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ABSTRACT
The mutation in the S. cerevisiae cell cycle division mutant cdc33 consists of a single G to A transition
in the open reading frame encoding translation initiation factor 4E (eIF-4E). This leads to the
substitution of glycinel 13 by aspartic acid close to tryptophane 1 15 in the protein. This mutation
reduces cap binding activity of eIF-4E as measured by binding of eIF-4E to m7GDP agarose columns
and slows down overall protein synthesis at the non-pernmissive temperature. Comparison of the cdc33
mutation with other mutations affecting eIF4E function supports the view that tryptophane residues
and their flanking regions are involved in cap binding activity of eIF-4E.

INTRODUCTION
Translation initiation in eukaryotes is facilitated by the 5' mRNA cap structure m7G
(5')ppp(5')G (for reviews, see 1-4). This structure is recognized by the initiation factor
4E (eIF-4E, cap binding protein) which, together with other translation initiation factors,
mediates binding of ribosomes to mRNA (for reviews, see 5, 6). Initiation factor eIF-4E
has been isolated from several species (5) including the yeast S. cerevisiae (7). Also, from
S.cerevisiae the gene encoding eIF-4E has been isolated and sequenced (8).

Recently, the gene CDC33 was cloned and sequenced (9). This gene is involved in the
regulation of entry of yeast cells from Gl- into S-phase (10, 11). This is illustrated by
the fact that the temperature-sensitive mutant cdc33 arrests growth in the Gl- phase at
the non-permissive temperature. Rather surprisingly, it turned out that the gene CDC33
encodes eIF-4E (9). At present it is unknown, how the cdc33 mutation in eIF-4E exerts
its effect on cell cycle control. It was speculated, that altered translation initiation at the
non-permissive temperature might be involved (9).
We have cloned and sequenced the cdc33 mutation and show here, that this mutation

alters the cap recognition activity of eIF4E. Since different mRNAs show different
dependence on eIF-4E cap binding activity for translation (12) this finding supports the
view that alteration of translation through modulation of eIF-4E activity may be involved
in cell cycle control.

MATERIALS AND METHODS
1. Cloning and sequencing of the cdc33 mutation
All yeast strains used in this work are specified in Table 1. The autonomously replicating
plasmid pMDA105 carrying the TRP1 gene as selectable marker and the yeast eIF-4E
gene with flanking sequences on a 2176 bp Hind II fragment (8) was cut with the restriction
enzyme SpeI. There are two unique Spel-sites on pMDA105 located 19 bp upstream of
the translation start codon in the 5' untranslated region of the eIF-4E gene and 83 bp
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downstream of the translation stop codon. Spel-cut pMDA105 was religated under high
dilution conditions and recloned in E.coli. The resulting plasmid, pMDA106, is an E.coli-
yeast shuttle vector where a 741 bp Spel fragment carrying the whole eIF4E open reading
frame is missing but flanking sequences of the chromosomal locus of eIF-4E are still present.
pMDA106 (5 jig) was linearized with Spel and transformed into the strain CBO1I

(carrying the cdc33 mutation, Table 1) by selecting for tryptophane prototrophs. Plasmid
DNA from transformants was reisolated and cloned into E.coli strain MH3. Random plasmid
analysis from 12 E.coli clones by restriction with Spel showed that in 2 cases the missing
741 bp Spel fragment had been repaired on the gapped pMDA106 plasmid at the cdc33
chromosomal locus (gap repair, 13). Both plasmids (pMDA107-1 and pMDA107-2)
carrying the cdc33 mutation were transformed into strain T93C (12, Table 1). Strain T93C
only grows on galactose-containing media since the unique copy of the eIF-4E gene is
under the control of the GALl-promotor on a plasmid (pGAL1-eIF-4E, Table 1) carrying
the URA3 gene as a selectable marker.

All yeast transformants harbouring pMDA 107-1 and pMDA 107-2 showed a

temperature-sensitive phenotype on glucose- but not on galactose-containing media. This
is in contrast to transformants that had been transformed with the wild-type copy of the
eIF-4E gene (pMDA105, control experiment). They could grow at 37°C irrespective of
the carbon source in the medium.
The 741 bp Spel fragment from plasmid pMDA107-1 was subcloned into the XbaI site

in the polylinker of M13mpl8 and the entire eIF-4E open reading frame was sequenced
unidirectionally using appropriate complementary oligonucleotides equally distributed along
the eIF4E sequence (14).
2. m7GDP-agarose affinity chromatography
One liter cultures of strains MDA1 lOX (wild-type) and MDA1O5X (cdc33 mutation, Table
1) were grown at 25°C to A6W = 1.5 -2.0 in 1% yeast extract, 2% peptone, 2% glucose
(YPD). Cells were collected by centrifugation at 2000 x g for 5 min., washed once in dest.
H20 and homogenized with glass beads in a Braun homogenizer in 5 ml of buffer A
containing 10 mM Hepes, pH 7.0, 100 mM KCl, 0.2 mM EDTA, 14 mM
j-mercaptoethanol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.1 mM ATP.
Post ribosomal supernatants were prepared and chromatographed on 1 ml m7GDP-

agarose columns according to previous protocols (7, 12, 15).
3. Sodium dodecylsulfate polyacrylamide gel electrophoresis and Western blotting
Sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS PAGE) (16) and Western
blotting (17) were performed as described earlier. Gels were stained with silver according
to (18). Western blots were reacted with polyclonal anti-yeast cap binding protein antibody
(8) diluted 1: 1000 in 10 mM Tris-HCl, pH 7.0, 150 mM NaCl (TBS) containing 0.5%
bovine serum albumin (BSA) for 3 hours, decorated with rabbit anti-rat antibody (DAKO,
Denmark), 1: 1000 diluted in TBS, 0.5% BSA for 1 hour and subsequently with swine
anti-rabbit immunoglobulin coupled to alcaline phosphatase (DAKO, Denmark), 1: 1000

diluted in TBS, 0.5% BSA for 1 hour and finally stained with 5-bromo4-chloro-indolyl
phosphate as substrate and nitrobluetetrazolium as coupler (19).
4. In vivo [35S] methionine incorporation
Yeast cells carrying the wild-type eIF-4E gene (MDA1 lOX) or the temperature-sensitive
cdc33 allele (strain MDA1O5X) were grown at 25°C in labeling medium (20). To 1 ml

of exponentially growing cells 20 4Ci [35S] methionine (1355 mCi/mmol, NEN) was
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Figurel. Section of a sequencing gel. (A) wild-type (B), cdc33.
The C - T transition (G - A in the complementary strand) in cdc33 is indicated by an arrowhead

added and the incubation continued at 250C for 1 hour. Then 0.5 ml of the cells were
transferred to 370C. At intervals, 50 /tl samples were taken and protein synthesis stopped
by adding 1 ml icecold 10% trichloroacetic acid (TCA). The samples were heated for
3 min. at 80'C to deacylate charged tRNAs, cooled on ice and the precipitated protein
collected on glass fiber filters (GF/C, Whatman). Filters were washed with 10 mld 5%
TCA, 10 m-l 70% ethanol and 1 mld acetone. Dried filters were counted in a liquid scintillation
counter.

RESULTS
1. Cloning and sequencing of the cdc33 mutation
The mutant cdc33 allele of the eIF-4E gene was cloned from strain CBI101 (Table 1, 9)
by the gap mitotic repair technique (13). In short, an autonomously replicating plasmid
(pMDA 106, Materials and Methods) lacking the entire eIF-4E open reading frame but
carrying flanking sequences of the chromosomal locus of the eIF-4E gene was used to
obtain 'repaired' plasmids carrying the cdc33 allele. Two independent clones were isolated
and sequenced in their entirety using oligodeoxynucleotides. A single base change, a C
to A transition was found (Fig. 1). This changes the glycine residue 113 into an aspartic
acid residue in the vicinity of tryptophane 115 (Fig. 2). Other features and mutations
indicated in Fig. 2 will be discussed below.
2. Cap binding activity of eIF-4E carrying the cdc33 mutation
Cells carrying the wild-type eIF-4E gene (MDA1 lIOX, Table 1) and cells carrying the eIF-4E
cdc33 allele on an autonomously replicating plasmid (MDA105X, Table 1) were grown
at 250C in rich medium (YPD) and ribosomal salt wash fractions prepared. To test whether
the cdc33 mutation affects cap binding activity of eIF-4E the ribosomal salt wash fractions
were passed over m7CDP-agarose affinity columns (Fig. 3). After the application of
protein (lanes 1, 9 and 5, 11) the columns were washed extensively with buffer A (Materials
and Method) (flow through fractions, lanes 2 and 6), with buffer A containing 100 14M
CDP (CDP eluates, lanes 3 and 7) and finally with buffer A containing 80 ,sM m7CDP
(m7CDP eluates, lanes 4 and 8). Bound eIF-4E (and associated components) was eluted
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Figure 3. Binding of eIF-4E to m7GDP-agarose affinity columns. Ribosomal salt wash fractions (10 mg protein)
of strain MDA1O5X (wild-type) and strain MDA1 lOX (cdc33) were applied to 1 ml m7GDP-agarose columns.
The columns were washed successively with buffer A (flow through fractions), 100 Ad GDP in buffer A (GDP
eluates) and 80 yiM m7GDP in buffer A (m7GDP-eluates, cap binding proteins). Aliquots of fractions were
fractionated by SDS PAGE followed by Western blotting (A) or silver staining (B). The Western blot was reacted
with polyclonal rat anti-yeast cap binding protein antibody (8). The arrowheads point to the 150, 24 (eIF-4E)
and 20 KD proteins.
(A) Lane 1, 15 yIg protein of ribosomal salt wash fraction of wild-type, lane 2, 15 tg protein of flow through
fraction, lane 3, 20 Al GDP eluate (from a total of 200 Al), lane 4, 20 Il m7GDP eluate (from a total of 500
utl), lane 5, 15 jig protein of ribosomal salt wash fraction of strain cdc33, lane 6, 15 yg protein of flow through
fraction, lane 7, 20 ti GDP eluate (from a total of 200 rd), lane 8, 20 pI m7GDP eluate (from a total of 500 Al).
(B) Lane 9, see lane 1, lane 10, see lane 4, lane 11, see lane 5, lane 12, see lane 8.

with m7GDP. Aliquots of eluted fractions were analysed by Western blotting (Fig. 3A)
and silver staining (Fig. 3B). The polyclonal antibody used for immunodecoration of blots
was obtained by injecting rats with the m7GDP-eluate from a m7GDP-agarose affinity
column through which yeast ribosomal salt wash fraction had been passed. Besides eIF-4E
the antibody recognizes at least two further proteins (see below). From comtparison of
lane 4 with lane 8 (Western blot) and lane 10 with lane 12 (silver stain) it is evident that
eIF-4E carrying the cdc33 mutation could not be bound to the affinity column and eluted
with m7GDP. This is in contrast to wild-type eIF-4E, where approx. 50% of eIF-4E was
retained on the column and eluted with m7GDP from the resin. After repeated passage
of ribosomal salt wash fraction over fresh m7GDP-agarose wild-type eIF-4E could be
completely retained while eIF-4E cdc33 was not bound (not shown). About 10% of wild-
type eIF-4E elutes already in the GDP eluate (lane 3). Note that at least two further proteins
which react with polyclonal anti-yeast cap binding protein antibody (150 KD and 20 KD)
are eluted together with wild-type eIF-4E. They are probably components of the cap binding
complex eIF-4F. These proteins do not bind to the affinity resin in the presence of eIF-4E
cdc33 (lane 8), indicating that they are attached to the column through eIF-4E.
These data clearly indicate that the cap binding activity of eIF-4E carrying the cdc33

mutation is strongly reduced compared to wild-type eIF-4E. We do not know, however,
whether the altered cap binding activity of cdc33 is responsible for the temperature-sensitive
phenotype of cells carrying this mutation.
3. Growth characteristics and protein synthesis
The expression of the eIF-4E cdc33 allele from an autonomously replicating plasmid (yeast
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Figure 4. In vivo [35S] methionine incorporation. [35S] methionine incorporation was measured as described in
Materials and Methods. WT, wild-type yeast strain MDA1O5X; cdc33, mutant eIF-4E yeast strain MDAl lOX.
The arrow indicates the time when cells were shifted to 37°C.

strain MDA1O5X, Table 1) does not affect the slow growth phenotype of cells when
compared to cells expressing this mutant gene integrated in the chromosome (strain CB1O1,
Table 1). Both cell types have a doubling time of about 4 hours. Nevertheless, some
differences can be noted. Strain MDA1O5X still forms colonies at 30°C, whereas strain
CB101 does not. Furthermore, the chromosomally integrated mutation confers a significant
lag-phase for growth to the cell when plated onto fresh medium at 25°C (3-4 days). This
lag-phase is not observed in the strain that carries the cdc33 mutation on the plasmid (not
shown). When both cell lines are transferred from 25°C to the non-permissive temperature
of 37°C, MDA1O5X still undergoes 3-4 divisions, while CB101 arrests growth after
approx. 1-2 divisions. These observations indicate that overexpression of the cdc33 allele
of eIF-4E from an autonomously replicating plasmid compensates at least partially for the
growth defect caused by this mutation.

Since eIF-4E is a translation initiation factor it was pertinent to investigate the change
in methionine incorporation in the mutant cells at the non-permissive temperature. The
strain carrying eIF-4E cdc33 on a plasmid (strain MDA1O5X) shows a decreased rate of
protein synthesis when compared to the wild-type strain (MDA1 lOX) after shifting the
cells to 37°C (Fig. 4). As expected from the slow shut off of growth of this mutant after
shift to 37°C (3-4 divisions) we do not observe a dramatic inhibition of protein synthesis
even after 4 hours at 37°C. Similar results were obtained with the chromosomally integrated
eIF-4E cdc33 (not shown), even though these cells grow only for 1-2 generations at 37°C.
Pulse-labeling experiments after shifting cells to 37°C reveal that a similar pattern of proteins
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is synthesized in mutant cells like in wild-type cells although at a reduced rate of approx.
20% (not shown).

DISCUSSION
The data presented in this report show that the substitution of glycine 113 by aspartic acid
in yeast eIF-4E results in reduced cap binding activity of eIF-4E and reduced overall in
vivo [35S] methionine incorporation into protein in cells carrying this mutation. Despite
the severe effects of this single amino acid exchange in the essential yeast eIF-4E gene,
protein synthesis in cells carrying this mutation can proceed for several hours after the
shift to the non-permissive temperature.
We have obtained a whole collection of temperature-sensitive yeast strains modified in

the eIF-4E gene (12). A common feature of all the mutants-even those that provoke a
stringent conditionally lethal phenotype-is that they do not completely shut off protein
synthesis after shift to the non-permissive temperature. Like cdc33 they continue protein
synthesis at a more or less reduced level (down to 15%) for several hours. We do not
know whether this effect is due to the ability of the modified initiation factor to maintain
its function in protein synthesis at a reduced rate despite its altered cap binding activity
or whether protein synthesis can be maintained in the cell for a limited time without the
function of eIF-4E (cap binding protein-independent translation).
The cdc33 mutation is responsible for the arrest of growth of cells by blocking entry

of these cells from G1- into S-phase during the cell cycle ( 1). Comparison of the cdc33
mutation with other mutations which we have created in eIF4E (12) reveals some interesting
similarities. The mutation is located in a conserved motif (KXGGXKF, boxed in Fig. 2)
that appears 3 times in the carboxy-terminal part of eIF-4E. Another temperature-sensitive
mutant, strain 4-0 (Glyl79 -Asp, weak temperature-sensitive phenotype), also shows
a substitution of glycine by aspartic acid in the most carboxy-proximal of these repeated
motifs. We don't know the function of this sequence which to our knowledge has not been
found in other nucleic acid binding proteins.
Furthermore, the cdc33 mutation is located closely to tryptophane 115. Initiation factor

eIF-4E contains eight tryptophane residues and they are conserved in number and position
between yeast and mouse (14). Tryptophanes 43, 46 and 166 (Fig. 2) were shown to be
important for cap binding activity of yeast eIF-4E in vitro (14). Two further temperature-
sensitive mutants (derived from strain 4-0) also have amino acid substitutions in the vicinity
of tryptophane residues (Fig. 2): 4-2 (Glu73 - Lys; Glu'79 - Asp) close to tryptophane
75 and 4-3 (Glu103 - Lys; Gly'79 - Asp) close to tryptophane 104. This indicates that
in addition to tryptophane residues also flanking amino acids are important for eIF-4E
activity. Note that the mutations in a further derivative of strain 4-0, the temperature-sensitive
mutant 4-4 (His 85 - Tyr; Gly'79 - Asp), are not located in the vicinity of tryptophane
residues.

Despite the similarities between the cdc33 mutation and other mutations affecting eIF-4E
activity, the cdc33 mutation is unique in that it leads to cell cycle arrest at 37°C. This
cell cycle arrest is suppressed by the bcy I mutation (9), a mutation which leads to constitutive
activation of cAMP-dependent protein kinase (21). This points to a possible direct or indirect
role of eIF-4E in the cAMP signalling system or eIF-4E beeing directly or indirectly a
substrate of cAMP-dependent protein kinase.

Elucidation of eIF-4E function and regulation should ultimately lead to the understanding
at the molecular level of the link between translation initiation and cell cycle control in yeast.
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