the data are con-
sistent with the idea that each 4E-BP interacts with eIF4E
and competes with eIF4G to modulate the translation of a
different subset of specific yeast genes.

Little progress has been made in identifying specific
mRNA targets regulated by the yeast 4E-PBs. One
possible candidate is the G; cyclin CLN3 as it can be
controlled by altering elF4E activity. CLN3 mRNA
contains a short up-stream ORF that plays a role repress-
ing Cln3p expression (13). Temperature sensitive eIF4E
mutations (e.g. cdc33-1) confer G| arrest and reduce ex-
pression of CLN3 and enhanced CLN3 expression is suf-
ficient to restore G;-S phase progression (14). Recently, a
second mRNA target, POM34 mRNA was described,
which encodes a membrane protein component of the
nuclear pore complex. In cells bearing spindle-pole body
duplication defects Eaplp was required for POM34 trans-
lation (15).

Given the paucity of information concerning specific
4E-BP targets, we used a translational profiling
approach to identify mRNAs whose translation is
altered following loss of each yeast 4E-BP and found
that both altered translation of a large fraction of
yeast genes. Quantitative real-time reverse transcription-
polymerase chain reaction (RT-PCR) and immunoblot
analyses have validated the micro-array approach for
selected targets and a phenotypic analysis indicates that
the observed altered translation of several nitrogen metab-
olism genes may contribute to the sensitivity of the eapi4
strain to growth on some nitrogen sources. Despite
sharing a common interaction site on e¢IF4E, we find
that most target mRNAs differ between the 4E-BPs sug-
gesting that additional factors are necessary to impart
4E-BP mRNA specificity. To begin to address this mech-
anistic issue we compared the identities of mRNAs found
by others to interact with specific RNA-interacting
proteins, with our translational profiling data. Our
analysis suggested that certain yeast PUF proteins may
be among those important for mRNA specificity. As
PUF proteins have been implicated in translational
control in higher organisms, we tested this prediction

directly and report that Puf4/5p-bound mRNA complexes
associate with a fraction of Caf20p, while Pufl/2p associ-
ate with Eaplp. Taken together these studies reveal that
~1000 genes are subject to translational control via the
4E-BPs and provides evidence that 4E-BP association with
specific 3-UTR-binding proteins imparts mRNA target
specificity in yeast.

MATERIALS AND METHODS
Yeast strains and growth conditions

Isogenic yeast strains BY4742 (MATo his3A1 leu2A40
lys240 ura340), Y17334 (MATo his341 leu2A0 lys2A40
ura3A0 caf204:kanMX4) and Y17036 (MATo his341
leu2A40 lys240 ura3A0 eaplA::kanMX4) were obtained
from Euroscarf (Frankfurt, Germany) and grown in
synthetic dextrose (SD) minimal medium containing auxo-
trophic supplements and grown to A¢y = 0.7 for all array
experiments.

For nitrogen source growth experiments auxotrophic
markers were complemented with plasmid encoded gene
copies [pRS313-HIS3; pRS314-TRPI; pRS315-LEU2
(16), and pRSK-URA3 LYS2 (a gift from M. Stark,
University of Dundee)]. Wild-type or mutant EAPI
plasmids: pJF3896 (HA-EAP!I LEU2 CEN) and
pBMK492  (HA-eapl-Y109A,L114A LEU2 CEN)
replaced pRS315 where indicated (10). Cells were grown
on SD medium containing a single indicated nitrogen
source at the following concentrations: 0.1% w/v
ammonium sulphate, allantion, 0.02% w/v L-isoleucine,
L-leucine, L-tryptophan, L-valine, L-asparagine, L-aspartic
acid, L-glutamine, L-glutamic acid, r-serine, 0.01% w/v
ammonium chloride, 0.01M wurea. All media were
adjusted to pH 5.3. Synthetic complete (SC) contained
0.5% w/v ammonium sulphate and 0.2% w/v of a mix
of all 20 amino acids, inositol, para-aminobenzoic acid,
uracil, adenine as described earlier (17). Agar plates (2%
w/v bacto agar) were incubated at 30°C for 2-5 days.
Doubling times (74) in liquid media were determined
using  96-well microplate cultures grown in a
temperature-controlled absorbance reader with shaking
(BMG Labtech). 4409 measurements were recorded every
Smin for 20h. A previously described MS Excel macro
was adapted and used to automate T4 determinations (18).

PUF-TAP tagged strains were a kind gift from Gerber
and Herschlag (19). CAF20-Myc and EAPI-Myc tagged
versions of each PUF-TAP strain were made using pYM4
and PCR to integrate C-terminal 3Myc-KanMX6 marker
as described earlier (20). Similarly, pYM19 (9Myc-
HIS3MX6) and pYM13 (TAP-KanMX6) was used to
create Myc-tagged and TAP-tagged versions, respectively,
of CAF20, EAPI, PUF2, PUF3 and PUF5 in BY4742,
Y17334 and Y17036 (20). PCR was used to verify
genomic integrations.

Polysome fractionation, RNA preparation and
microarray analysis

Cell extracts, polyribosome fractionation, RNA prepar-
ation and array bioinformatics analysis were done
exactly as described earlier (21). Complete data sets are



available at ArrayExpress (www.ebi.ac.uk/microarray/
using accession numbers caf204: E-MEXP-1308; eaplA:
E-MEXP-1309).

Quantitative RT-PCR analysis

RNA analysis by RT-PCR was carried out using the
MylQ single-colour real-time PCR detection system and
IQ SYBR Green Supermix (BioRad Laboratories) as
described earlier (21,22). Signals were quantified relative
to actin mRNA control.

TAP affinity chromatography

PUF-TAP or 4E-BP-TAP and control strains were grown
in YPD medium to a concentration of 6 x 10° cells per ml.
Cultures were harvested by centrifugation (5500g, 10 min,
4°C), washed in ice cold 1mM phenylmethlysulphonyl
fluoride (PMSF) and resuspended in two cell volumes of
Buffer A [20mM Tris—=HCI (pH 8.0)], 140mM KClI,
1.8 mM MgCl,, 0.1% Nonidet P-40 (NP-40), 0.5mM
dithiothreitol (DTT), ImM PMSF, 1x complete
EDTA-free protease inhibitor cocktail tablet [Roche],
100 U/ml RNasin [Promega]. Cell suspension was frozen
and ground under liquid nitrogen and stored at —80°C.
Crude cell lysates were cleared by centrifugation (5500g
for 20min, 4°C). Extracts (2mg) were incubated with
400 pl (50% [v/v]) IgG Sepharose beads (GE Healthcare)
for 2 h at 4°C and affinity purified as described earlier (19).
PUF proteins were released from the IgG beads by heating
at 65°C for 3min in 2x non-reducing Protein Loading
Buffer [62.5mM Tris—HCI (pH 6.8), 2% SDS, 10% (v/v)
glycerol, 0.002% (w/v) bromphenol blue].

Immunoblotting

Whole cell extracts; Cells were harvested and resuspended
in three times wet pellet volume of Buffer B [SOmM Tris—
HCI pH 7.5, 100mM NaCl 1mM EDTA 1mM PMSF
and 1x Protease Inhibitors (Roche)] and ground in
liquid Nitrogen. Samples were assayed for protein concen-
tration (Bradford) and diluted to 1 ug protein per ml. TAP
proteins were resolved by SDS-PAGE electrophoresis
followed by transfer to a nitrocellulose membrane.
Immunoblotting detection used horseradish peroxidase
(HRP) conjugated primary antibodies to Protein A
(Abcam) and c-Myc (9E10, Santa Cruz Biotechnology
and 4A6, Millipore), and chemiluminescent detection
(Pierce Biotechnology). Other primary antibodies used
were caf20p (10), Gedl1p (23), Ciclp (24), Lsm8p (29),
Taf3p, Taf7p (26), Sec9p (27), Publp (28), Ade2p and
Arp2p (Santa Cruz Biotechnology) and were detected
using appropriate HRP-conjugated secondary antibodies
as indicated earlier.

RESULTS AND DISCUSSION
Microarray approach to determine roles for 4E-BPs

To determine whether translation of specific mRNAs was
altered by elimination of Caf20p or Eaplp under steady
state growth conditions, we used a microarray-based
approach so that the translation state of all mRNAs
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could be surveyed simultaneously. We used isogenic
strains produced by the systematic yeast gene deletion
project for this study. Our initial growth characterization
revealed that the caf204 and wild-type strains behaved
identically in both rich and minimal medium, while the
eaplA strain typically exhibited an initial growth lag
when recovering from stationary phase, but then
proliferated at a rate indistinguishable from the
wild-type strain (data not shown). Polyribosome profile
analysis revealed a minor halfmer phenotype for the
eaplA strain, but no obvious global defect in the caf204
strain (Figure 1A). For array analysis the following
samples were collected: (i) total RNA samples to control
for changes in transcript abundance and (ii) polysome
gradient fractionated samples. Fractionated samples
were split into monosomal and polysomal fractions as
indicated in Figure 1A. Each RNA sample was processed
into complementary RNA and hybridized to Affymetrix
yeast S98 gene chip arrays using standard protocols
(21,22). All analyses were performed in duplicate and
the resulting data were analysed and compared using
standard bioinformatics procedures (as outlined in the
Supplementary Data). MA plots and statistical analysis
of variance tests (Supplementary Figure SIA, B, D, E,
G and H and data not shown) indicated that there was
only modest dispersal between biological replicate
samples, confirming that the arrays are reliable reporters
of relative transcript abundance in our samples. As
anticipated, a greater dispersal of data points was seen
between wild-type and mutant samples (Supplementary
Figure SIC, F and I).

4E-BPs have minimal impact on mRNA abundance

Under normal cellular conditions, changes in mRNA
transcript abundance reflect changes in both mRNA syn-
thesis and decay. In this study, overall transcript abun-
dance changes were relatively minor. caf204 alters
transcript abundance >2-fold for 100 genes (29 up and
71 down) and eaplA 99 genes (56 up and 43 down). A
complete listing of significantly altered genes is shown in
Supplementary Tables S1-S4. As expected the transcript
signals for the deleted gene were down-regulated most in
each data set. The small number of genes affected is con-
sistent with 4E-BPs having no widespread direct transcrip-
tional role, instead the changes observed could be an
indirect consequence of altered translation of transcrip-
tion factors (see below). There was also no evidence of
‘potentiation’. This is a term used to describe co-ordinated
transcription and translation responses observed during
the reprogramming of gene expression to adapt to some
cellular stresses (21,29). Fewer than 10 genes were both
transcriptionally and translationally up-/down-regulated
across both experiments (Figure 1F; numbers in black
filled circles).

Overview of translational controls

We measured polysome:monosome [P/M] ratios for each
transcript (probe set), termed a ‘translational state’,
calculated as log,[P/M] ratio for each mutant and
wild-type control from mean normalized sample
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Figure 1. Widespread translational changes are associated with each 4E-BP deletion. (A) A,s4 traces showing polysome profiles from exponential
phase cultures for the strains used. RNA fractions collected were pooled into monosomal (M) or polysomal (P) fractions from wild-type (w) caf204
(c) and eaplA (e) cells for translational-profiling array experiments. (downward arrow) “halfmer” peaks. (B) Graphical representation of global
changes in translation accompanying deletion of CAF20 or (C) EAPI. Mean polysome-to-monosome ratio intensities for each probeset from mutant
(y-axis) is plotted against the wild-type (x-axis). Points above or below a log, = 0.9 cut-off are considered significant changes (coloured red and blue,
respectively). Plots (D) and (E) as B and C except spots representing translationally regulated genes (red and blue) from the eapi4 plot (C) are shown
on the caf204 plot (D), and regulated genes from the caf204 plot (B) on the eapiA plot (E). (F) Venn-style diagram showing the number of genes
altered (in parenthesis) and the overlap between data sets. Numbers in black filled circles represent ‘potentiated” genes (see text). (G) Immunoblots of
Caf20p-Myc and Eapl-Myc levels in strains indicated. elF2y (GCDI11) loading control from Caf20-Myc tagged cells is also shown.

intensities. A ‘change in translational state’ was
determined by comparing the ratios from mutant cells
(m) to that from wild-type cells (w). These analyses are
represented as scatter plots in Figure 1B and C and nu-
merically (Supplementary Tables S5-S8). The plots reveal
that the majority of mRNA probe sets fall on or around
the diagonal, indicating that the translation of most genes
is not affected by deletion of ecither gene. In line with
previous studies using similar techniques, we applied a
significance cut off of log, = £0.9 (i.e. >1.86-fold)
change (21,29). This revealed that caf204 altered the
translation of 784 mRNAs (471 up- and 313
down-regulated), while eaplA affected 329 mRNAs (176
up and 153 down) (Figure 1F). The fact that more
mRNAs are Caf20p targets (784/1028 = 76%) than
Eaplp agrees with our observations that the relative abun-
dance of Myc tagged Caf20p is 2.8 + 0.63-fold greater
than Eapl (data not shown). These data are consistent
with Caf20p regulating translation of a greater number
of mRNAs than Eaplp.

Eaplp acts as a translational repressor for mRNAs that
are poorly associated with polysomes under normal
growth conditions. This observation is consistent with
the idea that Eaplp plays a role repressing translation of
a subset of genes during normal growth. This is illustrated
graphically in Figure 1D, where the spot location is
derived from the caf204 experiment, but spots are
coloured according to the eaplA data. It is evident that
most eaplA up-regulated genes (red spots) are to the left
half of the plot, while the down-regulated ones (blue) are
on the right. Therefore the majority of genes which are
up-regulated in eapl4 cells (red spots in Figure 1C and D)
are among those transcripts which are poorly associated
with polysomes in wild-type cells (81% or 142/176
log>[Pw/Mw]<0). A reciprocal arrangement holds for
down-regulated genes (14% or 21/153 log,[Pw/Mw]<0).
This is much less evident for Caf20p regulated
transcripts. Figure 1E illustrates where the caf204
regulated genes are highlighted on the eapliA plot.
Although >50% of the genes up-regulated by caf204 are



on the left in Figure 1E, the bias is less pronounced,
suggesting distinct roles for Caf20p and Eaplp in re-
pressing translation of genes under normal growth
conditions.

As an independent confirmation that the arrays accur-
ately reported translation state changes, quantitative RT—
PCR analysis was performed on polysome fractionated
RNA samples with oligonucleotide primers specific for a
subset of genes (Figure 2A). Genes were selected to cover
a range of up- and down-regulated mRNAs and also some
unregulated mRNAs. Despite differences between these
techniques, a good correlation was observed between the
array and RT-PCR approaches.

The 4E-BPs interact with eIF4E via a common motif,
and elF4E itself binds the cap structure common to all
mRNAs. Therefore it seems unlikely that these features
alone impart the observed mRNA specific translational
controls. Therefore our data suggest that there must be
other factors, which work in concert with the yeast 4E-BPs
to mediate control of translation (see below). It seemed
likely to us that these other factors may bind to specific
sequences within each mRNA and contribute to the
observed control. As such, it was important to verify
whether protein levels vary as anticipated by the transla-
tional profiling data. Almost all efficient strategies for
epitope-tagging yeast genes involve disrupting either the
3’-UTR or replacing elements 5’ of the ORF. The 5'- and
3’-UTRs are common sites used by RNA-binding factors
to mediate mRNA specific controls in many eukaryotes,
so we reasoned that using a tagging approach was not
appropriate here. Instead we searched the literature to
identify available protein specific antibodies. We
screened the antibodies available and identified several
that functioned with our whole-cell extracts. The
antibodies were used and compared with an actin
loading control that did not vary between strains
(Figure 2B). Antibody signals varied between the strains
tested in a manner that mirrored the trends seen in
polysome/monosome ratios from our arrays. Thus Taf7p
levels varied and were increased in caf204 and decreased
in eaplA while both Ciclp and Lsm8p were more
abundant in eaplA cells. Thus our arrays do appear to
reflect the translational controls—at least for those candi-
dates independently verified by RT-PCR and/or western
blotting. This includes CICI! and TAF3, which are both
up-regulated translationally by eap/A in our microarrays,
by RT-PCR and western blotting. An exception is Publp
where RT-PCR confirmed the microarray data suggesting
enhanced PUBI polysome association in caf204 cells, but
steady state protein levels were not significantly altered in
this strain. These data suggest additional factors act to
control Publp levels.

A significant overlap between caf20 and eapl data sets

Although the majority of mRNA targets differ between
the array experiments, we observed a statistically signifi-
cant overlap between the mRNAs similarly up-regulated
by both eaplA and caf204 (52 genes P = 9.8 x 10723,
Figure 1D-F, Supplementary Table S9). In contrast,
there are very few reciprocally regulated genes (e.g. only
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four genes up-regulated by caf204 are down-regulated by
eaplA; Figure 1F). During the course of our analyses,
immunoblotting with anti-Caf20p anti-serum revealed
that the steady state expression levels of Caf20p are
reduced in eaplA cells (data not shown). As this observa-
tion may explain the observed overlap in translational
control between these factors, we examined carefully the
expression levels of both 4E-BPs. Myc-epitope tags were
added by homologous recombination to the C-termini of
CAF20 and EAPI in separate strains. Immunoblotting
confirmed that Caf20p expression was reduced ~50% in
eaplA cells, while Eaplp levels were maintained in caf204
cells (Figure 1G). Therefore the observed reduced Caf20p
levels may cause lower affinity Caf20p target mRNAs to
lose normal translational control in eaplA cells and
contribute to the overlap in array data sets.

4E-BPs repress genes controlling gene expression

To gain insight into the functions of the translationally
regulated transcripts, each regulated gene was placed
into a functional class based upon classifications
included within the GOslim mapper (Saccharomyces
Genome Database) and annotations at the Yeast
Proteome Database (Figure 3 and Supplementary Tables
S1-S8 and S10). This analysis revealed that many tran-
scripts with enhanced [P/M] ratios are themselves
involved in gene expression. Deletion of either 4E-BP
enhances translation of many transcription factors and
chromatin remodelling enzymes. These changes did not
cause large changes in transcript abundance as arrays of
total mRNA showed that few genes are altered by >2-fold
(Supplementary Tables S1-S4). We assume that these
cells have adapted to the loss of ecach factor and that
the changes to the translation profile observed have
normalized overall transcription as far as possible under
the standard growth conditions examined. RNA metabol-
ism is another abundant class of up-regulated genes for
both 4E-BPs. In addition, Eaplp represses translation of
many ribosome biogenesis factors involved in synthesis/
assembly of both ribosomal subunits. This may account
for the apparent modest halfmer phenotype observed in
eaplA cells (arrowed in Figure 1A). Overall these data
suggest that regulation of genes involved in RNA metab-
olism is an important function of these 4E-BPs and that
each protein regulates specific targets involved in the same
broad pathways/processes.

Caf20p represses translation of CLN genes and
those important for polarised growth

The cell cycle, budding and site of polarised growth GO
Slim categories are particularly over-represented within
the translationally up-regulated caf204 mRNAs. Cyclins
CLNI, CLN2, CLN3, CLBI, and CLB4 were among
many cell cycle associated mRNAs. As indicated in the
introduction, one of the best-characterized examples of a
gene regulated by e¢IF4E availability in yeast is the G;
cyclin CLN3. A temperature sensitive mutation in yeast
elF4E (cdc33-1) has a G;-S phase cell cycle defect that is
overcome by elevated expression of CLN3 (14). We inter-
pret our array data as confirming the importance of
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translational controls for regulating cyclin expression and
further suggest that an elF4E-Caf20p interaction is
important for translational repression of CLN3.

In metazoa correct intracellular localization of specific
transcripts is important for both early developmental de-
cisions and memory functions in neurons. 4E-BPs provide
a mechanism to repress translation of delocalized mRNAs
e.g. Drosophila 4E-BP Cup acts with Bruno to repress
translation of oskar mRNA (30). Polarised growth in
budding yeast requires asymmetric localization of

components to the growing bud. Several mRNAs have
also been found to be bud-localized. A survey of yeast
genes uncovered 22-bud localized transcripts, of which
10 were asymmetrically localized to the bud (31).
Intriguingly, six of these 10 genes (EGT2, IST2, MMRI,
SRLI, TCB3 and TPOI) are translationally up-regulated
in caf204 cells. GO Slim mapping analysis suggests that
bud, cell wall, and site of polarized cell growth-localized
proteins are among those enriched in the caf204 data set.
Together, these observations suggest that Caf20p may
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Figure 3. Functional classification of regulated mRNAs. Yeast ‘GO Slim’ summary of significantly enriched and under-represented gene Ontology
classes calculated using the hypergeometric distribution (performed at www.yeastgenome.org), see Supplementary Table S10 for more details
including all calculated P-values. Bold text indicates most over-represented classes (P <0.00001) in one or more experiment.

play a role repressing translation of these mRNAs in the
mother cell, but that localized transcripts could become
translatable. Bud-localized activation of 4SHI/ mRNA
translation has been studied directly and two alternative
hypotheses have been proposed to account for its transla-
tional repression involving Khdl1p, eIF4G and the kinase
Ycklp (32) or involving eIF5B and Puf6p (33). Our data is
consistent with and suggestive that the yeast 4E-BPs could
play a role in spatial regulation of translation for specific
transcripts in yeast but elucidation of molecular mechan-
isms is beyond the scope of this article.

Nitrogen and amino acid metabolism defects

Filamentous or pseudohyphal growth on poor nitrogen
sources in X1278b yeast strains requires reprogramming
of cellular growth. We recently showed that each 4E-BP
was required for this response (10) highlighting a role for
translational control in the response to nitrogen limita-
tion. Others found that both CLN/ and STE2 translation
is induced following induction of filamentous growth on
poor nitrogen sources in X1278b yeast (34). Our arrays
were performed on S288c derived cells that do not
undergo this developmental switch because they lack the
FLOS transcription factor required for induction of some
developmentally regulated genes (35), and on cells grown
in a nitrogen sufficient medium. Nevertheless, both CLN]
and STE12 are translationally up-regulated in our arrays,

(CLNI by both factor deletions and STEI2 by eaplA)
suggesting that 4E-BP mediated repression of certain fila-
mentous growth genes may occur during growth on rich
media. Our array experiments also predicted that both
caf204 and eaplA cells would have unbalanced nitrogen
and amino acid metabolism gene expression due to altered
translation of ammonia and amino acid transporters and
metabolic enzymes. A large number of genes in this
group are down-regulated in eaplA cells (Supplementary
Table S8).

To assess if these observations had phenotypic conse-
quences, auxotrophic markers in each strain were comple-
mented and cells were plated on a variety of media and
growth scored. A summary of the results is shown in
Figure 4. When grown on standard complete media con-
taining ammonium sulphate and a mixture of all amino
acids all cells grew well. The eapl4 cells in particular grew
very poorly on less complex media containing sole
nitrogen sources. Measurements of maximum doubling
times in liquid cultures confirmed that caf204 also
showed defects with some nitrogen sources albeit to a
lesser extent than seen with eaplA (Table 1). As the glu-
tamate/aspartate transporter DIP5 (36) transcript levels
were 2-fold reduced in eaplA cells (Supplementary
Table S4) it was important to ascertain whether these
phenotypes were dependent upon translational controls.
We found that the wild-type EAPI plasmid rescued
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Ammonium
sulfate

serine

glutamate

Strain Nitrogen Source
co(rg%()ete none (’;'3‘)2 Ng:“ urea allantoin ile leu trp val asn asp gin glu ser
4
wild-type 3+ 0 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+
caf20A 3+ 0 2% 2+ 3+ 3+ 3+ 3+ 2+ 3+ 3+ 3+ 3+ 3+ 2+
eap1A 3+ 0 1 1+ 2+ 2+ H- 1+ 4 2+ 2+ 2+ 2+ 1+ 4

Figure 4. eaplA and caf204 cells have nitrogen utilization defects. Cells complemented for auxotrophic markers were grown in SC complete medium
to Agoo = 0.6 washed and diluted to Agpo = 0.1, then 10-fold serially diluted and spotted (3 pl) onto the indicated media. Growth was scored on a

scale of 0 (none), +/— (minimal) to 3+ (wild-type).

Table 1. Maximum doubling times of strains in liquid medium with
indicated nitrogen sources

Strain Medium

Complete Serine Glutamate
Wild-type 118 £ 2¢ 148 + 20 153 £ 10
Caf204 124 +£ 5 182 + 20 189+21
eaplA 140 £ 15 212 £ 19 233 £ 35

“Mean maximum doubling times in min = SD (n =9 cultures) for
cultures grown in liquid media equivalent to solid media shown in
Figure 4.

growth on alternate nitrogen sources, while a plasmid
bearing missense mutations that disrupt the eIF4E inter-
action motif in Eaplp (EAPI-mt in Figure 4) shown to
eliminate elF4E binding (10) was significantly impaired in
this response, suggesting that eIF4E-binding contributes
to this phenotype. These data show that 4E-BP-mediated
translational controls are important for normal amino
acid metabolism in yeast in addition to their role in
pseudohyphal development in X1278b yeast cells (10).

Overlap between 4E-BP regulated and PUF-bound
mRNAs

One paradigm for the action of 4E-BPs is that translation-
al repression is mediated in part via protein—protein inter-
actions between proteins bound to the 5'-cap and those
attached to the 3’-UTR of specific mRNAs (2). As our
array data reveal that Eaplp and Caf20p Ilargely

regulate translation of distinct genes (Figure 1), it
seemed likely that additional mRNA-binding factors
may contribute to the control mechanism. Several
studies have wused microarrays to identify RNAs
associated with specific RNA-binding proteins following
immune-precipitation of epitope tagged proteins
(RIp-chip). We used statistical comparisons to assess if
there were any significant overlaps between the identities
of our 4E-BP regulated transcripts and transcripts
identified by others as specifically associated with a
range of mRNA-binding proteins in different RIp-chip
experiments (19,37-39). The question addressed was: are
genes identified as enriched with specific mRNA binding
proteins also those identified as translationally controlled
by the 4E-BPs or are the associations random? This
analysis considers each transcript equally and does not
account for mRNA abundance or any biases in the data
sets. We found that there was a potentially significant
overlap between genes up-regulated by caf204 (i.e. trans-
lation state change >0.9) and mRNAs associated with
Puflp, Puf2p, and PufSp (P <0.0001) (Supplementary
Table S9). The full distribution is shown graphically in
Figure 5, where the translational state change for each
PUF-bound mRNA is shown for the caf204 data. This
additionally shows that the mean translational states for
Puflp, Puf2p and Puf5p are each shifted positively away
from zero, while the means for Puf3p and Puf4p are not.
As Gerber and colleagues found fewer mRNAs associated
with Puflp and Puf2p than Puf3-5p, the apparent enrich-
ment in our caf204 up-regulated genes associated with
PufSp appeared most significant. Overlaps between genes
translationally up-regulated by eapl4 and bound by PUF
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Figure 5. Translation state change for Pufl-5p associated mRNAs in
caf204 and eaplA cells. A comparison of the change in translation state
for mRNAs identified by Gerber and colleagues as bound to Puflp
(35 mRNAs), Puf2p (142), Puf3p (219), Pufdp (202) and PufSp
(203 mRNAs) is plotted (open circle, open rectangle) for caf204 and
eaplA, respectively. The median (grey horizontal bar) and upper and
lower quartiles are indicated by the box-plot. Statistical analyses are
shown in Supplementary Table S9.

proteins were also seen but only Puf4p showed a statistic-
ally significant enrichment (Supplementary Table S9).
However, when plotted graphically (Figure 5) the mean
distributions were not shifted >0, suggesting that only a
few Puf-associated transcripts are potentially translation-
ally regulated by Eaplp.

A more recent RIp-chip study has identified mRNAs
associated with a wide range of RNA-binding proteins
(39). Equivalent comparative statistical analyses revealed
potential overlap between caf204 up-regulated genes and
mRNA-binding proteins including translational regula-
tors (Khdlp, Mrnlp, Scpl60p), factors involved in
nuclear export of mRNA (Gbp2 and Nab2p) as well as
Publp and Ssdlp. Similar comparisons with our eapl4
data revealed overlaps with Nab2, Nrdlp, and the cyto-
plasmic polyA binding protein Pablp (Supplementary
Table S9). In addition, we found other relationships
between the data sets, including correlations between
mRNAs bound by specific proteins and those translation-
ally down-regulated by the 4E-BP deletions. For example
Mrnlp and Publp-bound mRNAs are both enriched
among mRNAs down-regulated by eapld and up-
regulated by caf204. We also noted that there were
examples where fewer than expected mMRNAs in
common between specific data sets (Supplementary
Table S9). While not conclusive, these comparisons
suggest that different proteins binding to specific
mRNAs could combine with 4E-BPs to regulate their
translation in yeast in a manner similar to that proposed
for multicellular eukaryotes. Because there are several
yeast PUF proteins, we decided to examine experimentally
whether there were any interactions between the 4E-BPs
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and the PUF proteins that could help to explain the
polysome microarray data.

4E-BPs physically associate with specific PUFs

PUF proteins are found in diverse eukaryotes (as are
4E-BPs) and have been implicated in post-transcriptional
control of gene expression in early development, germ
cells and neuronal cells (40,41). PUFs have been
implicated both in the control of mRNA stability and
translational repression (40). Unlike the 4E-BPs, PUFs
are sequence specific RNA-binding proteins that contain
eight repeats of an ~40 residue motif, the PUF motif (42).
PUF proteins often associate with 3-UTRs (19) where
they can form complexes with other proteins (43). In
yeast, Pufs 1 and 2 preferentially bind mRNAs encoding
membrane-associated proteins, Puf4dp rRNA-processing
factor mRNAs and Puf5p chromatin modifier mRNAs
(19). Puf6p was found to bind the ASHI! 3-UTR and
repress its translation in mother cells. ASHI/ mRNA is
normally localized to the distal bud tip and both mRNA
localization and translation were affected in puf6A4 cells
(44). Most studies to date point to a function in mRNA
stability, with each PUF protein having distinct targets,
although few mRNA targets have been studied in any
detail. Puf3p preferentially binds mitochondrial-localized
transcripts e.g. COX17 to stimulate the latter’s degrad-
ation (45,46). In another study, the stability of 38 potential
PUF-target mRNAs was assessed and only two of these
(HXKI and TIFI) were found to have altered mRNA
half-lives in pufA4 strains under the conditions studied
(47). One favourable explanation for a lack of effects on
mRNA stability for certain targets is that PUF protein
binding can mediate translational control. In support of
this idea, the Wickens group has shown that both Puf4p
and PufSp bind HO mRNA and regulate post-
transcriptional processes including mRNA stability and
translational regulation in vitro (48.,49). Intriguingly, we
found that HO polysome association is significantly
up-regulated in caf204 cells (Supplementary Table S5).
These observations combined with our statistical
analysis suggested to us that specific Caf20p-PUF inter-
actions may determine in part which mRNAs are transla-
tionally regulated by 4E-BPs.

To determine if any of the statistical observations re-
flected real interactions, we obtained TAP-tagged PUF
strains and incorporated tandem Myc epitopes at the
C-terminus of CAF20 in each. Affinity chromatography
was performed on each TAP strain and an untagged
control in the presence of RNase inhibitors but in the
absence of any crosslinker, as described (19) and the reac-
tions were probed with anti-TAP and anti-Myc sera.
Figure 6A shows that in each case the TAP-tagged
protein was efficiently captured by this procedure. We
found that a portion of Caf20p was associated with
TAP-tagged PufSp and to a lesser extent Pufdp, while
none was associated with Pufsl-3 or the untagged
control. These associations required RNA because
they were not identified when RNase inhibitors were
omitted from the buffers used (data not shown). We
made an equivalent set of strains bearing C-terminally
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Figure 6. Specific PUF protein 4E-BP complexes are isolated from cells. Affinity chromatography purifying indicated PUF-TAP complexes from
cells bearing the indicated TAP-tagged PUF protein or an untagged control and Myc tagged (A) Caf20p or (B) Eaplp. Upper panels probed with
anti-protein A (¢TAP) and lower with anti-Myc antibodies. I, input [10png total protein, P = Pellet (0.5mg) S = supernatant (10 pg unbound
fraction)]. The immunoblots are representative of three independent experiments.

Myc-tagged FEAPI and repeated the TAP-affinity
chromatography experiments to identify whether any
Eaplp-PUF complexes formed (Figure 6B). Remarkably
these experiments revealed a complementary set of inter-
actions, as a fraction of Eaplp was associated with Puflp
and Puf2p, but not the other PUFs tested. As each set of
experiments identified different protein complexes it
provides evidence that they are not artifactual. Because
the Protein A component of the TAP tag bound our
Myc antibodies, we were not able to complete reciprocal
precipitation experiments. Instead, we made new
strains bearing Myc-tagged PUF proteins (PUF2, PUF3
and PUF5) and TAP tagged 4E-BPs and repeated
the TAP-affinity chromatography experiments. In agree-
ment with our original experiment, a small fraction of
Puf5Sp-Myc was associated with Caf20p-TAP and
Puf2p-Myc with Eaplp-TAP (Supplementary Figure S2).
Importantly, no associations were seen between
Puf3p-Myc and either 4E-BP-TAP protein or between
Myc-tagged proteins and the protein A resin in control
strains lacking a TAP tag, although a tiny fraction of
Puf2p-Myc was additionally found associated with
Caf20p-TAP.

These experimental data do not entirely agree with the
in silico predictions. The predicted Caf20p-Puf5p inter-
action was found. However the Caf20p-Puf4p and
Eaplp-Pufl/2p interactions we identified were not pre-
dicted by our statistical comparisons. There are several
possible explanations for this including the fact that our
statistical treatment did not take into consideration
mRNA abundances or the relative affinities of the inter-
actions, as these are not known. Our experiments repre-
sent a ‘snap-shot’ of cells from non-stressed log cultures.
Under different growth stresses, phases or synchronous
states the associations may differ. However our data has

shown that there is value using this type of approach to
devise hypotheses to test experimentally. Importantly,
when taken together, these experiments indicate that
each yeast 4E-BP can form mRNA-protein complexes
with specific PUF-bound mRNAs.

In summary, by using a translational profiling
approach, we have identified that translation of a signifi-
cant fraction of yeast mRNAs is regulated by the yeast
elF4E-BPs Caf20p and Eaplp. Many of the regulated
transcripts are poorly translated in wild-type cells during
exponential growth and these mRNAs are enriched in
function in gene expression, cell cycle or transport. In
addition to explore how mRNA specificity is achieved,
we provide direct evidence that each yeast 4E-BP can
interact with specific PUF proteins. As PUF proteins
bind RNAs with sequence specificity, this could present
one mechanism by which the yeast 4E-BPs target individ-
ual mRNAs. By analogy with higher eukaryotes, it is
likely that these complexes contain additional components
that remain to be determined and that other
3’-UTR-binding protein/4E-BP combinations also await
identification. These studies, therefore, provide the first
evidence that the yeast 4E-BPs regulate translation of
hundreds of mRNAs and that by further study it will be
possible to uncover molecular details in yeast that inform
studies in higher eukaryotes.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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